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INTRODUCTION 

This is the second course in the Heathkit/Zenith Engineering Circuit Design 

Series. Prerequisites for this course include: 

1. A knowledge of the techniques used to analyze DC and AC circuits.

2. A knowledge of elementary algebra.

3. The ability to analyze and design basic passive circuits.

The required prerequisite material is thoroughly covered in the Heathkit/Zenith 

Passive Circuit Design course. 

As the title implies, the principle objective of this course is to teach you how 

to design useful transistor circuits. To accomplish this objective, the course will: 

1. Describe device characteristics and define relevant parameters.

2. Using simplified models, develop the appropriate AC and DC equi

valent circuits.

3. Analyze the equivalent circuits to determine how various compo

nent values affect the operation of a given circuit.

4. Follow the analysis examples with specific design examples that

take you step-by-step through the actual design process.

Perhaps the most unique feature of this course is the abundance of summary 

and design guides that are provided in Units 1 through 8. By referring to these 

guides, you should be able to design a multitude of useful transistor circuits. 

The information in Units 1 through 8 is complemented by thirteen hands-on experi

ments in Unit 9. The easiest way to perform these experiments is with the Heathkit/ 

Zenith ET-1000 Engineering Design Trainer - which contains all of the necessary 

functions to complete all of the experiments. 

I do hope you enjoy this course. As always learning is, and should be, fun. 

Sincerely 

Ill 
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COURSE OBJECTIVES 

When you complete this course, you should be able to: 

1. Analyze and design RC-coupled common-emitter, common-base,

and common-collector class A voltage amplifiers.

2. Analyze and design class A RC-coupled and class A transformer

coupled power amplifiers.

3. Analyze and design class AB complementary symmetry power

amplifiers.

4. Analyze and design elementary differential amplifiers using

constant-current source biasing techniques.

5. Analyze and design a two-stage, RC-coupled voltage amplifier.

6. Describe the characteristics of voltage-series negative feedback.

7. Analyze and design common-source and common-drain voltage

amplifiers.

8. Predict the approximate lower and upper (F1 and F2), cutoff fre

quencies for common-emitter voltage amplifiers.

.,______., 
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PARTS LIST 

This list contains all of the parts for the experiments that you will perform with 

this course. The key numbers correspond to the numbers on the parts illustrated 

in the column. Some parts are packaged in envelopes. Except for this initial 

parts check, keep these parts in their envelopes until they are called for in an 
experiment. 

KEY PART QTY DESCRIPTION 

No. No. 

1 /2- WA TT RESISTORS ® 

A1 6-101 100n 

l/o•/I A1 6-181 1 1800 

A2 6-750 5 750 

1/4- WA TT RESISTORS 

A2 6-101-12 1 100n 

A2 6-102-12 2 1 kfi 

A2 6-103-12 3 10kfi 

A2 6-104-12 2 100kfi 

A2 6-105-12 2 1Mfi 

A2 6-121-12 2 120n , 
A2 6-123-12 2 12kfi 

QD � 
A2 6-151-12 1 1500 

A2 6-152-12 2 1.5kfi 

l/�/I A2 6-155-12 1 1.5Mfi 

A2 6-182-12 1 1.8kfi 

A2 6-221-12 1 220n 

A2 6-222-12 3 2.2kfi 

A2 6-223-12 22kfi 

A2 6-224-12 1 220kfi 

A2 6-225-12 1 2.2Mfi 

A2 6-273-12 2 27kfi 

A2 6-274-12 1 270kfi 

A2 6-332-12 2 3.3kfi 

A2 6-333-12 2 33kfi 

A2 6-335-12 1 3.3Mfi 

A2 6-392-12 1 3.9kfi 

A2 6-471-12 1 4700 

A2 6-472-12 2 4.7kfi 

A2 6-473-12 1 47kfi 

A2 6-561-12 2 5600 

A2 6-562-12 2 5.6kfi 

A2 6-681-12 2 6800 

A2 6-682-12 1 6.8kfi 

A2 6-684-12 1 680kfi 

A2 6-822-12 1 8.2kfi 

A2 6-823-12 1 82kfi 

A3 6-685-1 1 6.BMn, 1 watt

A3 6-100-2 1 10n, 2 watt

A3 3-7-2 1 1n, 2watt
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KEY PART QTY DESCRIPTION 

No. No. 

CAPACITORS 

A4 21-192 .1 µ,F, 50V ceramic 
A4 21-717 .01 µ,F, 50V ceramic 
AS 25-892 470µ,F electrolytic 
AS 25-900 1 1 µF, 50V electrolytic 
AS 25-868 3 47µF, 50V electrolytic 
AS 25-870 2 100µF, 50Velectrolytic 
A5 25-881 3 1 0µ,F, 63V electrolytic 

A6 27-77 1 .1 µ,F, 50V Mylar* 

TRANSISTORS- DIODE - LED 

A7 417-291 2 
A7 417-801 3 
A7 417-818 1 
A7 417-874 1 
A7 417-875 2 
AB 57-65 2 
A9 412-640 2 

INTEGRATED CIRCUIT 

A10 442-22 

MISCELLANEOUS 

344-59 
266-962 
51-97 
401-163 

13' 
1 
1 
1 

* DuPont Registered Trademark 

2N5458 � 
MPSA20 
MJE181 

111 ·11 2N3906 
2N3904 
1N4002 
Light Emitting Diode (LED) 

741 op amp 

#22 white solid wire 
5-compartment container 
Transformer 
Speaker 

XI 

® ® 

,,.. l 
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® 

QD 
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IMPORTANT NOTICE 

Newer Heathkit Electronic Design Experimenters use a 3-terminal 
power plug rather than the conventional 2-terminal power plug. If you 
are using one of these newer Trainers, and your test equipment (oscillo
scope, voltmeter, etc.) also uses a 3-terminal power plug, install a 3-wire 
to 2-wire adapter on the Trainer power plug. This will keep you from 
blowing a fuse in your Trainer or obtaining invalid results from some 
of the experiments. These adapters are inexpensive and readily avail

able at most stores. 

It is only necessary to use this adapter when you are using test equip
ment with 3-terminal power connectors. 

CAUTION 

Be sure that all of the pieces of equipment used in your experiments 

are connected to the same power source. 
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INTRODUCTION 

Circuit components are classified as being either passive or active. Passive com
ponents cannot provide a power gain-active components can. 

Some examples of passive components include resistors, capacitors, inductors, 

transformers, and diodes. Typical applications for passive components, discussed 

in Heathkit/Zenith Educational Systems Passive Circuit Design course EE-1001, 

include: 

Coupling circuits 

Bypass circuits 

Rectifiers 

Smoothing filters 

High-pass filter 

Differentiators 

Lead circuit 

Clippers 

Clampers 

Peak detectors 
Voltage multipliers 

Low-pass filter 
Integrators 

Lag circuit 

The transistor is an active device. Consequently, transistors can be used to provide 
a power gain. In addition, the transistor can provide a voltage and/or current gain, 

and function as an electronic switch. For these reasons, the transistor is a very ver
satile device. 

In this unit, you will begin your study of transistor circuit design by first reviewing 
the characteristics of PN junction diodes. This approach is desirable since bipolar 

transistors can be modeled as two back-to-back diodes. We will also discuss the 
major characteristics and parameters of bipolar transistors. 

In this unit, the terms "bipolar transistor", BJT, and ''transistor" refer to the same 
device. 
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Estimate the large-signal forward resistance of a semiconductor diode.

2. Estimate the bulk, junction, and small-signal AC resistance of a semicon

ductor diode.

3. Sketch the DC and AC equivalent circuits for a diode simultaneously driven

from a large DC source, and a small AC source.

4. Sketch the DC and AC load lines for a simple diode circuit.

5. Describe the basic structure of BJTs.

6. Identify the three BJT circuit configurations.

7. Define the following BJT parameters: o:, B, lcso, lcEo, BVsco, BVcEo, and

VsE•

8. Determine when the effects of lcso can be ignored.

9. Sketch two equivalent BJT DC models.

f 
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UNIT ACTIVITY GUIDE 

Read section on "Diode Approximation". 

Answer Self-Test Review Questions 1-10. 

Read section on "Bipolar Transistor". 

Answer Self-Test Review Questions 11-20. 

Perform Experiment 1 in Unit 9. 

Study Summary. 

Complete Experiment 1, Unit 9. 

Complete Unit Examination. 

Check Examination Answers. 

Bipolar Transistors 11 •5 



1 •6 I UNIT ONE

DIODE APPROXIMATIONS 

The transistor is a 3-terminal, solid-state amplifying device. There are two funda
mental transistor types: bipolar junction transistors (BJTs) and field-effect trans
sitors (FETs). 

In this unit on BJTs, the transistor will be examined from the point of view of 
a circuit element. Therefore, the physics of the transistor will not be discussed 

in any detail. If you are interested in a discussion of appropriate solid-state phys

ics, refer to the Heathkit/Zenith Educational Systems Semiconductor Devices

course, EE-3103A. 

A transistor can be modeled as two back-to-back diodes. For this reason, we 
will begin our discussion of transistors by considering large-signal and small-signal 
diode approximations. 

Large-Signal Diode Approximation 

The junction diode is formed by joining P-type and N-type semiconductors as shown 

in Figure 1-1 A. The schematic symbol and IV curve for a typical junction diode are 

illustrated in Figure 1-1 Band Figure 1-1 C respectively. 

In Figure 1-1 C, note the models used to represent the diode in the various regions 
L of the curve. From your knowledge of passive circuit design, you should recall the 

following important points: 

1. VT = diode's turn-on voltage. Typically, VT = 0.3V for germanium

diodes, and 0. 7V for silicon diodes.

2. rF = diode's forward resistance. Since manufacturers list the for
ward diode current, IF, at a specified forward voltage, VF, you can
estimate rFfrom:

(Eq.1-1) 

3. RR = diode's reverse resistance. For values of reverse voltage, VR,

less than the diodes zener voltage, V 2, you can estimate RR from:

(Eq. 1-2) 

where: IR = reverse diode current. 



"-----" 

® 

© 

o---◄ ---o

JUNCTION DIODE 

ANODE o-------t1►--li-----�o CATHODE

SYMBOL 

I 

IV CURVE 

Flgure1-1 

The PN junction diode 

A. Junction diode

B. Symbol
C. IVcurve 
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1-s I UNIT ONE

Incidentally, both VT and IR are temperature sensitive. As a rough 

guide: 

VT decreases by approximately 2.4mV for each °C increase in tem

perature. IR doubles for each 10°C increase in temperature. 

4. V2 = diode's zener or breakdown voltage. Normally, general-pur

pose and rectifier diodes are not operated in the zener region.

Diodes specifically designed to operate in the zener region are called

zener diodes. Manufacturers list the values of zener voltage and

zener resistance, r2, on the specification sheet for the zener diode.

Example 1-1 

When diode circuits are designed, component values should be cho

sen to mask out the nonideal effects due to VT, rF, and RR , As a

guide, component values are selected so that:

V 2:,20VT 

R2:, 20rF 

RR 
R< -

- 20 

Where: V = peak voltage driving the diode 

R = load resistance

The circuit in Figure 1-2A is a half-wave rectifier. Con
sequently, the output voltage ideally appears as shown in Fig
ure 1-2B. Sketch the actual output voltage assuming a silicon 
diode is employed that has the following specifications: 

IF= 100mA at VF = 1V 
IR= 0.1µAatVR = -20V 

First calculate rF and RR from the given specifications. 

1V-0.7V 
=3D. 

100mA 

VR 20V 
RR = - = -- = 200MD. 

IR 0.1µ.A 

When the diode is forward biased, the peak current equals: 

20V - 0.7V 
= 19.3µA 

3!l + 1M!l 

'--....,./ 



'------' Thus, the peak output voltage is 19.3µ.A (1 MO) or 19.3V. 

BipolarTransistors ( 1 •9 

When the diode is reverse biased, the input voltage divides between RR and R. 
Thus, the peak output voltage is: 

-20V(1MO)
v = ----- = -0.1V 

om 200MO + 1 MO

Figure 1-1 C illustrates the actual output voltage. Since the component values 

satisfy the inequalities given previously the real diode is an excellent approximation 

of an ideal diode. 

20V 

o¾ 0-----.1------e...---o vo 

-20V lMQ 

HALF-WAVE RECTIFIER 

v O (I) 

20V 

0 

IDEAL OUTPUT VOLTAGE 

Figure 1-2 

Circuit and waveforms for Example 1-2 

A. Half-wave rectifier.

© ::::: 19. 3V 

B. Ideal output voltage 

C. Actual output voltage

0 

ACTUAL OUTPUT VOLTAGE 
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Small-Signal Diode Approximations 

The diode approximations introduced previously are referred to as DC, or large

signal, approximations. The term "large-signal" means that the DC or peak AC 

input voltage, as the case may be, is large compared to the diode's turn-on 

voltage. 

When the amplitude of the input voltage is on the same order of magnitude 
as, or less than, the diode's turn-on voltage, you have small-signal operation. 

Especially important is the case where the diode is simultaneously driven from 

a large DC and small AC source as shown in Figure 1-3A. The following is a 

summary of the operation of the circuit in Figure 1-3A. 

1. The diode is forward biased by the DC voltage source. Assuming

component values are chosen so that V1 >> VT and R >> rF,

the average diode current essentially equals V 1/R. This establishes

the diode's quiescent operating point, Q, as shown in Figure 1-3B.

2. On the positive half cycle of the AC input voltage, V 1 and v(t)

are series aiding. Similarly, on the negative half cycle of the AC

input voltage, V 1 and v(t) are series opposing. Thus, the AC source

results in a diode current that varies between points 1 and 2, above
and below the quiescent value, Q, as shown in Figure 1-3B.

In Figure 1-38, note that for small changes in diode current, around the Q point, 

a linear relationship exists between the current and voltage. Consequently, as 

far as the small AC source is concerned, the diode acts like a resistance. This 
AC or dynamic diode resistance, rAc, equals the change in diode voltage divided 

by the change in diode current. Stated mathematically: 

AV 

rAc = - (Eq. 1-3) 
Al 

Since the graphic method suggested by Figure 1-38 and equation 1-3 is tedious, 

we will introduce several approximate formulas that can be used to estimate 

rAc• 

To begin, the dynamic resistance of a diode consists of two components - bulk

resistance, r8, and junction resistance, ri. The bulk resistance includes the

resistance of the semiconductor material and the contact resistance of the con
necting leads. As a rough guide, we will assume the bulk resistance of a typical 
junction diode is one ohm. Thus: 

r6 = 10 (Eq. 1-4) 



@ 
( LARGE DC ) 

( SMALL AC ) 

® 

R 

V
I -

-v(t) 

CIRCUIT 

I 

I 
I 

I I 
I I
I I

Al 

I I I-----!-'=-----,----:--'------ V 

� 

0 

H 
"-�v 

Figure1-3 

The concept of AC, dynamic, diode resistance 
A. Circuit 

B. IVcurve

�v 

AI 
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1•12 I UNITONE

As the name implies, the junction resistance is the effective resistance of the PN 
junction. The value of the junction resistance depends upon the amount of forward 
DC diode current. The theoretical value of a diode's junction resistance is given by: 

(Eq. 1-5) 

Where IF = forward DC diode current. 

In practice, the actual value of ri typically varies over a 2:1 range from 26mV/IF to 
52mV/IF. Thus, for purpose of analysis and design, we will use the following "com
promise formula" to calculate ri: 

37mV 
r·= --1 

IF 
(Eq. 1-6) 

Finally, combining Equation 1-4 and Equation 1-6 yields an approximate, but 
useful, formula for estimating the AC, or dynamic, diode resistance. Specifically: 

37mV 
rAc = -- + 10 (Eq.1-7) 

IF 

'-.___/ 

"--../-



Example1-2 

Estimate the AC resistance of a semiconductor diode for the fol
lowing values of forward DC current. 1mA, 14mA, and 200mA. 

When IF = 1 mA, the diode's junction resistance is: 

37mV 37mV 
ri =

-- = -- = 3711 
IF 1mA 

Assuming the diode's bulk resistance is 10, the AC diode resistance is: 

rAc = rs +ri = 111 + 3711 = 3811 

The result of similar calculations for IF = 14mA and 200mA are summarized in 

Table 1-1. 

IF ri rs rAc 

1mA 370 10 380 

14mA 2.640 10 3.640 

200mA 0.1850 10 1.1850 

TABLE1-1 

Summary Of Calculations For Example 1-2 

Note in Table 1-1 that, for small forward currents, the AC diode resistance approxi

mately equals the junction resistance similarly, for large forward currents, the AC 

diode resistance approximately equals the bulk resistance. 

BipolarTransistors 11-13
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DC and AC Equivalent Circuits 

You can analyze multi-source circuits with the superposition theorem. Recall from 
your study of basic circuit analysis, that, when you apply the superposition theorem, 
you must consider the effect of each source "acting alone". Also recall that the actual 
response equals the algebraic sum of the responses produced by each source act
ing alone. 

When you apply the superposition theorem to diode and transistor circuits, you must 
also consider the e�ects of coupling and bypass capacitors. Therefore, we will use 
the following procedures to obtain the DC and AC equivalent circuits. 

DC EQUIVALENT CIRCUITS 

1. Replace coupling and bypass capacitors by open circuits.

2. Reduce AC sources to zero.

3. Replace the diode by its large-signal model.

AC EQUIVALENT CIRCUIT 

1. Replace coupling and bypass capacitors by short circuits.

2. Reduce DC sources to zero.

3. Replace the diode by its AC, dynamic, resistance.

Once you have the DC and AC equivalent circuits, you can determine the appropri
ate DC and AC responses. Naturally, the actual response equals the algebraic sum 
of the DC and AC responses. 

Example1-3 

For the circuit shown in Figure 1-4A. 

(a} Sketch the DC equivalent circuit. 

(b) Calculate the DC diode current and voltage. 

(c} Sketch the AC equivalent circuit. 

( d} Calculate the AC diode current and voltage. 

(e} Sketch the actual diode current and voltage. 



3. 8mV sin 62801

® 

'-..._,) 

© 

3. 8mV sin 62801

IOOµF 

20 kQ

- 20. 7V 

ORIGINAL CIRCUIT

DC EQUIVALENT CIRCUIT

20 kQ i,D

AC EQUIVALENT CIRCUIT 

Figure1-4 

Circuits for Example 1-3
A. Originaf circuit 
B. DC equivalent circuit 
C. AC equivalent circuit.

Si

0. 7V

BipolarTransistors I 1 • 15 
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(a) To obtain the DC equivalent circuit you open the coupling capacitor, reduce

the AC source to zero and replace the diode by its large-signal model as

shown in Figure 1-4B. Here, as is usually the case, you can ignore the diode's

forward resistance, rF, since the DC resistance in series with the diode is quite

large.

(b) In Figure 1-48:

lo 
20.7V- 0.7V 

----- = 1mA 
20kO 

Vo = VT = 0.7V = 700mV 

(c) To obtain the AC equivalent circuit you short the coupling capacitor, reduce

the DC source to zero and replace the diode by its dynamic resistance, r Ac,
as shown in Figure 1-4C. The value of r AC is estimated as follows:

37mV 37mV 
rAc = -- +10 = -- +10=380 

IF 1mA 

( d) In Figure 1-4C the AC input voltage is connected directly across r AC· Thus:

v0 = 3.8mV peak 

3.8mV 
io = 

380 
= 0.1mApeak 

(e) The actual responses equal the algebraic sum of the DC and AC responses.

Therefore:

i(t) = 10 + i0 = 1mA + 0.1mAsin6280t 

v(t) = V0 + v0 = 700mV + 3.8mVsin6280t 

Figure 1-5A and Figure 1-58 illustrate the sketches of diode current and volt

age respectively. Here, note that the AC responses "ride on" the DC levels. 



LIil 

lmA 

"'0. 9mA 

·o

DIODE CURRENT 

®
viii 

700mV 

\ 696. 2 mV 

0 

DIODE VOLTAGE 

Figure1-5 

Sketches of diode current and voltage for Example 1-3. 

A. Diode current. 

B. Diode voltage. 

Bipolar Transistors I 1 • 17 
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Load Lines 

Graphic methods, using load lines, are especially useful for analyzing and design
ing transistor circuits. Since the diode provides an excellent opportunity to in
troduce the concept of a load line, we will do so at this time. 

THE DC LOAD LINE 

Figure 1-6A illustrates a simple diode circuit. Here, you can obtain approximate 

values for the diode current and voltage by using the large-signal approximations 
discussed previously. 

Assuming the diode's IV curve, Figure 1-6B, is available, it is possible theoretically 
to obtain exact values of the diode current and voltage. For an illustration of 
the method, consider the loop equation for the circuit in Figure 1-6A. Here: 

Solving for the diode voltage, V0 yields: 

Vo = Vee - loRL (Eq.1-8) 

The variables in Equation 1-8, 10 and V0, are the same variables that are displayed 
graphically by the diode's IV curve. Also, since Equation 1-8 is a linear equation 
if I is plotted as a function of V0, the resulting graph, called the DC load line,

is a straight line. 

Recall that you can solve two simultaneous relationships in two unknowns by 
determining the point of intersection of their graphs. Consequently, for a particular 
value of V cc and RL, the diode current and voltage correspond to the point of 
intersection between the DC load line and the diodes IV curve as shown in Figure 
1-6C. Here, you should note the following:

1 . The vertical intercept of the DC load line equals V cdRL. 

2. The horizontal intercept of the DC load line equals V cc-

3. The point of intersection of the DC load line and the diode's IV curve
is called the Q, quiescent, point. The values of current and voltage
at the Q point, loo and V00, are the theoretically exact values of the

diode current and voltage.

4. The slope of the DC load line equals - 1 /RL.

'-..._/ 

--..____./ 



® 

® 

© 

Vee

Vo 

8
RL 

DIODE CIRCUIT 

IV CURVE 

1 
SLOPE=--

/ 

RL

--i--�-..J.._ __ .._ ____ Vo0 VDQ Vee 

PLOTTING THE DC LOAD LINE 

Figure1-6 

The DC load line 

A. Diode circuit 

B. IVcurve

C. Plotting the DC load line.
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Example 1-4 

Work out the values of diode current and voltage for the circuit 
shown in Figure 1-7A. 

With Thevenin's Theorem, you can reduce the circuit in Figure 1-7 A to a simpler 

single-loop equivalent circuit. Thus: 

® 

VTH = 2V (200) = 1V
400 

RTH = 20011200 = 100 

20Q 

2V 20Q 

CIRCUIT 

A 

B 

r0 (mAl

100 

80 

60 

40 

20 

0 
0.60 0.7 0.8 0.9 

DIODE IV CURVE 

Figure1-7 

Circuit and IV curve for Example 1-4. 
A. Circuit 
B. Diodes IV curve



BipolarTransistors I 1 •21 

"-----" The resulting Thevenin equivalent circuit is shown in Figure 1-8A. From this equiva

lent circuit, the intercept values of the DC load line are calculated as follows: 

1V 
-- = 1 00mA (vertical intercept) 
100 

V = VTH = 1V (horizontal intercept) 

Next, you plot the DC load line on the diode's IV curve to determine the Q point 

values as shown in Figure 1-88. Here: 

loo = 50mA 

Voo = 0.64V 

100 and V00 are the actual values of diode current and voltage respectively for the 

circuit in Figure 1-7 A. 

@ 

RTH =lOQ
A 

VTH • IV -=-

B 

THEVENIN EQUIVALENT CIRCUIT 

80 

60 

40 

20 

r
0 

(mA l 

Figure1-8 

Thevenin equivalent circuit and DC load line for Example 1-4. 
A. Thevenin equivalent circuit 
B. DC load line.

-0:+-----=;:::........-___,.___c.,---,-.---.---�,--,.....:=...,_........, VD (V)
0.60

t 

0.8 0.9 

VoQ=0.64V

DC LOAD LINE 
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THE AC LOAD LINE 

Figure 1-9A illustrates a diode circuit driven from a large DC, Vee, and small AC, 
v(t) source. Here, the value of capacitor C is chosen so that the capacitor provides 
good coupling at the frequency of the AC source. For this reason, the capacitor is 
effectively an AC short. Consequently, the AC load resistance as seen from the 
diode is: 

Since the capacitor acts like an open circuit for DC signals, the DC load resistance 
as seen from the diode is simply RL. For this reason, the DC load line and Q point 
values are calculated as illustrated previously. 

By extending the DC load line concept, you can construct an AC load line as shown 
in Figure 1-9B. Here, you should note the following: 

1. The AC load line crosses the DC load line at the Q point, and has
a slope of -1/rL.

2. The vertical intercept of the AC load line equals 100 + V oofrL,

3. The horizontal intercept of the AC load line equals V00 + 100 rL,

The DC load line enables you to obtain a graphic solution for the DC diode current, 
100, and DC diode voltage, V00. Similarly, the AC load line can be used to graphi
cally determine the AC diode current. Our principle interest in the AC load line, how
ever, lies in its application to transistor circuits. For this reason, we will not discuss 
the AC load line further at this time. 

C 

CIRCUIT 

Figure1-9 

The AC load line 

@ 

R 

-1
SLOPE= -

r l 

A. Circuit. 
B. Plotting the DC and AC load lines. PLOTTING THE DC AND AC LOAD LINES C 



Self-Test Review 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

In AC equivalent circuits, coupling and bypass capacitors are replaced by 
_____ circuits. 

In DC equivalent circuits, coupling and bypass capacitors are replaced by 
______ circuits. 

A diode driven from a large DC and small AC source acts like a 
________ to the AC source. 

As a rough guide, the bulk resistance of a semiconductor diode is approxi-
mately _____ ohm. 

The junction resistance of a semiconductor diode depends on the diode's for-
ward _____ current. 

The junction resistance of a semiconductor diode typically varies over a 
____ range from the theoretical value. 

For any value of IF, rAc = ___ + ---

\______,,, 8. The point of intersection of the DC load line and a diode's IV curve establishes 
the _______ point. 

9. The AC load line has a slope of - ___ _

10. The DC load line has a slope of - ___ _

BipolarTransistors I 1 •23 
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Answers 

1. Short 6. 2: 1

2. Open 7. re+ ri

3. Resistance 8. Q or quiescent

4. One 9. 1 /rL, where rL is the AC load resistance.

5. DC 10. 1 /RL, where RL is the DC load resistance.



'-----/ 

BIPOLAR TRANSISTORS 

In this section, you will examine the structure, input and output characteristics, 

and selected parameters for bipolar transistors. In addition, appropriate models 

will be introduced that are used to analyze and design transistor circuits. 

Structure 

Bipolar junction transistors, BJTs, consist of NPN or PNP "semiconductor 

sandwiches" as shown in Figure 1-1 OA. Note that leads are affixed to each of 

the three semiconductor regions. These regions are called the emitter, E, base, 

B, and collector, C, respectively. The boundary between P-type and N-type 

semiconductor materials is referred to as a junction. Consequently, BJTs are 

2-junction, 3-terminal devices. 

JUNCTIONS 

STRUCTURE 
B 

® E 2 E 2 C 

- - - -

IE

1, j

I
c 

IE l
e 

I BI
B B 

DI ODE MODELS 

© 
E C E C 

- - - -

IE le IE l
e 

r) r 8 1 
B B 

SCHEMATIC SYMBOLS 

Figure 1-10 

The two types of bipolar transistors - NPN and PNP. 
A. Structure
B. Diode models
C. Schematic Symbols
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Recall that a junction diode is formed by joining P-type and N-type semiconductor 
materials as illustrated previously in Figure 1-1 A. Consequently, BJTs can be mod
eled by two back-to-back diodes as shown in Figure 1-1 OB. 

Here, diode number 1 is called the emitter-base diode, while diode number 2 is re
ferred to as the collector-base diode. 

The schematic symbols for both NPN and PNP BJTs are shown in Figure 1-10C. 
Notice that the only difference between the NPN and PNP symbols is the direction 
of the arrow, which indicates the emitter of the device. Specifically, the arrow points 

away from the base in the NPN symbol and toward the base in the PNP symbol. 

In Figure 1-1 OB and Figure 1-1 0C, note that the current directions in the PNP tran
sistor are just the opposite of those in the NPN transistor. 

Biasing BJTs 

The term biasing means establishing desired values of DC currents and voltages 
for an electronic device. In order to use a BJT for amplification, a biasing scheme 
must be employed so that: 

1. The emitter-base diode is forward biased.

2. The collector-base diode is reverse biased.

Figure 1-11 illustrates one way to provide appropriate bias voltages for an NPN 
and PNP BJT. In both Figure 1-11 A and Figure 1-11 B, the polarity of VEE is 
such that the emitter-base diode is forward biased. Similarly, the polarity of Vee 
is such that the collector-base diode is reverse biased. Note in Figure 1-11 that: 

The current directions and voltage polarities of the PNP 

circuit are just the opposite of those in the NPN circuit. 

Initially, we will concentrate on the analysis and design of NPN circuits. Once 
you have mastered NPN circuits, the transition to PNP circuits will be relatively 
easy. 

-,____,, 

J 



® 

"'-----' 

NPN CIRCUIT 

Ic 

PNP CIRCUIT 

Figure 1-11 

Properly biased BJTs showing current directions 
and voltage polarities. 

A. NPN circuit

B. PNP circuit. 

BipolarTransistors I 1 •27 



1-2s I UNIT ONE 

BJT Circuit Configurations 

Many BJT circuits can be classified as common-base, common-emitter, or com

mon-collector circuits as shown in Figure 1-12. Here, one lead is connected to 

the AC signal source, and a second lead provides the take-off point for the AC 

output voltage. The remaining, third, lead is called the "common" and identifies 

the particular configurations. 

@ 

© 

Vss -=-

COMMON BASE 

r 
j' 

COMMON EMITTER 

COMMON COLLECTOR 

Figure 1-12 

Standard BJT circuit configurations. 

A. Common base.

B. Common emitter.

C. Common collector.

-=- Vee 

-=- V CC 

'-...__./ 

"-..........,-



'------'1 Naturally, each configuration has its unique characteristics. These characteristics,
and appropriate analysis and design methods will be discussed in detail in later
units. 

Reverse Currents 

BipolarTransistors I 1 •29

For each configuration in Figure 1-12, V cc reverse biases the collector-base diode
of the BJT. Opening the emitter circuit of Figure 1-12A produces the circuit shown
in Figure 1-13A. Here, the collector current is simply the reverse current of the
collector-base diode. Manufacturers list this reverse current as lcso on the transis
tor's data sheet. Note that current flows between the BJT terminals identified
by subscripts C and B. Similarly, the O subscript indicates that the emitter terminal
is open. 

If you open the base circuit in Figure 1-12B you obtain the circuit shown in Figure
1-13B. Here, the collector current once again equals the reverse current of the
collector-base diode. In this case, however, the reverse current is designated
as lcEo since the base terminal is open. 

® 
0 PEN 

® OPEN 

E 

EMITTER OPEN (IC = le sol

B 

BASE OPEN nc - IcEo'

Figure 1-13 

Reverse BJT currents 
A. Emitter open (le = leso) 
B. Base open (le = leeo) 
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Basic Transistor Action 

N-type material is rich in negative charge carriers (electrons) and P-type material

is rich in positive charge carriers (holes). Consequently, electrons and holes are
referred to as majority carriers in N-type and P-type materials respectively.

Since it is not possible to manufacture perfect semiconductor materials, N-type 

materials contain a small number of holes, and P-type materials contain a small 

number of free electrons. The electrons in the P-type material and the holes 

in-the N-type mate.rials are called minority carriers. Table 1-2 summarizes the 
concept of majority and minority carriers for N-type and P-type materials. 

Material Majority Minority 

Carriers Carriers 

N-type Electrons Holes 

P-type Holes Electrons 

Table1-2 

Majority And Minority Carriers 

'-._./ 
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When a PN junction is said to be forward or reverse biased, it is important to realize 

that the forward or reverse biased condition applies only to the majority carriers. 

From the point of view of the minority carriers, the situation is the opposite. Specific
ally: 

1. A forward biased PN junction is reverse biased with respect to minor
ity carriers.

2. A reverse biased PN junction is forward biased with respect to minor-

ity carriers.

To illustrate statement 2 above, consider the circuit shown in Figure 1-14. Here, the 

PN junction is reverse biased by the external voltage source, Vee. Consequently, 
majority carriers are prevented from crossing the junction. Note however, that the 
polarity of Vee is such that the minority carriers are forced across the junction. For 
this reason, a small reverse current, IA, flows in the circuit. 

p N 

HOLE 

0 

ELECTRON 

0 

--------- I I ------- At------'

Vee 

Figure 1-14 

The movement of minority carriers across a reverse biased 

PN junction results in a small reverse current, IR. 



1 •32 I UNIT ONE

E 

-

IE 

RE 

-

VEE

N p N 

IE ELECTRONS 

1, j
B 

Figure 1-15 

Basic transistor action for a NPN transistor in the 
common base configuration. 

C 

le 

V CC-=-

Let's examine the action that takes place in the properly biased NPN transistor 

shown in Figure 1-15. Here, the operation of the circuit can be summarized as fol

lows: 

1. The emitter base junction is forward biased by the external voltage

source VEE· Consequently, a steady flow of electrons, supplied by

VEE, is injected into the base region from the emitter region.

2. The collector base junction is reverse biased by the external voltage

source, Vee- Since electrons are minority carriers in P-type mate

rials, and since a reverse biased PN junction appears forward biased

to minority carriers, most of the electrons injected into the base re

gion are swept across the collector-base junction. Typically, 95 to 99

percent of the electrons supplied by the emitter flow through the col

lector region and into the external voltage source, Vee- The remain

ing 1 to 5 percent of the injected electrons combine with holes in the

base region. This establishes a small base current which flows out

of the base region and into the external circuit.

In order for the action just described to occur, the various regions of the BJT must 
be specially constructed. Specifically: 

1 . The emitter region contains large numbers of majority carriers. This 

ensures that a large number of electrons will be supplied to the base 

region. 



2. The base region is very thin and contains relatively few majority car
riers. This is necessary to minimize the combining of holes and in
jected electrons in the base region.

3. The collector region contains moderate numbers of majority carriers,
and is physically larger than either the base or emitter regions. This
ensures adequate "collection" of the electrons swept across the col
lector-base junction.

Although it is quite useful to model a BJT as two back-to-back diodes, the transistor 
action described previously does not occur if two discrete semiconductor diodes are 
placed back to back. This is because the P-type and N-type regions of semiconduc
tor diodes do not satisfy the special requirements necessary for proper BJT opera
tion. 

BJT Formulas 

At this point, we will introduce a number of formulas that are useful for the analysis 
and design of BJT circuits. In addition, we will use approximations in order to simplify 
the formulas as much as possible. With reference to Figure 1-15 then: 

The algebraic sum of the currents entering and leaving the BJT must equal zero. 
\___,, Therefore: 

le = le + le (Eq. 1-9) 
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Where: le, 18, and le are the DC currents in amperes, A, in the emitter, base, 
and collector leads respectively. 

In Figure 1-15, it is clear that internally, le supplies current to both the base 
and collector regions. The ratio of lee to le is called alpha, a, and indicates the 
portion of the emitter current, IE, that enters the collector region. Stated mathemati
cally: 

lee a = 

le 

Also, since IEe = le - leso, a, may be defined as: 

a= le - leoo

le 
(Eq. 1-10) 
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Where: le and IE are as defined previously, 

lcso = reverse current in amperes, A, of the collector-base diode. 

le = alE+leso (Eq.1-11) 

In Figure 1-15, note that Is = IE - I Ee - lcso- Substituting alE for IEe yields: 

la = IE (1 - a) - leso (Eq. 1-12) 

The ratio of IEe to IEs is defined as beta, B. Substituting le - leso for IEc, and 
Is+ leso for IEs yields: 

B = 

l_c_-_l..;;.;cso� 
la+ leso 

(Eq. 1-13) 

Solving Equation 1-13 for the collector current, le, yields: 

le - lcso = Bia + Bleso 

le = Bia + Bleso + leso 

le= Bia+ le80(B + 1) (Eq. 1-14) 

Occasionally the following identities will also prove useful: 

a = 

B 

B 
B+1 

a 
1-a

(Eq. 1-15) 

(Eq. 1-16) 

1 
1-a =--

B+1 
(Eq. 1-17) 

lcEO = (B + 1) lcso (Eq. 1-18) 

By using one or more of the previous identities, you can derive numerous equivalent 

relationships. For example, substituting Equation 1-17 into Equation 1-12 yields: 

IE 
la=-- - leso (Eq.1-19) 

B+1 



\,_____,.,, If you examine typical BJT data sheets, you will find the following important facts: 

1. Values of o: typically range from 0.95 to 0.99.

2. B rarely has a value less than 20.

3. leso is small compared to le for silicon transistors.
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4. (B + 1) lcso is small compared to Bis in most circuits that use

silicon transistors.

Based upon the previous observations, the following approximations are frequently 

employed. 

o: =1 

B+1=B 

By using one or more of these approximations, we can simplify most of the formulas 
given previously. Table 1-3 summarizes the original and resulting approximate for
mulas. 

Original Formula Approximate Formula 

le - leso le 
O'. = O'. = 

IE IE 

B= 
le - leso 

B= 
le 

Is+ leso Is 

le = o:IE + leso le = o:IE 

le = Bis+ leso(B + 1) le = Bis 

le = Bis + leEo 

IE 
- leso Is =

IE 
Is = --

B + 1 B 

TABLE 1-3 

Approximate- BJT formulas 
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In many cases, the approximate formulas in Table 1-3 are sufficiently accurate for 

the analysis and design of BJT circuits. 

Example1-5 

A silicon BJT has a B of 100, and an IcBo of 0.01µ,A. Calculate 
the value of a, le and 18 assuming IE = 1mA. 

We will calculate the various quantities using both the original and approximate for

mulas. 

B 100 
a = -- = -=0.99 

B + 1 101 

le = ale + le80 

le = 0.99 (1 mA) + 0.01 µ.A 

le = 0.990 01 mA 

Is 

Is 

le 
-- -lcso 
B+1 

1mA 
-- -0.01µ.A 
101 

Is = 9.89µ,A 

Now for the approximate formulas: 

a = 1 For this reason le = le = 1 mA 

le 1mA 
Is = - = -- = 10µ.A 

B 100 

Clearly, the values predicted by the approximate formulas are very close to the 

values predicted by the original formulas. As a guide, you can use the approximate 

formulas if: 

I 
_

e
_ > 20 (Eq. 1-20) 

Bleso -

'-._...-, 



� Example 1-6 

A germanium BfI' has a B of 100 and an lc8o of 1mA. Should 
you use the original or approximate formulas, if IE is 1mA? 

In this case: 

le 1mA 
-- = --- =10 

Blcso 100 (1 µA) 

Since 10 is not> 20, you should use the original formulas. Generally speaking, ger

manium transistors have large values of lc80 compared to silicon transistors. 

BJT DC Parameters 

The data sheet of a particular BJT provides minimum, typical and/or maximum 

values for a number of BJT parameters. In this course, appropriate parameters will 

be introduced as required. In this section, we will briefly discuss the most important 

DC parameters. 

MAXIMUM RATINGS 

\______..,,,, Like any electrical device, BJTs will be damaged or destroyed if the current, voltage 

or power is excessive. Consequently, you should never exceed the maximum rat

ings, usually specified at 2s0c. Above 25
°

C, you should use appropriate derating 

factors to determine the maxmium rating at the elevated temperature as illustrated 

by the following example. 

Example 1-7 

For a certain transistor, the following information is provided 
under the Maximum Ratings portion of the data sheet. 

Maximum Ratings 
Total Power Dissipation @ 25

°

C

Derate Above 25
°

C

Symbol 
PD 
D 

Value Unit 
2 Watt 

20 mW!'C 

What is the maximum power the transistor can dissipate at 
50

°

C? 

BipolarTransistors l 1 •37 
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The difference between 50°C and 25°C is obviously 25°C. Since the power must 
be derated by 20mW for each °C rise in temperature, we have: '----./ 

DC CURRENT GAIN 

P = P2s·c - D�T 

20mW 
P = 2W - -- · 25°C 

oc 

P = 2W - 0.5W = 1.5W 

This is the parameter B introduced previously. Data sheets use the symbol hFe 

to indicate the value of B. Typically, hFE can vary by as much as 4:1 among 
transistors of the same type. In addition, for a given transistor, hFE varies with 
temperature, emitter current, and time. 

LEAKAGE CURRENTS 

lcso, lcEo, and IEso are the symbols used to represent the various leakage cur
rents. Even though these currents are measured respectively with the emitter, 
base, and collector leads open, they can adversely affect the operation of a BJT 
circuit when the leads are not open. 

Data sheets almost always list the maximum value of lc80. For transistors of 
the same type, lcso can vary by as much as 100:1. In addition, for a given � 

transistor, lcso is sensitive to temperature changes. As a guide, lcso doubles 
for, approximately, every 8°C rise in temperature. 

BASE-TO-EMITTER VOLTAGE 

For a given value of emitter current, the base-to-emitter voltage varies linearly 
by approximately -2mV to -2.SmV per °C rise in temperature. Variations in 
VsE in turn produce changes in the emitter and collector current. 

Techniques for stabilizing BJT circuits against variations in hFE, lcso, and VsE 

will be discussed in Unit 2. 

BJT Input and Output Curves 

The circuit shown in Figure 1-16A can be used to obtain both input and output 
curves for an NPN transistor in the common-base configuration. To obtain input 
curves, you can use the following procedure: 

1. Adjust R2 to obtain a particular value of V cs - for example 1 V.



@ 

© 

0 

5 

4 

3 

2 

0 

le (mA)

0 

+ -

TEST CIRCUIT 

V CB = IV 

l..... / 
' 

Vcs = IOV 
I� 
I 

I 

INPUT CURVES 

• 

i 

OUTPUT CURVES 

Figure1-16 

-j 5mA

I
-'i 4mA

-·i 3mA

I

-·, 2mA

•'i lmA

J le O-·, 

BV C BO 

Input and output curves for the common base configuration 
A. Testcircuit.
B. lnputcurves.

C. Outputcurves.

V CB (V) 
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2. Adjust R1 to obtain various values of IE. For each value of IE, note

the corresponding value of V BE·

3. Readjust R2 to obtain a different value of V cs - for example 1 OV.

Then repeat step 2 for the new value of V cs-

In this manner, you can obtain data to plot the input curves shown in Figure 1-168. 

Since the emitter-base diode of the BJT is forward biased, you should not be sur

prised that the input curves are virtually identical to the IV curve of a forward biased 

junction diode. 

In Figure 1-168, note that the curve obtained when Vea= 10V differs only slightly 

from the curve obtained when Vea = 1V. Based on this observation, it should be 

clear that V cs has only a minor affect on the BJT's input characteristics. Con

sequently, in most circuits, you can ignore the effects of V cs on the input character

istics of the BJT. 

In order to obtain the output curves shown in Figure 1-16C, you can use the follow

ing procedure. 

1. Adjust R1 to obtain a particular vaiue of IE -for example 1 mA.

2. Adjust R2 to obtain various values of V cs- For each value of V cs, note

the corresponding value of le.

3. Repeat steps 1 and 2 for different values of IE -for example 2mA,
3mA, 4mA, and SmA.

The output curves in Figure 1-16C are in agreement with the approximate, formula 

le = cxlE. Since a is only slightly less than 1, it follows that le should approximately 

equal IE. This suggests that the BJT's output characteristics are essentially those 

of a dependent current source. Specifically, once the emitter current is fixed, the 

collector current essentially remains constant for wide variations in the collector-to

base voltage, V cs-

In Figure 1-16C, note that V cs must be made slightly negative to completely reduce 

le to zero. This is an unusual feature of a common-base circuit, and occurs because 

of an inherent collector-to-base junction potential within the BJT. 

..___,,,, 
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-.___/ In Figure 1-16A, the polarity of V cs is such that the collector-base diode is reverse 
biased. Consequently, as Vee is increased, eventually a point is reached where 
the collector base diode breaks down. Once this point is reached, the collector 
current increases sharply, and can destroy the transistor. The value of this collec
tor break down voltage is designated as BVe80 or Veeo- Obviously, in a given 

circuit, Vea should never be permitted to equal or exceed the value of BVeso-

'-.__../ 

When IE = 0, you have a situation that is essentially equivalent to an open emitter 
lead. For this reason, when IE = 0, le = leeo as shown by the bottom curve in Figure 

1-16C. For clarity, the value of leeo has been exaggerated on the bottom curve in
Figure 1-16C.

A circuit that can be used to obtain both input and output curves for an NPN transis
tor in the common-emitter configuration is shown in Figure 1-17A. By following a 
procedure similar to the one used for the common-base circuit, you can obtain the 
input and output curves shown respectively in Figure 1-178, and Figure 1-1 ?C. 

Once again, the input curves are essentially those of a forward biased junction 
diode. The output curves in Figure 1-17C are in good agreement with the approxi
mate formula le = B18. For example, since Bis 100, you would expect le to be 1 0mA 
when 18 is 100µ,A. Similarly, when 18 = 80µ,A, le should be about 8mA. These calcu
lations agree with the curves in Figure 1-1 ?C. 

® 

Vss-=-

® Is (µA) 

B = 100 

+ 

,,----..re 

TEST CIRCUIT 

R2 -=- Vee 
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• 

0 r 
1cm

OUTPUT CURVES 

Figure 1-17 
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0 Input and ouput curves for the common emitter configuration. 
A. Testcircuit.

INPUT CURVES B. Input curves 

C. Output curves
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® 

B 

BJT DC Models 

The input curves of a BJT indicate that the BJT acts like a forward biased junction 
diode, when viewed from the emitter-base terminals. Similarly, the BJT's output 

curves indicate that the BJT acts like a current source, equal to le, when viewed 
from the collector-base terminals. For these reasons, a BJT can be represented by 
the DC equivalent circuit shown in Figure 1-188. Here, note that: 

1. The emitter-base portion of the 8JT has been replaced by the large
signal model of a junction diode.

2. The collector-base portion of the 8JT has been replaced by two
shunt current sources. Recall that the collector current, le, equals o:le
+ lc80. Thus, each current source supplies one of the two compo
nents of the collector current.

As discussed previously, lc80 is usually negligible compared to o:le. Also, in most 
circuits rF is negligible compared to the external circuit resistance. Consequently, 

the equivalent circuit in Figure 1-188 can often be simplified as shown in Figure 1-
18C. Here, it is assumed that o: = 1, and that the transistor is a silicon transistor 

since VT = 0.7V. 

,----u C © E o----i I I l-----flll��,-----1 

0. 7V le� IE 

NPN TRANSISTORS 

B 

SIMPLIFIED DC MODEL 

® 

B 

DC MODEL 

C 

Figure1-18 

BJT DC models based on the relationship le = ale + lcao 
A. NPN transistor. 
B. DCmodel. 
C. Simplified DC model. 

'----" 
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\...____,.; The current sources in Figure 1-18B generate currents equal to alE and leso
so that le = alE + le80. Recall that an equally valid expression for the collector 

current, le, is le = B18 + leEO· Consequently, a BJT can also be modeled as 

shown in Figure 1-19B. Furthermore, if the effects of rF and lcEo are negligible, 

the simplified model of Figure 1-19C can be used to represent the DC equivalent 

circuit of the BJT. 

® 

© 

E 

NPN TRANSISTOR 

B 1.J-------1----

DC MODEL 

BIB 

0, 7V 

I 
E 

SIMPLIFIED DC MODEL 

Figure1-19 

BJTDCmodelsbasedon therelationshiplc = Ble + lceo-

A. NPN transistor.

B. DCmodel. 
C. Simplified DC model. 

C 
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Example 1-8 

For the circuit shown in Figure 1-20A, estimate the values of 
IE, le and V CB· Assume the effects of rp and ICBo are negligible. 

Using the simplified BJT model of Figure 1-1 BC, the DC equivalent circuit is 
sketched as shown in Figure 1-208. Here: 

12.7V - 0.7V 12V 
le

= 

12k!l = -1-2k-O 
= 1mA 

Since a= 1 le = IE= 1mA 

The voltage between the collector and base, V ce, equals the collector supply 

voltage, 15V, minus the drop across the SkO resistor. Thus: 

@ 

Vea = 15V - 1mA (5k!l) = 10V 

12 kQ 

12. 7V

12kQ 
0.7V 

r 
j" 

ORIGINAL CIRCUIT 

-
+ E

I � lt---141--<._--l_

-=- 12.7V 

B 

SkQ 

DC EQUIVALENT CIRCUIT 

Figure1-20 

Circuits for Example 1-8. 
A. Original circuit.
B. DC equivalent circuit. 

15V 

C 5 kQ 
- +

15V 

L 
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� Example1-9 

'-._,,,I 

Estimate the values of IB, le and V CE for the circuit shown in Fig
ure 1-21A.

The circuit in Figure 1-21 A is drawn with "ground referenced notation", in other 

words, the way it is conventionally drawn on a schematic diagram. For clarity, we 

have redrawn the circuit as shown in Figure 1-21 B. Since the value of B is given, 

it is convenient to use the simplified BJT DC model of Figure 1-19C. Naturally we 

are assuming the effects of rF and lcEo are negligible. If this were not the case, you 

could use the BJT DC model of Figure 1-19B to analyze the circuit. 

The DC equivalent circuit is provided in Figure 1-21 C. Here: 

10.?V - 0.7V 10V 
le=----=-- = 10µ,A 

1MO 1MO 

le = B18 = 150 (1 Oµ,A) = 1.5mA 

The voltage between the collector and emitter, V cE, equals the collector supply volt

age, 20V, minus the drop across the 1 0kO resistor. Thus: 

Vee= 20V - 1.5mA(10kO) = 5V. 

@ 10. 7V 20V 

@
10k Q 

lMQ 10 kQ 

10. 7V -=- 20V 

B • 150 

REDRAW I NG THE CIRCUIT 

ORIGINAL CIRCUIT 

lMQ B 

Is 

Figure 1-21 

© Circuits for Example 1-9. 

10. 7V 20V A. Original circuit.

l 
B. Redrawing the circuit.
C. DC equivalent circuit. 

DC EQU !VALENT CIRCUIT 
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Self-Test Review 

11. The emitter base junction of a BJT is normally _______ biased, and
the collector-base junction is _______ biased.

12. lcEo is ________ than lc80.
larger/smaller 

13. Electrons are _______ carriers in P-type materials.

14. On a data sheet the symbol ___ represents B.

15. a is approximately equal to ___ _

16. When viewed from the emitter-base terminals, a BJT acts like a

17. When viewed from the collector-base terminals, a BJT acts like a
______ source.

18. If the a of a BJT changes from 0.98 to 0.99, B will change from ___ _
to ___ _

19. For a given type transistor B typically varies over a _____ range.

20. If the base lead of a BJT is open le = ___ _

� 

'--./ 



Answers 

11. forward, reverse 16. forward biased diode

12. larger 17. current

13. minority 18. 49 to99

14. hFE 19. 4:1

15. 1 20. lcEo

The solution to question 18 follows: 

Thus, when a = 0.98 

Similarly, when a = 0.999: 

a 
B= --

1 - a 

0.98 
B=---=49 

1 - 0.98 

0.99 
B= = 99 

1 - 0.99 

Notice that small changes in a produce large changes in B. 

BipolarTransistors I 1-47 
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SUMMARY 

Junction diodes are formed by joining P-type and N-type semiconductor materials. 
The DC, or large-signal model of a diode is represented by the series combination 
of an ideal diode, the diode's forward resistance, rF, and the diode's turn-on 
voltage VT, 

When a diode is simultaneously driven from a large DC and a small AC source, 
the diode acts like a resistance to the AC source. This AC, dynamic, resistance 
consists of two components - bulk resistance, r8, and junction resistance, ri. 
You can estimate a diode's AC resistance by using the following formula: 

When you analyze diode and transistor circuits, it is often necessary to obtain 
DC and AC equivalent circuits. In the DC equivalent circuit, capacitors are re
placed by open circuits, and the device is replaced by its large-signal model. 
Similarly, in the AC equivalent circuit, capacitors are replaced by short circuits, 
and the device is replaced by its AC, or small-signal, model. 

You can use graphic methods, using load lines, to analyze diode, and transistor 
circuits. The intersection between the DC load line, and the devices characteristic 
curve establishes the DC or quiescent operating point. The AC load line is useful 
for determining how a device responds to AC signals. You will encounter applica
tions for load lines in later units. 

BJTs consist of NPN or PNP "semiconductor sandwiches". For normal operation 
of a BJT, the emitter-base junction is forward biased, and the collector-base junc
tion is reverse biased. Consequently, the current directions and voltage polarities 
in PNP circuits are just the opposite of those encountered in NPN circuits. 

Frequently, BJT circuits are classified as common-base, common-emitter, or com
mon-collector circuits. In each case, one lead is connected to the AC signal 
source, and one lead is used as the take-off point for the AC output voltage. 
The remaining lead is termed the "common", and identifies the particular config
uration. 

BJTs operate by the processes of injection, diffusion, and collection. The forward 
biased emitter-base junction majority carriers are injected from the emitter region 
into the base region. Since the base region is thin and has few of its own majority 
carriers, the injected carriers rapidly diffuse, or spread out, in the base region. 

I 
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"-....,/ Finally, most of the injected carriers are swept across the reverse biased collector

base junction where they are effectively collected by the relatively large collector 
region. 

Various parameters and formulas used to describe the operation of BJTs were 

introduced in the unit. Important parameters include a, B or hFE, VsE, lcso, lcEo, 
BVcso, and BVcEO· Definitions for these parameters are provided in appropriate 

sections in the unit. Many of these parameters vary widely from one BJT to 
another. In addition, VsE, lcso, lcEo, and hFE are very temperature sensitive. 

Table 1-3 summarizes the most frequently used BJT DC formulas. By using the 

formulas for le given in Table 1-3, two equivalent DC models for the BJT were 
developed. Examples illustrating the use of each model are provided in the unit. 

Complete Experiment 1 in Unit 9 at this time. 
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UNIT EXAMINATION 

BipolarTransistors I 1-s1 

The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 

answer (A, B, C, or D) that you feel is most correct. When you have completed 

the examination, compare your answers with the correct ones that appear after 

the exam. 

1. A BJT has an lcso of 150nA and an hFE of 100. The value of lcEo is

therefore:

A. 150nA.
B. 1.5nA.

c. 15.15µA.

D. 1.5mA.

2. A diode has a DC current of 2mA. The dynamic resistance of the diode

is therefore approximately:

A. 19.S!l.

B. on, since the diode is forward biased.
C. oo!l.

D. Depends on whether the diode is Ge or Si.

3. In Figure 1-22, the DC load line would have a vertical intercept of:

A. 4mA.

B. 6mA.

C. 8mA.
Si 

D. 10mA.

v
ee 

= 20v 

Figure1-22 

Circuitforquestions3and4. 

4. In Figure 1-22, the DC load line would have a horizontal intercept of:

A. ov.

B. 20V.
C. ooV.
D. Depends on the diode's turn-on voltage.
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5. In Figure 1-22 the DC load line has a slope of:

A. 1/20k!l.

B. -1 /20k!l.

C. 1/5k!l.

D. -1/5kil.

20V -=. 

0.1 V 

PEAK 

f=l0kH-t-

IOµF 

20 kQ 

Figure1-23 

Circuit for questions 5 and 6. 

6. In Figure 1-23, the AC load line has a slope of:

A. -1 /20k!l.

B. -1/5k!l.

C. -1/4k!l.

D. -1/25k!l.

7. Leakage currents can be considered negligible if:

A. ex> 1.

8. lcso = lcEO·
C. IE/Blcso > 20.

D. B>20.

8. The ratio of le to 18 essentially equals:

A. hFE·
B. ex.

C. ex + 1.

D. B2.

9. Small changes in ex produce:

A. Small changes in B.
B. Moderate changes in B.
C. Large changes in B.
D. No changes in B.

5kQ 



'\,____.,, 10. The thinnest region of a BJT is the: 

A. Emitter
B. Base.
C. Collector.

D. Anode.

11. Which of the following varies linearly with temperature?

A. hFE·
B. lcso-

C. lcEO·
D. VBE ·

12. BJT maximum ratings are usually:

A. Stamped on the BJT case.
8. Not available.

C. Specified at 25°C.
D. Specified at 75°C.

13. The thickest region of a BJT is the:

A. Emitter

B. Base.

C. Collector.

D. Anode.

Bipolar Transistors l 1 •53 

14. The output curves for the common-emitter configurations show the relation

ship between the BJT's:

A. le, 18 and V CE values.
B. le, Is and V cs values.

C. IE, le and Vcs values.
D. IE , 18 and VcE values.
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EXAMINATION ANSWERS 

1 . C - lceo = (B + 1) lcao. 

2. 

lceo = (101) (150nA) = 15.15µA 

37mV 
A- rAc = -- + 10

IF 

37mV 
rAc = -- + 10= 19.50

2mA 

3. D - The vertical intercept of the DC load line is V cdRL. Thus:

Vee 20V 
- =- =10mA 
RL 2kO 

4. B - The horizontal intercept of the DC load line is V cc- Thus:

Vee
= 20V 

5. B - The DC load line has a slope of -1 /RL, where RL is the DC diode load
---...___/ resistance. Thus: 

m=---
20kO 

6. C - The AC load line has a slope of -1 /rL where rL is the AC diode load resis-
tance. Thus, in this case: 

r L = 20kO115kO = 4kO 

m =--
4k0 

7. C - As a guide, leakage currents can be neglected if:

8. 

le -- >20
Blcao -

BipolarTransistors I 1 •55 
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9. C - Small changes in a results in large changes in B.

10. B - The base region of a BJT is very thin, and lightly doped.

11. D - For both silicon and germanium BJTs, V8E decreases by approximately

2 to 2.SmV for each 0

c rise in temperature. 

12. C - Maximum ratings are usually specified at 25°C.

13. C - The collector region of a BJT is the thickest region.

14. A - The corresponding values of le and VcE are plotted for various values

of Is. 
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INTRODUCTION 

The first step in designing a transistor circuit is to select a suitable operating 
point for the transistor. The purpose of the biasing circuit is to establish the desired 
operating point. 

In this unit, you will study the most frequently encountered BJT biasing circuits. 
Since the common-emitter circuit is used more extensively than the common-base 
and common-collector circuits, our discussion emphasizes common-emitter bias
ing techniques. 

Numerous summary guides are included at appropriate points in order to simplify 
the analysis and design process. Once NPN biasing circuits are covered, a discus

sion of complementary PNP circuits is presented. 

Biasing Schemes 12-3
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Analyze and design the following biasing circuits using NPN transistors:

Base bias.
Emitter feedback bias.
Collector feedback bias.
Collector and emitter feedback bias.

Voltage divider bias.

Emitter bias.

2. Sketch complementary PNP biasing circuits.

3. Sketch PNP circuits as they usually appear on schematic diagrams.

4. Analyze and design complementary PNP biasing circuits.
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'-..__.,,.- UNIT ACTIVITY GUIDE 

□ Read section on "Base Bias Circuits".

□ Answer Self-Test Review Questions 1-10.

□ Read section on "Quasi-Stable Biasing Circuits".

□ Answer Self-Test Review Questions 11-20.

□ Perform Experiment 2 in Unit 9.

□ Read section on "Stable Biasing Circuits".

□ Answer Self-Test Review Questions 21-27.

□ Perform Experiment 3 in Unit 9.

□ Study Summary.

□ Complete Unit Examination.

'----' □ Check Examination Answers.
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BASE BIAS CIRCUITS 

In the previous unit, the transistor was discussed as an isolated circuit component. 

This unit examines the transistor as an important part of a more complex DC 

circuit. 

The purpose of a biasing circuit is to establish an appropriate DC operating point 

for the transistor. Consequently, we will begin our discussion of biasing schemes 

by considering the range of possible DC operating points within which a particular 

BJT can operate. 

Modes of Operation 

A BJT can be biased to operate in any one of three possible regions or modes: 

cutoff, saturation and active, or linear. Recall that this concept was briefly in
troduced in Experiment 1 of Unit 9. The important characteristics for each region 

are summarized in the following sections. 

CUTOFF 

In this mode, both the emitter-base and collector-base junctions are reverse 

biased. Consequently, except for a relatively small reverse current, the transistor 

is nonconducting and le=O. In a common-emitter circuit, the collector-to-emitter 

voltage, Vee, is maximum. The value of Vee is determined by component values 

in the external circuit. Since le=O and Vee is maximum, the transistor acts like 
an open switch when viewed from the collector-emitter terminals. 

\____.,I 



'-._./ SATURATION 

In this mode, both the emitter-base and collector-base junctions are forward 
biased. For this reason, the transistor conducts heavily, and le is maximum. The 

value of le is determined by component values in the external circuit. Ideally, 
VcE = OV. In real circuits, VcE is typically a few tenths of a volt for general 

purpose BJT's. Since le is maximum and VcE=O, the transistor acts like a closed 
switch when viewed from the collector-emitter terminals. 

ACTIVE 

In this mode, the emitter-base junction is forward biased and the collector-base 

junction is reverse biased. The active region is the normal mode of operation 

for linear transistor circuits. This type of circuit is emphasized in this course. 

In the active region, values of le and V cE fall within the extremes of le and V cE 
characteristic of the cutoff and saturation regions. For this reason, the transistor 
acts like a resistance, equal to VcE/lc, when viewed from the collector-emitter 

terminals. In addition, the emitter and collector currents are directly proportional 
to the base current since, in the active region, IE= lc=Bls. 

Biasing Schemes 12-7
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® 

Base Bias Analysis 

ORIGINAL CIRCUIT 

V CE Ic 

-r., 8
REDRAWING THE CIRCUIT 

Figure 2-1 

Base bias. 

A. Original circuit.

B. Redrawing the circuit.

B 

The common emitter circuit in Figure 2-1 A illustrates base bias. This is one of 
the simplest ways to bias a BJT. The circuit is easy to redraw to emphasize 
the base and collector loops as shown in Figure 2-1 B. Here, by applying Kirch

hoff's voltage law to the base loop, and starting at point A and going around 

the loop in a clockwise direction, yields: 

-Vea+ leRe + VBE = 0 (loop 1) 

Solving the base loop equation for the base current, 18, you obtain: 

Vea - VBc 
le = --

Ra 
(Eq. 2-1) 



'-------" Typically, V BE is small compared to the base supply voltage V 88. Consequently, 
the value of 18 is essentially "fixed" by the value chosen for R8. For this reason, 
base bias is also referred to as fixed bias. 

Assuming the effects of lceo are negligible, the collector current, le, equals: 

le = Bia = le 

Applying Kirchhoff's voltage law to the collector loop, by starting at point B and 
going around the loop in a counterclockwise direction, yields: 

-Vee + leRc + Vee = 0 (loop 2) 

Solving the collector loop equation for the collector-to-emitter voltage, V ce, you 
obtain: 

Vee
= Vee - leRc (Eq. 2-2) 

The variables in Equation 2-2, le and V ce, are the variables displayed graphically 
by the BJT's output, or collector, curves. Consequently, Equation 2-2 is the equa
tion of the circuit's DC load line. As you recall, the DC load line represents all 
possible DC operating points for a given circuit. One end of the line corresponds 
to the saturation mode and the other end to the cutoff mode. 

In the saturation mode, V ce equals V c_E(sat) and le equals lqsat)· A typical value 
of Vce(sat) can be obtained from the BJT's data sheet. Substituting VcE(sat) for 
Vee, and lc(sat) for le into Equation 2-2 yields: 

Vcecsatl = Vee - IC(satJRe 

Solving for lqsat) you obtain: 

V CC - V Ce(sat) 
IC(satl = ---� (Eq. 2-3) 

Re 

For a given circuit, Equation 2-3 predicts the maximum possible DC collector 
current. 

In the cutoff mode, le equals lceo, and Vee equals Vce(cut)· Substituting Vce(cut) 
for Vee, and lceo for le into Equation 2-2 yields: 

Vceccutl = Vee - lceoRe (Eq. 2-4) 

Biasing Schemes 12-9
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For a given circuit, Equation 2-4 predicts the maximum possible DC collector-to
emitter voltage. 

The points on the DC load line corresponding to saturation and cutoff intersect 
the collector curves at Is = ls(sat) and Is = 0 as shown in Figure 2-2A. Here, 
the minimum value of base current, ls(sat), required to produce saturation is: 

IB<sat> = le�t> (Eq. 2-5) 

Since IC(sat) is the maximum possible DC collector current, values of 18 larger 
than le<sat> do not produce values of le larger than lc(sat) · Consequently, the re
lationship le = B18 is not valid for values of la larger than ls(sat)· 

All points on the DC load line between saturation and cutoff are in the BJT's 
active region. Typically, when used as an amplifier, the transistor is biased to 
establish a DC operating point at, or near, the middle of the load line as shown 
in Figure 2-2B. Here, the following points should be noted. 

1. The subscript Q is employed to indicate the values of collector
current, lea, and collector-to-emitter voltage, V cEa, at the operating
point.

2. The DC load line has a slope equal to - 1 /Re.

3. The DC load line crosses the vertical axis when VcE = 0. Con
sequently, the value of the vertical intercept can be calculated by
substituting VcE = 0 into Equation 2-2. Specifically:

0 = Vee - leRe 

Solving for le yields: 

Vee 
le = - (vertical intercept)

Re 

4. The DC load line crosses the horizontal axis when le = 0. There
fore, the value of the horizontal intercept can be calculated by
substituting le = 0 into Equation 2-2. Thus:

V ce = V cc (horizontal intercept) 



I 
C (sat) Is - Is (sat) 

SATURATION AND CUT OFF POINTS ON THE DC LOAD LINE. 

Vee 

Re 

Ic 

Icq -1,.-�-� ....... .--------

1B • 1 s (sat) 

VBB-VBE I B • __,;,_ _ __;;_ RB

-__j�====t=:====::::::::�===-�I�B�-�O � V CE0 

A QUIESCENT, Q, OPERATING POINT IN THE ACTIVE REGION. 

Flgure2-2 

The DC load line. 
A Saturation and cutoff points on the DC load line. 
B. A quiescent, a, operating point in the active region.

Comparing Figure 2-2A with Figure 2-28, you can see that the value of le at 
the vertical intercept in Figure 2-28 is only slightly larger than lccsat) in Figure 
2-2A. Similarly, the value of Vee at the horizontal intercept in Figure 2-28 is
only slightly larger than V ceccut) in Figure 2-2A. For these reasons, lccsat) and
V CE(cut) are closely approximated by the vertical and horizontal intercept values
respectively. Stated mathematically:

Vee 
IC(satJ = --

Ac 

VceccutJ "" Vee 

(Eq. 2-6) 

(Eq. 2-7) 

Biasing Schemes 12-11
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In effect, since VeE = 0 at saturation, then lqsat) represents the collector current 
that flows when the collector is shorted to the emitter. Similarly, since le = 0 
at cutoff, then VeE(cut) represents the collector-to-emitter voltage if the collector
emitter is open circuited. Consequently, you can estimate le(sat) by "mentally" 
shorting the collector-emitter terminals and noting the resulting value of le. In 
the same way, you can estimate VeE(cut) by "mentally" opening the collector
emitter terminals and noting the resulting value of VeE• These rules are especially 
useful for analyzing more complex biasing schemes. 
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A summary of the various modes of operation, and relevant formulas, is provided 

in Table 2-1. You should review the material presented this far to make sure 

you understand how to derive the formulas in Table 2-1. The following examples 
illustrate the analysis of base biased circuits. Study them carefully. 

Mode 

Cutoff 

Saturation 

Active 

Orlglnal Formula Approximate Formula 

Is = 0 

le = le = leeo le = le = 0 

Vceccut> = Vee - leeo Re 
-

Veeccut> = Vee 

Is> IB<sat> 

lqsat> = 
Vee - Veecsat) Vee 

Re 
lqsatJ = -

Re 

V CE = V Ce(sat) Vce(sat) = 0 

Is = 
V88 - Vse 

Rs 

lc = Bls = le 

Vee = Vee - lcRc 

TABLE2-1 

Summary of modes and formulas for the common-emitter 

base-biased circuit in Figure 2-1. 

Comment 

Collector and emitter 

terminals approximate 

an open circuit. 

Collector and emitter 

terminals approximate 

a short circuit. 

Operating point is 

usually near the 

middle of the load 

line. 
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® 

® 

Example2-1 

VB B = 6. 7V vcc=I2V

R8=I.2MQ 

CIRCUIT 

Ic (mA l 

2mA 
I. 7 6mA

DC LOAD LINE 
Flgure2-3 

Re =6.8kQ 

Circuit and load line for Example 2-1 . 

A. Circuit.

B. DC load line.

12V 

The silicon transistor in Figure 2-3A has a negligible value 
of ICEo• Estimate the DC collector current and DC collector-to

emitter voltage. Also sketch the DC load line and indicate the 
location of the DC operating point. 

First calculate the DC base current. Keep in mind that for a silicon transistor 
the turn-on voltage, VT, is .7V. In our circuit, V8E = VT. 



6.7V - 0.7V 
---- =5µ,A 

1.2M!l 

Since hFE = B, the DC collector current is: 

le= B18 = 200(5µ,A) = 1 mA 

The collector-to-emitter voltage equals the V cc supply voltage minus the drop 
across Re. Thus: 

VeE = Vee - leRe 
V CE = 12V - 1 mA (6.8k!l) = 5.2V 

Biasing Schemes I 2-15

The coordinates of the Q point are lea = 1 mA, and VcEa = 5.2V. The intercepts 
of the DC load line correspond, approximately, to lqsat) and V CE(cut)· Therefore: 

Vee 12V 
lc(sat) = - = -- = 1.76mA 

Re 6.8k!l 

VCE(cut) = Vee = 12V 

A sketch of the DC load line is provided in Figure 2-3B. Since the calculated 
value of the collector current, 1 mA, is less than lqsat), 1.76mA, the operating 
point for this circuit is in the active region. For the sake of simplicity, the collector 
curves are not shown in Figure 2-3B. 
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® 4mA 

3mA 

2mA 

lmA 

0 

Example2-2 

2V 

12V 

CIRCUIT 

4V 6V 

DC LOAD LINE 

Flgure2-4 

3kQ 

8V lOV 12V 

Circuit and load line for Example 2-2. 

A Circuit. 

B. DC load line.

Sketch the DC load line for the circuit shown in Figure 2-4A. 
Work out the coordinates of the Q point for the following 
values whereR8 = oo, 565kf"l, 282.5kf"land 1ookn. 

V CE (VJ 



\._____,I The circuit examined previously used two DC sources to bias the transistor. One 

source, Vss, forward biased the emitter-base junction and the second source, 

V cc, reverse biased the collector-base junction. The circuit in Figure 2-4A is an 
example of a single-supply base-bias circuit. The single-supply circuit can be 
treated as a "special case" of the two-supply circuit, where Vee = Vee- Con
sequently, the formulas derived previously are applicable to the single-supply 
circuit. 

To sketch the DC load line, you must first determine the intercept values as 
follows: 

Vee 12V 
IC(sat) = - = - = 4mA 

Ac 3k!l 

VCE(cutl = Vee = 12V 

Consequently, the load line appears as shown in Figure 2-4B. Note that the 
maximum possible DC collector current is 4mA. 

Re = oo 

When Re = oo, it is obvious that le = 0. Assuming lcEo is negligible, le also 

\____..,. 
equals zero, which places the transistor in the cutoff mode. Thus, the coordinates 

of the Q point are: 

lea = 0 

Vcea = Vce(cutl = 12V 
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When Rs= 565kil, you have: 

12V - 0.7V 
-

56-5-kO- = 20µ,A 

le = Bis = 100(20µ,A) = 2mA 
VeE = Vee - leRe 
VeE = 12V - 2mA(3kO) = 6V 

Note that the calculated value of le, 2mA, is less than lccsat), 4mA. Thus, the 

operating point is in the active region at: 

Rs= 282.5kil 

In this case: 

lea = 2mA 
} 

VeEa = 6V 

Vas - VBE 
ls = --Rs 

Rs = 56 5kO 

12V - 0.7V 
--- =40µ,A

282.SkO 

le= Bl8 = 100(40µ,A) = 4mA 

VeE = Vee - leRe 

VeE = 12V - 4mA(3kO) = 0V 

Reducing Rs from 565kil to 282.5kil increased the base current just enough 

to place the operating point in the saturated region. Therefore, the coordinates 

of the Q point are: 

lea = le(sat) = 4mA 
} Rs= 282.Skn

VeEa = VeE(sat) = 0V 

Rs= 100kil 

Proceeding as before you have: 

12V - 0.7V 
100kO = 113µA 

le = Bl8 = 100(113µ,A) = 11.3mA? 

VeE = Vee - leRe 

VeE = 12V - 11.3mA(3kO) = -21.9V? 



'----./ Note that the calculated value of le, 11.3mA, is larger than lccsat), which is 4mA. 
Also note that the calculated value of V cE is negative. Since the maximum possible 
DC collector current cannot exceed 4mA, something is clearly wrong. Also, it 
should be apparent that VcE cannot be negative since the DC supply voltage, 
V cc, is positive with respect to ground. Specifically: 

When the calculated value of le is larger than lc(sat), the calculated value 
of V cE for an NPN transistor will be negative. This indicates that the transis
tor is saturated. Consequently, the actual values of le and VcE respectively, 
are le = IC(sat) and V ce = V CE(sat) = OV. 

Recall that when Ra was 282.SkO, la was 40µA; which was just enough to saturate 
the transistor. If Rs is less than 282.SkO, Is will naturally be larger than 40µA. 
However, since lccsat), or 4mA, is the maximum possible DC collector current, 
values of Rs less than 282.SkO cannot produce values of le larger than 4mA. 
Consequently, once the transistor is saturated, the approximation le = Bis is 
no longer valid. In any event, when Rs = 1 OOkO, the Q point values are: 

R6 = 100k0 
lea = lccsa1> = 4mA 

} 
V CEO = V CE(sat) = OV

Figure 2-5 shows how the operating point moves from cutoff to saturation as 
Rs is decreased from oo to 1 OOkO. 

Ic (mAl

4mA 

3mA 

2mA 

lmA 

� 282.5 kQ 

(cutoff) 

-0----+-_____ ----+-_____ _.,.__ __ � V CE (VI
6V 12V 

Flgure2-5 

Operating points for various values of R8 in Example 2-2. 
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9V 

3kQ 

Flgure2-6 

Circuit for Example 2-3. 

Example2-3 

In Figure 2-6, what value of R is required to just saturate the 
transistor? 

When saturated, le equals VccfRc, or 3mA. Since hFe = 150, the minimum base 

current required to produce saturation is: 

IC<sat> 3mA IB(sat) = 
B 

= 150 = 20µ.A



Since Vas = 9V and V8e is approximately 0.7V, the required value of R8 via 

Ohm's law is: 

Vas - VBE 
RB(satJ = --

IB(satJ 

9V - 0.7V 

(Eq. 2-8) 

R - --- = 415kfiB(sat) - 20µA

415kfi is the maximum value of R8 that saturates the transistor. Naturally, values 

of R8 less than 41 Skfi also produce saturation. 
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Switching Circuits 

As you will soon see, the simple base bias that we have just discussed is rarely 

used in linear transistor circuits. Recall that in linear transistor circuits, the Q 

point is in the active, or linear, region. 

@ 

© 

INPUT VOLTAGE 

vo � Vo .. --
r
-----o V EC (sat) ::::c< OV

OUT PUT VOLTAGE 
VCE

ORIGINAL CIRCUIT 

T Vee,, 

.._ 
_____ 

E

...._ _____ ...J

R 

lr • _R_c_+_R-=...
L

C 

EQUIVALENT CIRCUIT WHEN v IN = 0 V

C 

.__ 
_____ 

E

...._ _____ 

...,1 

R

l

I
• VCE (sat) a, 0 V

EQUIVALENT CIRCUIT WHEN V
IN

= Vee 

Flgure2-7 

An elementary BJT switching circuit. 
A. Original circuit.
B. Equivalent circuit when v., = OV.
C. Equivalent circuit when v;n = Vee, 



L Applications for base bias are usually restricted to switching or digital circuits 
-where the transistor functions as an electronic switch. To illustrate this concept,

consider the circuit shown in Figure 2-7A. Here, the DC voltage source, Vee,
has been replaced by an input voltage, v1N, whose value is restricted to either
0 volts or V 1 volts.

The operation of the circuit in Figure 2-7 A is straightforward and can be sum
marized as follows: 

1. When v1N = 0V, le = 0 and the transistor is cut off. Since no
collector current flows, the transistor acts like an open switch as
shown in Figure 2-78. In this case, the output voltage via the volt
age division principle is:

2. When v1N = V 1, sufficient base current flows to saturate the transis
tor. Thus, the transistor acts like a closed switch as shown in Figure
2-7C. Here, note that:

Vo = VcE(sat) = OV 

Since the output voltage is high when the input voltage is low, and vice versa, 
the circuit in Figure 2-7A is usually referred to as an inverter. 

Switching Speed 

One of the most important characteristics of a switching circuit is its ability to 
switch rapidly between the cutoff and saturation modes. Factors that affect switch
ing speed include: component values, stray capacitance and inductance, the spe
cific circuit configuration, the type of transistor used, and the current and voltage 
levels in the circuit. 

The time required to switch from cutoff to saturation is primarily determined by 
the particular transistor characteristics and the amount of base drive. A large 
base current, 18 > le(sat), helps to minimize the turn-on time. 

The turn-off time is the time required to switch from saturation to cutoff. Due 
to storage time, it takes longer to turn a transistor off than it does to turn it 
on. In any event, by using transistors specifically designed for switching applica
tions - appropriately called switching transistors - it is possible to obtain switch
ing speeds in the nanosecond range. 
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Designing Simple Switching Circuits 

The inverter circuit discussed previously has the load connected in parallel with 

the transistor. In Figure 2-8, the load is connected in series with the transistor. 

Note that the LED is the series-connected load in Figure 2-8A. 

® 

LED 

LED DRIVER 

AC SOURCE 

®
,---c "v I----, 

NO 
D 

RELAY DR !VER 

Flgure2-8 

Typical BJT switching applications. 
A. LED driver.

B. Relay driver.

'----'/ 



� The following examples illustrate how to design each circuit. 

./ 

Example2-4 

Design an LED driver similar to the one shown in Figure 2-BA. 
The LED has a forward voltage drop of 2V, and requires approx
imately 35.mA to obtain normal brilliance. The transistor used 
for the design is a type MPS-A20 B]T, whose minimum value 
of hFE is 40. The DC supply voltage, Vee, is 12V. The input 
voltage, Vi, that should light the LED is 5V. 

The design involves selecting appropriate values for Rs and R8. Since the LED 
voltage drop, 2V, is less than the DC supply voltage, 12V, Rs serves as a series 
dropping resistor. The function of Re is to ensure that sufficient base current 
flows to produce saturation when V1 = SV.

2V 

+ 

35mA 

Flgure2-9 

Equivalent circuit when V 1 = 5V for Example 2-4. 

C 

V CE (sat)� OV 
E 

Assuming V1 = SV, the transistor is saturated. Consequently, when viewed from 
the collector-emitter terminals, the circuit appears as shown in Figure 2-9. Here, 
the voltage across Rs equals the supply voltage minus the voltage across the 
LED and transistor. Assuming VcE(sat) is negligible, you can calculate Rs via 
Ohm's law as follows: 

12V - 2V 
--- = 285.70

35mA 

A standard value 270.fl resistor is acceptable. In order to produce saturation, 
le must at least equal lscsat) when V1 = 5V. To ensure that saturation occurs 

under "worst case" conditions, we will select Re so that: 

2 lqsat) 
Is = 2 IB<sat> = -

hFE(min) 
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Thus, the required value of Is is: 

2( 35mA) 
Is = -- = 1.75mA 

40 

Therefore, the required value of Rs is: 

V1 - Vee
Ra = --

Is 
5V- 0.7V 

= 2.46k!l 
1 .75mA 

A standard value 2.21<0. resistor is acceptable. 

Example2-5 

Design a relay driver similar to the one shown in Figure 2-BB. 
The normally open, N.O., relay contacts close when the current 
through the relay coil is 25mA. The resistance of the coil is 
2son. Assume Vee = 12V, Vi = 5V, and that an MPS-A20 
B]T is available for the design.

The design procedure is similar to the one used for the LED driver in Example 
2-4. In this case, the voltage across Rs, neglecting Vce(sat), equals Vee minus
the voltage dropped across the relay coil. Thus:

Vee - IC(satJ Rco1L 
Rs = ----'--"---

IC(satJ 
_12_v_-_2_s_m _A_(2_so_n_) 

= 2300
25mA 

A standard value 2200. resistor is acceptable. 

The required value of Is is: 

2 IC<satl 2(25mA) 
18= -- = -- = 1.25mA 

hFE(min) 40 

Therefore, the required value of R8 is: 

V1 - Vee
Ra = --

Is 

A standard value 3.3k0. is acceptable. 

5V - 0.7V 
= 3.44k!l 

1.25mA 

'-_,../ 



'-.__/ By using a transistor switch and relay, you can control a large amount of AC 

power with a small amount of DC power. For this reason, relay drivers are fre

quently used in industrial control circuits. 

Incidentally, the diode in Figure 2-88 is used to suppress arcing across the relay 

when the transistor switches from the saturated to the cutoff mode. From your 

knowledge of passive circuit design, recall that a diode is selected so that: 

1. The diodes PIV rating > 2 V CC·

2. The diodes peak current rating >
Vee 

Rs+ Rco1L 

Due to their excellent switching characteristics, Schottky barrier-type diodes are 

often used in arc suppression circuits. 
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Limitations Of Base Bias 

To illustrate why base bias is not very well suited for linear transistor circuits, 
we will illustrate the design and subsequent analysis of a typical circuit. The 
circuit to be designed should satisfy the following requirements: 

1. Operate from a 1 OV DC supply voltage.

2. Provide a DC operating point for typical values of hFE such that:

lea= 1mA 
Veea = 5V 

The transistor available for the design is a general purpose, silicon, NPN-type. 

For this type transistor, the minimum, typical, and maximum values of hFE are 

50, 150, and 300 respectively. 

The circuit we wish to design is illustrated in Figure 2-10A. You can find the 

required value of Re by solving the following equation: 

le Re = Vee - Vee 

Vee - Vee 
Re = --

le 

Substituting the desired Q point, value of le, and value of V cE into Equation 

2-9 yields:

10V - 5V 
Re= --- =5k0 1mA 

Assuming a typical value of hFe, 150, the required base current is: 

le 1mA 
le = - = - =6.7µ.A 

hFE 150 

Therefore, the required value for Ra is: 

VBB - VBE 10V - 0.7V 
MO� = �-� =--- = 1� 

le 6.67µ.A 



The DC load line for the circuit, indicating the operating point when hFE = 150, 
is shown in Figure 2-108. Note that the intercept values are: 

® 

Vee 10V 
I
C(

sat) = - = - = 2mA 
Re Skn 

Vce(cut> = Vee = 10V 

50 f h FE f 300

hFE (typ) = 150

IclmA) 

2mA 

lOV 

CIRCUIT 

lmA ------

0 2 

4 t 6 
sv 

8 

5V 

Re =5kQ 

10 12 
V CE (V) 

DC LOAD LINE INDICATING THE Q POINT WHEN hFE = 150

Flgure2-10 

Circuit and DC load line for the design problem discussed 
in the text. 

A. Circuit.
B. DC load line indicating the a point when hFE = 150.
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The value of Rs is selected for our design on the assumption that the transistor \..____/ 
has a typical value of hFE• If this is the case, the actual values of le and VcE 
will be very close to 1 mA and 5V respectively. 

However, for a given transistor, the actual value of hFE can be as low as 50 
or as high as 300. For this reason, we need to examine what happens if the 

transistor has a minimum (50) or maximum (300) value of hFE· 

For any value of hFe, the base current is: 

Thus when hFe = 50. 

VBB - Vse 
la = ---

Ra 

10V - 0.7V 
---- = 6.7µ.A 

1.39MO 

le = Bia = 50(6.7µ.A) = 0.335mA 

Ve = Vee - leRe = 10V - 0.335mA(5kO) = 8.32V 

Similarly, when hFe = 300. 

le = Bia = 300(6.7µ.A) = 2mA 

Vee = Vee - leRc = 10V - 2mA(5kfi) = 0V 

Ic !mAJ 

2mA 

lmA-

O. 3 3 5 mA - - - - - - - -'- - - - -
I 

0 2 
4 t 6 

8 

sv 

8.32V 

Figure 2-11 

12 

Possible operating points for the design problem discussed 

in the text. 



G Clearly, variations in B between 50 and 300 produce drastic changes in the
operating point of the base bias circuit in Figure 2-1 0A. This is illustrated by 
the possible operating points shown in Figure 2-11. Note that: 

1. When hFE = 150, the operating point, 01 , is in the middle of the
load line.

2. When hFE = 50, the operating point, 02, is on the lower end of
the load line. For small values of hFE, you can see that the operating
point moves closer to cutoff.

3. When hFE = 300, the operating point, 03, corresponds to satura
tion.

Therefore, merely by changing transistors, you can make drastic changes in the 
operating point of a base bias circuit. This is the reason why base bias is not 
normally used in linear transistor circuits. In addition, since hFE is highly tempera
ture dependent, for a given transistor the actual O point will vary widely with 
temperature. 
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Self-Test Review 

Refer to Figure 2-12 for questions 1 through 4. Use approximate formulas when 
possible. 

15V 

1.43MQ 
5kQ 

Flgure2-12 

Circuit for Self-Test Review questions 1-4. 

1. The intercepts of the DC load line are lccsat) = __ _.mA, and V CE(cut)
= ____ v.

2. In the active mode, the collector-to-emitter voltage equals ____ V.

3. Assuming the transistor is replaced with one whose hFE = 320, the collector
current is ___ _,mA.

4. Assuming hFE = 150, the value of R6 that just causes the transistor to
saturate is ____ kO.



'--.../ Refer to Figure 2-13 for questions 5 through 8. 

5. 

6. 

9V 

Flgure2-13 

Circuit for Self-Test Review questions 5-8. 

lea = 4mA and Vcea = 5V. The required value for Ac is therefore 
--�kn. 

Assuming hFe = 200, the required value of R8 is ____ kn. 

7. The power dissipated by a BJT under quiescent conditions is given by:

Poo = Vcealca (Eq. 2-10) 

Therefore, the power dissipated by the transistor in Figure 2-13 is 
___ _,rnW. 

8. The data sheet for the transistor in Figure 2-13 lists V CE(sat) = 0.2V and
lceo = 0.01 µA By using the Equation 2-10, you can calculate the power
dissipated by the transistor for the saturated and cutoff modes. Con-
sequently, Pocsat)---�mW, and Poccut> ____ µW.
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5V

_n_ OV 

9V 

Rg 

Flgure2-14 

100 � h � 350 
FE 

Circuit for Self-Test Review questions 9 and 10. 

Refer to Figure 2-14 for questions 9 and 10. 

9. The LED provides normal brilliance when the current through it is approxi
mately 20mA. Under these conditions, the voltage drop across the LED
is 1.7V. Assuming Vce(sat} is negligible, Rs should equal ____ �n.

10. A reasonable value for R6 is ----�kfl.



Answers 

1. 3mA, 15V 6. 

2. 7.5V 7. 

3. 3mA 8. 

4. 71 Skil 9. 

5. 1kO 10. 

The solutions to questions 1-1 O follow: 

1. le(sat)
Vee 15V 

= - = - = 3mA 
Re Sk!l 

Vce<cut> = Vee = 15V 

415kil 

20mW 

1.8mW, 0.09µ,W 

365!1 

10.75kO 

� 2. To calculate V ce, you must first determine the values of 18 and le. Thus:

VBB - Vse 15V - 0.7V 
Is = --- --- = 10µA 

Rs 1.43M!l 

le = Bis = 150(10µA) = 1.SmA 

Since Vee = Vee - lcRe, we have: 

Vee = 15V - 1.5mA(5k!l) 

Vee = 15V - 7.5V = 7.5V 
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3. Since 1B = 1 0µA and hFe = 320, we have:

le= 320(10µA) = 3.2mA

4. 

5. 

6. 

The calculated value of le is larger than IC(sat>· This tells you that the transis
tor is saturated. Since lecsat> is the maximum possible DC collector current,
le = lecsat) or 3mA when hFe = 320.

Since le = lecsat) or 3mA, and hFe 
just produce saturation is:

lqsa1J 3mA 
IB(sat) = - = --= 20µA 

B 150 

The required value of Rs is therefore: 

Rs= V88 - VBE = 
15V - 0.7V = 715k!l

IB<satl 20µA 

Re= Vee - Vcea = 
9V - 5V = 1k!l

lea 4mA 

150, the base current required to

Since le = 4mA and hFe = 200, the base current, Is, is: 

le 4mA 
Is = -= --= 20µA 

B 200 

Therefore, the required value of Rs is: 

9V - 0.7V ---- = 41 Sk!l
20µA 

7. Poo = Vcealca = 5V(4mA) = 20mW

8. When the transistor is saturated, Vee = Veecsat) and le = IC(sat)· Since
Vee = 9V and Re = 1 kn, IC(sat> is essentially 9mA. Thus:

PD(satl = V cecsa1JIC(sat) = 0.2V(9mA) = 1.8mW

When the transistor is cutoff, le = leEo and VeE = Vee or 9V. Thus:

PD(cutl = Vce(cutJlceo = 9V(0.01µA) = 0.09µW

Note that a transistor that is at saturation or cutoff dissipates very little
power.

'-._./ 



9. 
Vee -VLEo 9V - 1.7V 

Rs= --- = --- = 3650
IC<satl 20mA 

1 O. In order to ensure that saturation occurs under worst case conditions, Rs 
is chosen so that: 

2 IC<sat> 2(20mA) 
le= -- = --- = 0.4mA

hFE(min) 100 

Consequently, the required value of Rs is: 

V1 - Vee Ra = --
le 

5V- 0.7V 
--- = 10.75kfi 

0.4mA 

In practice, standard value resistors close to the calculated values would 
be used for the design. 
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QUASI-STABLE BIASING SCHEMES 

In linear transistor circuits, the biasing scheme must accomplish two things. First, 

the desired operating point must be established. Second, once established, the 

operating point must be stabilized against temperature changes and unit-to-unit 

variations in hFE · In this section, you will examine a number of biasing schemes 

that are somewhat more stable than the base bias scheme discussed previously. 

Emitter Feedback 

A single-supply, base-bias circuit that uses emitter feedback is illustrated in Figure 

2-15A. To emphasize the base and collector loops, the circuit can be redrawn

as shown in Figure 2-15B. By starting at point A and going counterclockwise

around the base loop, you obtain:

-Vee+ lsRs + VBE. + leRe = 0 (loop1) 

Since le = Bis and IE is approximately equal to le, it follows that IE is approxi

mately equal to Bis. Thus, substituting Bis for IE in the base loop equation yields: 

-Vee + lsRs + VBE. + BlsRe = 0

Solving for the base current, Is, you obtain: 

lsRs + BlsRe = Vee - VBE. 

ls[BRe +Rs] = Vee -Vse 

Vee - VBE. Is = --- (Eq.2-11) 
BRe + Rs 

Also, since le equals Bis, we have: 

B (Vee - VBE.) lc = ---
BRe + Rs 

Dividing numerator and denominator by B yields: 

Vee - Vse 
le = --- = le (Eq. 2-12) Rs 

Re+ 
-B 



® 

® 

© 

Vee 

0 RIG I NA L e IR e U IT 

R 
+ B -

- + le
I -

/�j':� 1,,8 
REDRAW I NG THE e I ReU IT 

DC LOAD LINE 

Figure2-15 

A base bias circuit which uses emitter feedback. 

A. Original circuit. 
B. Redrawing the circuit.
C. DC load line.
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The collector loop equation is obtained by starting at point B and going coun- '--._./ 
terclockwise around the collector loop, as follows: 

-Vee+ leRe +Vee+ leRe = 0

Substituting le for le and solving for V ce yields: 

Vee = Vee - le(Re + Re) (Eq.2-13) 

Equation 2-13 is the equation of the circuit's DC load line. Recall that the intercept 
values of the DC load line closely approximate IC(sat) and V CE(cut)· Thus: 

When Vee = 0 

Similarly, when le = 0: 

Vee 
le = le(sat) = --

Re+ Re 
(Eq. 2-14) 

Vee = Vceccut> = Vee (Eq. 2-15) 

A sketch of the circuit's DC load line is provided in Figure 2-1 SC.

In Figure 2-15B, note that the various terminal-to-ground voltages are as follows: 

Ve = Vee - leRe 

To understand how emitter feedback works, assume that as a result of changing 

transistors, or an increase in temperature, B increases. This increase in B initiates 
the following chain of events. 

1. The increase in B causes le to increase.

2. The increase in le causes Ve to increase, since Ve = leRe.

3. The increase in Ve causes V8 to increase, since Ve = Vee + Ve.

4. The increase in V8 causes the voltage across R8 to decrease,

since VRa = VBB - Va.

5. With less voltage across R8, the base current must decrease,
which tends to reduce le and le towards their original values.



By using the symbol t to mean "an increase in", t to mean "a decrease in", 

and the symbol i> to mean "produce", we can summarize the sequence of events 

just described as follows: 

In practice, le and IE will still increase when B increases since the decrease 

in 18 can only partially compensate for the original increase in B. However, 

the increase in le and IE is less than what it would be if no feedback is used. 

Moreover, since the feedback in this circuit arrangement originates at the emitter, 

the circuit is said to use emitter feedback. 

Incidentally, since this type of feedback opposes an increase in le and IE, it is 

called degenerative feedback. This is true for any type of feedback that opposes 

amplifier gain. 
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lOV 

1.09MQ 
3kQ 

2kQ 

CIRCUIT 

I
c 

(mA) 

2mA 

lmA 

2 4 6 8 10 

5V 

DC LOAD LINE 

Flgure2-16 

Circuit and DC load line for Example 2-6. 
A. Circuit.

B. DC load line.



_,1 Example 2-6 

Calculate the DC currents and voltages for the emitter feedback 
circuit in Figure 2-16. 

Vee - VBE 
le=---

BRe + Re 

10V - 0.7V 

150(2kO) + 1.09MO 

le = B18 = 150(6.7µA) = 1 mA = le 

Ve = Vee - leRe = 10V - 1mA(3kO) = 7V 

Ve = leRe = 1mA(2kO) = 2V 

V8 
= VBE + Ve = 0.7V + 2V = 2.7V 

9.3V 
--- = 6.7µA 
1.39MO 

Vee = Vee - lc(Re +Re)= 10V - 1mA(3kO + 2kO) = 5V 

Having calculated values of V c and VE previously, you could also calculate V CE 
as follows: 

Vee = Ve - Ve = 7V - 2V = 5V 

The DC load line for the circuit is sketched in Figure 2-168. Here, values for 
lc(sat), and VcE(cut) were obtained as follows: 

Vee 
lecsat) = 

Re+ Re

Veeccut> = Vee
= 10V 

10V 
---- =2mA 
3kO + 2kO 
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Example2-7 

Illustrate how to design the circuit in Figure 2-16A. Prior to 
designing the circuit, the following information was known: 

Vee= WV 

hFE = 150 

The desired Qpoint islcQ = 1mA, and VCEQ = 5V. 

When you are designing a biasing scheme that uses emitter feedback, the first 
step is to select an appropriate value for the emitter to ground voltage Ve. As 

a guide, V Ea is chosen so that it is between 10% and 20% of the DC supply 
voltage, V cc• Once this is done, you can calculate values for Re, Ac, and Rs 
as follows: 

Vea= 20% Vee = 0.2(10V) = 2V 

Since lea = 1 mA = lea we have: 

Vea 2V Re = -= -- = 2k!l 
lea 1mA 

The voltage across Re equals V cc minus the collector to ground voltage, V c- _J 
Since Ve = Vcea + Vea and the current through Re is lea, Re can be calculated 

via Ohm's law. Thus: 

Ac= Vee - (Vea + VcEO) 
= 

10V - (2V + 5V) = 3k!llea 1mA 

With lea = 1 mA and hFe = 150 the base current, loo is: 

1mA 
Isa= -- = 6.7µ,A 

150 

The voltage across Rs equals Vee minus the base-to-ground voltage, Vs. Since 
Va = Vae + Ve, we have: 

Ra
= Vee - (Vee + Ve) =

10V - (0.7V + 2V) = 1_Q9M!l
Isa 6.7µ,A 



\__,, Observations 

The only difference between the base bias and emitter feedback circuits is that 
the emitter feedback circuit employs an emitter resistor, RE. Consequently, base 
bias may be considered a special case of emitter feedback where RE = 0. For 
this reason, if you set RE = 0 in the equations for the emitter feedback circuit, 
you obtain the equations, derived previously, for the base bias circuit. For exam
ple, the base current in an emitter feedback circuit is given by: 

( emitter feedback) 

VBB - VeE 
Clearly, when RE = 0, 18 = ---- , which is the formula for base bias 
circuit. Rs 

In circuit analysis, the ability to recognize that one circuit is a variation of another 
circuit is quite useful. For example, rather than independently analyzing two cir
cuits, you can analyze the more general case and then derive the equations 
for the special case. Often this approach involves considerably less work than 
analyzing each circuit separately. 
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Collector Feedback 

The circuit in Figure 2-17 A is an example of collector feedback. As with emitter 
feedback, collector feedback provides a Q point that is slightly more stable than 

base bias. 

® 

® 

COLLECTOR FEED BACK 

COLLECTOR AND EMITTER FEEDBACK 

Flgure2-17 

Biasing schemes utilizing collector feedback, and collector and 

emitter feedback. 
A. Collector feedback. 

8. Collector and emitter feedback.

'--.../ 



\____,I To understand how collector feedback functions, assume that B increases. The 
increase in B initiates the following chain of events: 

1. The increase in B causes le to increase.

2. The increase in le causes Ve to decrease, since V c = V cc -
lcAc.

3. The decrease in Ve causes the voltage across R8 to decrease,
since VR

8 
= Ve - Vae•

4. With less voltage across R8, the base current must decrease,
which tends to reduce le and le towards their original values.

Represented symbolically: 

tB¢ trc Q -l,vc Q tis Q tic

Since the feedback originates at the collector, the circuit in Figure 2-17A is said 
to use collector feedback. Again, this type of feedback can be called degenerative 
feedback. 

Collector And Emitter Feedback 

A circuit that uses both collector and emitter feedback is illustrated in Figure 
2-17B. As you can see, the only difference between the collector feedback and
the collector and emitter feedback circuit is that the collector and emitter feedback
circuit uses an emitter resistor. Therefore, the collector feedback circuit is a special
case of the collector and emitter feedback circuit. For this reason, we will first
analyze the general case, collector and emitter feedback, and then derive for
mulas for the special case of just collector feedback.
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Collector And Emitter Feedback Analysis 

The collector and emitter feedback circuit in Figure 2-17B can be redrawn as 
shown in Figure 2-1 SA. Here, by starting at point A and following the indicated 
path around the outside loop, you obtain the following loop equation: 

Substituting Bis for le and le yields: 

(Is+ Bls)Re + lsRs + BlsRe = Vee - Vse 

Factoring out the Is term: 

ls[(B + 1) Re+ Rs+ BRe] = Vee - Vse 

Since B typically is > 20, (B + 1) is approximately equal to B. Thus: 

Since le = Bis we have: 

Is [BRe + Rs + BRe] = Vee - Vse 

Is [B(Re + Re) + Rs] = Vee - Vse 

Vee - Vse ls = ------
B (Re + Re) + Rs 

(Eq. 2-15) 

I __ B_(_V_cc_-_ V_s _e)_ e - B (Re + Re) + Rs

Dividing numerator and denominator by B yields: 

Vee - Vse 
le = ----- = le (Eq. 2-16) 

Rs 
Re+ Re+ -

B 

In Figure 2-18, the various terminal-to-ground voltages are as follows: 

Ve = Vee - leRe 

Vs = Vse + Ve 

As with the circuit previously analyzed, the equation for the circuit's DC load 
line is obtained by writing a loop equation in the collector circuit. Referring to 
Figure 2-18B we have: 

'-....-,/ 



'-.__.../ 

@ 

Rs +
Is l Ic Re

+-

+ -

+ V CE (Is + Icl 

VBE -
+ 

RE 

jrE

OUTS I DE LOOP 

COLLECTOR LOOP 

Flgure2-18 

Outside and collector loops in the collector and emitter 
feedback circuits. 

A. Outside loop. 

B. Collector loop. 
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Since le > > Is, the expression (Is + le) = le. Also, IE = le. Making these 
substitutions and solving for VcE yields: 

Vee = Vee - le (Re + Re) (Eq. 2-17) 

As usual, you can obtain good approximations for lccsat) and VeE(sat) by calculating 
the intercept values of the DC load line. Thus: 

WhenVeE = O 

Similarly, when le= 0 

Vee 
le = le<sat> = --

Re+ Re 
(Eq. 2-18) 

Vee = Vee(cutl = Vee (Eq. 2-19) 

Recall that when RE = 0 you have collector feedback. Therefore, by setting 
RE = O in the various equations just derived, you will obtain the formulas that 

describe the DC currents and voltages in a collector feedback circuit. 

'--.__..,-



� Setting It All Together 

In this unit, our primary objective is to learn how to analyze and design a number 

of frequently encountered biasing schemes. The following section provides a com

pact summary of the analysis and design equations. 

With the biasing summary guide, you should be able to easily analyze and design 
base bias, emitter feedback, collector feedback, and collector and emitter feed

back circuits. In addition, by understanding how the equations are derived, you 

should be able to tackle variations of the biasing schemes discussed in this unit. 
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BIASING SUMMARY GUIDE 

ANALYSIS 

la = 
Vee - Vee 

Ra 
, le = B18 = le 

Ve = Vee = Vee - leRe 

Ve = 0 

Vee 
lqsat) = 

- ' V ee(cut) = V cc
Re 

la = 

le = 

ANALYSIS 

Vee - VBE. 

BRe + Ra 

Vee - VBE =le
Re+ ABie 

Ve = Vee - leRe, Ve = leRe 

Vee = Vee - lc(Re + Re) 

Vee 
lqsat) = --- , Vee(cut) = Vee 

Re+ Re 

DESIGN 

Vee

»
RB �

Re = 
Vee - Veea 

lea 

Ra = 
Vee - VBE. 

lea 

Base Bias 

DESIGN 

Vea = 10to20percent ofVcc 

Vea 
Re = 

-lea 

Vee - (Vea+ Veea) 
Re = -------

lea 

Vee - (VBE + Vea) 
Ra = -------

lea 

Emitter Feedback 

-........./ 

�R ;> e

◄• '• R 
•• E



ANALYSIS 

la = 
Vee - Vee 
BRe + Re 

le = 
Vee - Vee 

= le
Rs 

Re+-B 

Ve = Vee - leRe, Ve = 0 

Vee 
IC(sat) = - ' V eE(art) = V cc Re 

DESIGN 

Vee - Veea 
Re = 

lea 

I 

Collector Feedback 

ANALYSIS 

Vee = Vee - lc(Re + Re) 

Vee 
IC(satl = --- , Vee (artl = V cc Re+ Re 

DESIGN 

I 

Vea = 10 to 20 percent of V cc 

Vee - (Vea+ Veea) 
Re = -------

lea 

Veea - Vee Rs = ---
Isa 

Collector and Emitter Feedback 
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Example2-8 

Refer to the biasing summary guide and design a collector and 
emitter feedback circuit to provide an IcQ of 2.mA and a VCEQ 

. of 6V. Assume that a 12V DC supply is available for the design, 
and that hFE = 200. 

Selecting VEa to be 20% of Vee, we have: 

VEa = 0.2(12V) = 2.4V 

The various resistor values are calculated as follows: 

VEa 2.4V 
RE = - = -- = 1.2k!l 

lea 2mA 

Vee - (VEa + VcEa) 
= 

12V - (2.4V + 6V)
= 1.Sk!l Re = 

lea 2mA 

Since lea = 2mA and hFE = 200, 180 = 2mA/200 or 10µ.A. Thus: 

Example2-9 

VCEa - Vee 
Rs = --=---

loo 
6V - 0.7V
---- = 530k!l 

10µA 

Sketch the DC load line, and operating point for the collector 
feedback circuit in Figure 2-19A. Again, assume you are using 
a silicon transistor. Referring to the collector feedback biasing 
summary guide: 

10V - 0.7V 9.3V 
= -- = 1mA 

645k!l 
Vee - Vee

lc = ---
Rs

Rc+B 5k!l + -- 9.3k!l 
150 

Vee = Vee - lcRc = 10V - 1mA(5k!l) = 5V 

Vee 10V 
IC(sat> = - = - = 2mA 

Re 5k0 

VCE<cut> =Vee = 10v 

A sketch of the DC load line and operating point is provided in Figure 2-19B. 



@ 

lOV 

5kQ 
645kQ 

COLLECTOR FEEDBACK CIRCUIT 

le !mAl 

2mA 

Ico = lmA - - - - - - -

0 2 4 6 

DC LOAD LINE 

Flgure2-19 

8 

Circuit and DC load line for Example 2-9. 
A Collector feedback circuit. 
B. DC load line. 

10 
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Self-Test Review 

Refer to Figure 2-20 for questions 11 through 13. 

20V 

Figure2-20 

Circuit for Self-Test Review questions 11-13. 

11. Re should equal ____ k.0.

12. Rs should equal ____ Mn.

13. Assume hFE changes from 100 to 200. In this case, le equals ____ mA
and VeE equals ____ v.

20V 

Figure 2-21 

Circuit for Self-Test Review questions 14-16. 

,.__/ 



'v Refer to Figure 2-21 for questions 14 through 16.

14. Re should equal _____ kn.

15. R8 should equal ---�kn.

16. If hFE changes from 100 to 200 le would equal ____ mA and V CE
would equal ____ v.

15V 

358kQ 2kQ 

1. SkQ 

Flgure2-22 

Circuit for Self-Test Review questions 17-20. 

Refer to Figure 2-22 for questions 17 through 20. 

17. The collector-to-ground voltage equals ____ v.

18. The emitter-to-ground voltage equals ____ v.

19. The base-to-ground voltage equals _____ V.

20. The values of lqsat) and V CE(cut> are ____ mA and ____ v re-
spectively.
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ANSWERS 

11. 10k!l 16. 1.32mA, 6.8V

12. 1.93M!l 17. 11.7V

13. 2mA,0V 18. 2.48V

14. 10k!l 19. 3.18V

15. 930k!l 20. 4.29mA, 15V

The solutions to questions 11-20 follows: 

11.
Vee -Vceo 

Re = ---
lco 

20V - 10V 
--- = 10kil 

1mA 

12. Since le = 1 mA and hFE = 100 lea equals 1mA/100 or 1 0µA. Thus:

Vee - Vee 
Rs = --

IBO 
20V - 0.7V 

---- = 1.93Mil 
10µA 

13. When hFE = 200:

14. 

le = B18 
= 200(10µA) = 2mA

Vee = Vee - leRe = 20V - 2mA(10kn) = 0V

Since VcE = 0V, the transistor is saturated.

Vee - Veeo 
Re = ---

lco 
20V - 10V 
--- = 10kil 

1mA 

15. Since le = 1 mA and hFE = 100, lea equals 1mA/100 or 1 0µA. Thus:

Veeo - Vse 10V - 0.7V 
Rs = ---- ---- = 930kn 

180 10µA 

16. When hFE = 200:

Vee - V8e 20V - 0.7V 19.3V 
le = --- ----- --- = 1.32mA 

R8 930kn 14.65kil 
Re + - 1 0kn + --

B 200 

V = Vee - leRe = 20V - 1.32mA(10kfi) = 6.8V



@ 

le !mAJ 

5 15 20 V CE (V) 

LOAD LINE FOR THE CIRCUIT IN FIGURE 2-20 

le !mA) 

2mA 

l.32mA --

lmA -

0 5 IO 15 20 V CE (V) 

6.8V 

LOAD LINE FOR THE CIRCUIT IN FIGURE 2-21 
Flgure2-23 

Comparing the results obtained in questions 13 and 16. 
A. Load line for the circuit in Figure 2-20. 
B. Load line for the circuit in Figure 2-21. 

Let's compare the results obtained in question 13 with those obtained in question 

16. When B changed by 100% in the base bias circuit, question 13, le also
changed by 100%. This caused the operating point to shift from the center of
the load line to saturation, as shown in Figure 2-23A.

When B changed by 100% in the collector feedback circuit, question 16, the 
corresponding change in le was only 32%. This is a considerable improvement 
over the base bias circuit. Figure 2-238 indicates the shift in the operating point 
due to the increase in B. A comparison of the two load lines in Figure 2-23 
illustrates the effectiveness of collector feedback. 
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In many linear transistor circuits, a 32% change in the operating point would '----.__.,.,' 

not be acceptable. For this reason, the next section examines two biasing 

schemes that provide very stable operating points. 

17. First, calculate le as follows:

Vee -VBE. le=--
Rs Re+ 
-B 

15V -0.7V 14.3V -----= -- = 1.65mA 
358kO 8.66kO 

1.5k0+ 50

Since Ve= Vee - lcRc, we have: 

Ve = 15V - 1.65mA(2kO) = 11.7V 

18. Ve = leRe = 1.65mA(1.5kO) = 2.48V

19. V8 
= VBE +Ve= 0.7V + 2.48V = 3.18V

20. 
Vee 

I 
-C(sat) - Re + Re

Vee(cutl =Vee = 15V 

15V 
= 4.29mA 

2kO + 1.5k0 

L 



STABLE BIASING SCHEMES 

In a base bias circuit, the percent change in le equals the percent change in 

B. By employing emitter feedback, collector feedback, or both emitter and collector
feedback, the percent change in le will be less than the percent change in B.

However, as you saw in the previous section, large changes in B still produce

significant changes in le.

The ideal biasing scheme for a linear transistor circuit would provide an operating 

point that is B independent; that is, independent of gain. In other words, even 

large changes in B would not produce significant changes in le. In this section, 

you will examine two biasing schemes that approximate this ideal biasing scheme. 
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Voltage Divider Bias 

The circuit illustrated in Figure 2-24A is the most popular, single-supply, biasing 
scheme for discrete linear transistor circuits. Since resistors R1 and R2 form a 

simple voltage divider, the biasing scheme is referred to as voltage divider bias. 

® 

Vee-=-

© 

Flgure2-24 

Voltage divider bias. 
A. Original circuit.

B. Calculating VTH and RTH. 

C. Thevenin equivalent circuit.

ORIGINAL CIRCUIT 

CALCULATING VTH AND RTH

THEVENIN EQUIVALENT CIRCUIT 

' 
Rm = RI II R2 



-...../ To analyze the circuit in Figure 2-24A, you begin by mentally opening the base 

lead. This permits you to apply Thevenin's theorem to the voltage divider as 

shown in Figure 2-24B. Here note that: 

+ VCE
-

(Eq. 2-20) 

(Eq. 2-21) 

Re 
- +

VTH 
- r-::s:� )1,n 

-=- Vee 

A B 

Flgure2-25 

Redrawing the Thevenin equivalent circuit in Figure 2-24C. 

'-.../ The Thevenin equivalent circuit is illustrated in Figure 2-24C. In order to em

phasize the base and collector loops, the Thevenin equivalent circuit can be 

redrawn as shown in Figure 2-25. Here, by starting at point A and going clockwise 

around the base loop, you obtain: 

Substituting the approximate relationship Bis for le yields: 

Solving for the base current, Is you obtain: 

(Eq. 2-22) 

Since le = Bis we have: 
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Dividing numerator and denominator by B yields: 

As usual, the equation for the circuits DC load line is obtained through the collector 

loop equation. By starting at point B in Figure 2-25 and going counterclockwise, 

you obtain: 

-Vee+ leRe +Vee+ leRe = 0 (loop 2) 

Substituting le for IE and solving for VcE yields: 

Vee = Vee - lc(Re + Re) (Eq. 2-24) 

Using the intercept values to approximate IC(sat) and V CE(cut), you have:

Vee le(satl = 
_R_e _+_R_e 

Vce(cutl = Vee 

(Eq. 2-25) 

(Eq. 2-26) 

Finally, the various terminal-to-ground voltages are: 

Ve = Vee - leRe 



Example 2-1 o

R1

I0kQ 

15V 

Re

2. 2kQ

h FE = 200
RE

2. 7kQ

Flgure2-26 

Circuit for Example 2-10. 

Calculate the various DC currents and voltages for the circuit 
shown in Figure 2-26. 

First calculate the Thevenin quantities: 

Vee R2 15V(4.7k!l) 
VTH 

= -- = __..;. _ ____,;;_ = 4.BV
R1 + R2 10k!l + 4.7k!l 

RTH = R1IIR2 = 10k!lll4.7k!l = 3.2k!l 

Using these values, you obtain: 

4.BV- 0.7V

200(2.7k!l) + 3.2k!l 

4.1V 
= 7.55µ.A 

543.2k!l 

Since le = Bis, le = 200(7.55µ.A) = 1.51 mA = IE. 

The collector-to-emitter voltage, VcE equals: 

Vee = Vee - ldRc + Re) 

Vee = 15V - 1.51mA(2.2k!l + 2.7k!l) = 7.6V 
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lc(sat} and V CE(cut} are approximately: 

Vee 15V 
le( l - --- ----- = 3.06mAsat - Re + Re 2.2kD. + 2. 7kD. 

Vee(cut) = Vee = 15V 

Finally, the terminal-to-ground voltages are: 

Example 2-11 

Ve = Vee - leRe = 15V - 1.51mA(2.2kD.) = 11.68V 

Ve = leRe = 1.51mA(2.7kD.) = 4.08V 

Vs = Vse + Ve = 0.7V + 4.08V = 4.78V 

Rework Example 2-10 assuming a 300% increase in the value 
of hFE• 

In this case, hFE = 600. Therefore: 

4.1V 
1 622.2kD. 

= 2
·
53µ.A

le = Bis = 600(2.53µA) = 1.52mA = le 

Vee = Vee - lc(Re + Re) 

Vee = 15V - 1.52mA(4.9kD.) = 7.55V 

Ve = Vee - leRe = 15V - 1.52mA(2.2kD.) = 11.66V 

Ve = leRe = 1.52mA(2.7k!l) = 4.1V 

Vs = Vse +Ve = 0.7V + 4.1V = 4.8V 



� The values of lqsat) and VcE(cut) are the same as in Example 2-11, since they 
do not depend upon the value of B. Table 2-2 compares the values of the DC 
currents and voltages for the two values of hFE· 

hFE (B) 200 600 

Is 7.55µ.A 
-

2.53µ.A 

le ""' le 1.51mA 1.52mA 

Vee 7.6V 7.55V 

Ve 11.68V 11.66V 

Ve 4.08V 4.1V 

Vs 4.78V 4.8V 

TABLE2-2 

Comparing The Results Of Examples 2·10 And 2·11. 

Table 2-2 indicates that even for a 300% change in B there is very little change 
in lea and VcEO· Clearly, the operating point in Figure 2-26 is very stable with 
respect to variations in B. 
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Approximate Analysis 

A commonly used rule of thumb for designing a voltage-divider bias circuit is 
to make R2 equal to or less than ten times the value of RE . This ensures that 
the equivalent resistance between the base of the transistor and ground is large 
compared to the value of R2, as shown in Figure 2-27. Assuming this is the 
case, the parallel combination of R2 and RtN(BASE) approximately equals R2. For 
this reason, the voltage divider may be considered unloaded and the circuit quickly 
analyzed as follows: 

Via voltage division, the base voltage, Ve, is: 

Since VB = VBE + VE the emitter voltage, VE is: 

Ve = Va - Vee 

RIN(base) 

Flgure2-27 

A voltage dMder bias circuit where R1NBASE > > R2. 



"-----" Via Ohm's law, the emitter current, IE, is: 

By following the three-step procedure just presented, you can quickly estimate 
the value of the collector current, le, in a voltage-divider bias circuit. Once you 

know le, you can quickly calculate the other quantities as previously illustrated. 

Example 2-12 

Use the three-step procedure to analyze the circuit in Figure 
2-26.

Assuming B = 200 

With le = 1.52mA 

Vee R2 15V (4.7kfl) 
Vs = VR., 

= -- = -----'----'-- = 4.8V 
R, + R2 10kn + 4 .7kfl 

Ve = Vs - Vee = 4.8V - 0.7V = 4.1V 

Ve 4.1V 
le = - = -- = 1.52mA= le 

Re 2.7kfl 

1.52mA 
Is = -- = 7.6µA 

200 

Ve = Vee - leRe = 15V - 1.52mA(2.2kn) = 11.66V 

VCE. = 15V - 1.52mA(2.2kfl + 2.7kfl) = 7.55V 

Biasing Schemes I 2-69 



2-70 I UNIT TWO

Comparing the approximate answers with those obtained in Example 2-10 indi

cates that the simple three-step procedure is quite accurate. For this reason, 

you should use the three-step method to analyze voltage-divider bias circuits. 

To explain why the Q point in a voltage-divider bias circuit is stable, we will 

first consider why the Q point is unstable in a base bias circuit. 

Recall that in a base bias circuit that the value of Is is fixed by the values of 

the DC supply voltage and Rs. Since Is is constant, le automatically assumes 

the value dictated by the formula le = Bis. Consequently, le is directly proportional 

to B. This results in a very unstable Q point. 

In a voltage-divider bias circuit just the opposite happens. In this case, the base 
voltage, Vs, is fixed by the DC supply voltage and the ratio of R1 to R2 in the 

voltage divider. Since VE = Vs - VsE, the emitter voltage, VE, is essentially 

constant. A constant emitter voltage produces a constant emitter and collector 

current. Since le is constant, Is automatically assumes the value dictated by the 

formulas Is = lc/B. For this reason, le is largely independent of the value of 

B. The result is a very stable Q point.

'\,___.,, 

..,_/ 



____, Example 2-13 

'-._____,, 

Design a voltage-divider bias circuit to provide an IcQ of 2mA, 
and a VCEQ of 10V. Assume a 20VDC supply voltage is available 
for the design. 

As a guide, Vea is chosen so that it is between 200/o and 300/o of the DC 

supply voltage, V cc• Once this is done, you can calculate appropriate resistance 
values as follows: 

VEa = 30% Vee
= 0.3(20V) = 6V 

Since lea = 2mA = IEa we have: 

Via Ohm's law the required value of Re is: 

Re= 
Vee - (VEa - VcEa) 

= 
20V - (6V + 10V) 

= 2k!1 
lea 2mA 

As mentioned previously, the value of R2 is chosen so that: 

Selecting R2 = 1 ORe yields: 

R2 = 10RE = 10(3k!1) = 30k!1 

Biasing Schemes 12-71



2-72 I UNIT TWO

Since Vea = 6V the required base voltage, Ve, is: 

Ve = Vea+ Vee = 6V + 0.7V = 6.7V 

Recall that Ve = :cc� . Solving this equation for R1 yields:
1 + 2 

Therefore, in this case: 

30k0(20V - 6.7V) 
R1 = ----- = 59.5k!l

6.7V 

In practice, standard value resistors close to the calculated values would be cho

sen for the final design. 



'-...-/ 
The following summary guide should assist you in analyzing or designing voltage

divider bias circuits. 

VOLTAGE DIVIDER BIAS SUMMARY GUIDE 

ANALYSIS DESIGN Vee

R ?
1 

� Re• 

Ve = 
VccR2 

R, + R2 
• > 

R2 $
•� 

RE
-= --= 

Ve = Ve - VBc 

Ve 
Vea = 20to30%ofVcc le = - =le

Re 

le 
VeaRe = 

-le = - lea 
B 

Ve = Vee - leRe Re = 
Vee - (Vea + Veea}

lea 

Vee = Vee - lc(Re + Re) R2 � 10Re 

IC(satl = 
Vee 

, Vceccut> = Vee R2(V cc - Vea} Re+ Re R, = 
Vea 
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Vee

-V
EE 

0 RIG I NA L CIRCUIT 

@ 

R 
- C +

+ 

A 
B 

REDRAWING THE CIRCUIT 

Flgure2-28 

Emitter bias. 
A. Original circuit 

B. Redrawing the circuit.
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Emitter Bias 

The circuit illustrated in Figure 2-28A provides a very stable operating point. Be
cause this biasing scheme requires two power supplies, it is a popular choice 
in dual supply systems. 

The analysis of the circuit proceeds in the usual manner. First, the circuit is 
redrawn as shown in Figure 2-28B. Next, the base loop equation is written, starting 
at point A and going clockwise around the loop. 

Specifically: 

lsRs + Vse + leRe - Vee = 0 (loop-1) 

Substituting the approximate relationship Bis for IE yields: 

Since le = Bis we have: 

lsRs + BlsRe + Vse - Vee = 0 

ls(BRe + Rs) = Vee - Vse 

Vee - Vse Is=--_;,_ 
BRe + Rs 

(Eq. 2-29) 

B(Vee - Vse) 
le = Bis = 

BRe + Rs 

Dividing numerator and denominator by B yields: 

Vee - Vse le = --- = le (Eq. 2-30) Rs 
Re+ -B 
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As you will see when designing an emitter bias circuit, RE is shown so that: 

Re 
Re>>

B 

Assuming this is the case, Equation 2-30 is closely approximated by: 

(Eq. 2-31) 

Equation 2-31 indicates that the value of the collector and emitter currents are 

essentially fixed by the values of VEE and RE. This is why the circuit is referred 

to as an emitter bias circuit. 

To obtain an equation for the circuit's DC load line, the collector loop equation 

is written. Thus, by starting at point B and going around the loop in a coun

terclockwise direction, you obtain: 

-Vee+ lcRc +Vee+ leRe - Vee = 0



'-.._/ 

Substituting le for IE and solving for V cE yields: 

Vee = (Vee + Vee) - lc(Re + Re) (Eq. 2-32) 

Using the intercept values to approximate lc(sat) and VcE(cut), you have: 

Vee+ Vee 
IC< 

- ---sat> - Re+ Re
(Eq. 2-33) 

Vce(cut) = Vee + Vee (Eq. 2-34) 

Finally, the various terminal-to-ground voltages are: 

Ve = Vee - leRe 

Ve = leRe - Vee 

Va = Vae + Ve 

The following examples illustrate the analysis and design of emitter bias circuits. 
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15V 

4kQ 

12kQ 
IOkQ 

-15V

CIRCUIT 

® 
IC (mA) 

3mA 

2mA 

lmA 

0 f10 20 30 

9. 98V

DC LOAD LINE 

Figure 2-29 

Circuit and DC load line for Example 2-14. 

A. Circuit.

8. DC load line.

Example 2-14 

Sketch the DC load line and operating point for the circuit 
shown in Figure 2-29A. Also, estimate the emitter-to-ground 
voltage, VE. 



\...__,...,- First, calculate the intercept values of the load line. 

Vee +Vee 
I -
C(sat) -

Re + Re 

15V + 15V 
= 2.14mA 

4k0 + 10k0 

Veeccut> =Vee+ Vee = 15V + 15V = 30V

The approximate formula for le is quite accurate if RE > > Ra/B. Even though 

a value for B is not given in Figure 2-29A, you know that B rarely has a value 

less than 20. Consequently, you can feel confident in using the approximate 

formula for le since, in this case: 

Thus: 

12k0 
10k0>> 

Vee - VBE 
le = --

Re 

20 

15V - 0.7V 

10k0 
= 1.43mA = le 

With le = 1 .43mA the collector to emitter voltage V CE is: 

Vee = (Vee + Vee) - lc(Re + Re) 

Vee = (15V + 15V) - 1.43mA(4kO + 10kO) 

Vee = 30V - 20.02V = 9.98V 

The circuit's DC load line is illustrated in Figure 2-298. 

Finally, the emitter-to-ground voltage, VE, is: 

Ve = 1.43mA(10kO) - 15V = -0.7V 

Note that the emitter-to-ground voltage is negative. Typically, in an NPN emitter 

bias circuit, VE has a magnitude slightly less than 1Vand is negative. 
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Example 2-15 

Design an emitter bias circuit to provide an IcQ of 2mA and 
a VCEQ of 10V. Assume supply voltages of± 20V are available 
for the design. 

Solving Equation 2-31 for Re yields: 

In this case, then: 

20V - 0.7V 
Re = ---- = 9.65k!l

2mA 

To ensure an operating point that is B independent, R8 is chosen so that: 



\...__.,, This condition is satisfied if the value selected for R8 is on the same order of 
magnitude as the value of RE. Many circuit designers simply select a value of 
R8 equal to the value calculated for Re. Thus: 

Rs = Re = 9.65k0 

Solving Equation 2-32 for Re yields the following useful formulas: 

In this case, then: 

(Vee + Vee) - lVeea + lcaRel 
Re=----'---'-----

lea 

(20V + 20V) - (1 OV + 2mA(9.65kO)]
Re = -----------

2mA 

40V - 29.3V
---- = 5.35k0 

2mA 
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The following summary guide for the emitter bias circuit provides the formulas 
necessary for analysis and design. 

EMITTER BIAS SUMMARY GUIDE 

le ls=
B 

ANALYSIS 

Vee+ Vee lecsat) = R R , Vee(cut) =Vee+ Veee + e 

Vee - VseRe
= ---

lca 

DESIGN 

'• 
R > C

(V cc + Vee) - (V eea + lcaRe) Re
=----------

lea 

-----



PNP Biasing Schemes 

The current directions and voltage polarities in PNP circuits are just the opposite 
of those in NPN circuits. For this reason, PNP circuits are said to be complements 

of NPN circuits, and vice versa. 

This concept is illustrated in Figure 2-30. Here, note that the only difference 
between the two circuits is the fact that the current directions, and voltage 
polarities are reversed. On most schematics, the PNP circuit in Figure 2-308 
would not be drawn the way it is in Figure 2-308. Before illustrating how the 

circuit would be drawn, let's first consider the concept of a reference, or ground 

point. 

lOV ® 

5kl"l 
930kl"l Ic::::IE = lmA Vs = VsE = 0.7V 

+ I8 = 10µA V C = 5V 

I
B V CE = 5V VE = DV 

IE i 
hFE = 100

';' 

NPN CIRCUIT 

-lOV @ 

930kQ le 1 : 5kl"l

Vc = -5V 

COMPLEMENTARY PNP CIRCUIT 

Figure2-30 

The complementary nature of NPN and PNP circuits. 
A. NPN circuit.
B. Complementary PNP circuit.
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The Ground Point 

In Figure 2-31A, the current flowing in the circuit is 1mA. Consequently, the volt

age across the 6k!l resistor, V AB, is 6V and the voltage across the 4k0 resistor, 

Vee, is4V. 

In a given circuit, voltages can be measured between any two points. Usually, 

however, one point is selected as a reference point. This reference point is re

ferred to as the common, or ground, point. On a schematic diagram, a voltage 

is "called out" by indicating what the voltage is between the point of interest 

and the ground point. 

For example, in Figure 2-31 B, the negative battery terminal has been selected 

to serve as the reference or ground point. For this reason, the circuit can be 

redrawn as shown in Figure 2-31 C. Here, note that the various terminal-to-ground 

voltages are: 

VA
= 10V, Vs = 4V, and Ve= OV 

The current through and voltage across each resistor is the same as in the original 

circuit in Figure 2-31 A. 

If the positive battery terminal is selected as the ground point, you have the 

circuit shown in Figure 2-31 D. The circuit is easy to redraw as indicated in Figure 

2-31 E. Finally, you can flip the drawing over to place the ground symbol at the

bottom of the diagram. This is depicted in Figure 2-31 F.

In Figure 2-31 F, the current through and voltage across each resistor is exactly 

the same as in the previous circuits. Note however, that the various terminal-to

ground voltages are different. In this case: 

VA
= OV, Vs = -6V,andVc = -10V 

The only difference between the circuits in Figure 2·31 C and Figure 2·31 F 

is the point selected as the reference, or ground, point. 

Specifically, in Figure 2-31 C, VA means the voltage between point A and the 

negative battery terminal. Similarly, in Figure 2-31 F, VA means the voltage be

tween point A and the positive battery terminal. This is why the terminal to ground 
voltages are different in the two Figures. 

It is important to realize that Figure 2-31 C and Figure 2-31 F each represent 
the same physical circuit. Only the ground point and the manner in which each 
circuit is drawn is different. 

'-.._./ 
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+ 
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C 
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SELECTING THE POSITIVE BATTERY TERMINAL AS THE GROUND POINT. 

Flgure2-31 

The concept of a ground or reference point. Note that terminal-to
ground voltages depend upon which point is selected as the ground, 
or reference, point. Also note that the terminal-to-terminal voltages 

are not effected by the choice of the ground point. 
A. Original circuit.
B, C Selecting the negative battery terminal as the ground point.
D, E, F Selecting the positiVe battery terminal as the ground point.
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Drawing PNP Circuits 

To obtain the complementary PNP circuit of an NPN circuit, you must do two 
things: 

1. Replace the NPN transistor with a PNP transistor.

2. Reverse the polarity of each supply voltage in the original NPN

circuit.

This is how the complementary PNP circuit in Figure 2-30B is drawn. By following 

this simple two-step procedure, you can draw complementary PNP circuits for 
any of the NPN circuits discussed previously. 

In order to reduce the number of lines that cross over each other on schematic 

diagrams, it has become standard industrial practice to draw PNP circuits accord
ing to the following rules: 

SINGLE-SUPPLY CIRCUITS 

1. Draw the circuit upside down.

2. Switch the ground point.

DUAL-SUPPLY CIRCUITS 

1. Draw the circuit upside down.

'----' 



'-----" As an example, consider the PNP circuit in Figure 2-32A. If you draw the circuit 

upside down, you obtain the circuit shown in Figure 2-328. Similarly, by switching 

the ground point, you obtain the circuit shown in Figure 2-32C. This is the way 
the circuit is drawn on most schematic diagrams. 
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-lOV

.:. 

930kQ 5kQ 

930kQ 

5kQ 

-lOV

ORIGINAL CIRCUIT 

(POSITIVE BATTERY TERMINAL 

IS THE GROUND POINT) 

DRAWN UPSIDE-DOWN 

Flgure2-32 

Drawing PNP circuits. 
The circuit in A would normally appear on a schematic diagram 

as shown in C. See text for details. 
A. Original circuit. (Positive battery terminal is the ground point).
B. Drawn upside-down.
C. Switching the ground point. (Negative battery terminal is the

ground point.)

+lOV

930kQ 
5kQ 

SWITCHING THE GROUND POINT 

( NEGATIVE BATTERY TERMINAL 

IS THE GROUND POINT) 
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Flgure2-33 

NPN and complementary PNP circuits for typical biasing schemes. 
Box 3 shows how the PNP circuit appears on most 

schematic diagrams. 
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R
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R 1
Re R

2 
R
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R
2 R

E 
R1 R

e 

-= -= -= 

2 3 

A. Emitter Feedback.
B. Collector and Emitter Feedback.
C. Voltage Divider.
D. Emitter.



Figure 2-33 illustrates how additional PNP circuits usually appear on schematic 

diagrams. Note that for each biasing scheme: 

1. Box 1 illustrates an NPN circuit.

2. Box 2 illustrates the complementary circuits.

3. Box 3 illustrates how the complementary PNP circuit would be
drawn on most schematic diagrams.

In Figure 2-33, the circuits in boxes 2 and 3 represent the same physical circuit. 

Consequently, the transistor currents (18, le, and IE) and terminal-to-terminal volt
ages (V BE, V CE, and V cs) are identical. 

In the single-supply circuits, the ground point in box 2 (positive battery terminal) 
is different from the ground point in box 3 (negative battery terminal). For this 
reason, the terminal-to-ground voltages (V8, VE, and Ve) of the single-supply 
circuits in box 2 are not the same as the terminal-to-ground voltages in box 
3. 
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Analyzing and Designing Circuits 

In Figure 2-33, the only difference between the NPN circuits in box 1 and the 
complementary PNP circuits in box 2 is the fact that the current directions and 

voltage polarities are reversed. 

For this reason, by working with magnitudes, you can also use the NPN analysis 
and design equations given previously to analyze or design the PNP circuits 
in box 2 of Figure 2-33. 

Similarly, the NPN equations for the transistor currents (18, le, and I E) and terminal

to-terminal voltage (VsE , VeE, and Ve8 ) are also valid for the PNP circuits in 
box 3. Naturally , the NPN equations for terminal-to-ground voltages (V8 , Ve, and 
VE ) do not apply to the single-supply circuits in box 3. 

In any event, the following procedure will be used for the design and analysis 
of PNP circuits: 

DESIGN 

1. Calculate the required component values via the NPN design for
mulas on the appropriate biasing summary guide.

2. Sketch the circuit as shown in the appropriate box 3 in Figure
2-33.

ANALYSIS 

1. Use the appropriate NPN analysis formula to calculate values for
leandVeE-

2. Once you know the value of le, you should be able to deduce
values for the terminal-to-ground voltages by simply looking at the

PNP circuit.

----------



'\......._..., The following examples illustrate the design and analysis of several PNP circuits. 

Example 2-16 

Design an emitter feedback circuit using a PNP transistor 
whose hFE = 100. The desired Q point is IcQ = lmA and 
VceQ = -6V. Assume the available DC supply voltage is 12V. 

Referring to the emitter feedback NPN biasing summary guide: 

Vea= 0.2 Vee
= 0.2(12V) = 2.4V 

Vea 2.4V R
E 

= - = -- = 2.4kD. 
lea 1mA 

Re= Vee - (Vea + Vcea) = 12V - (2.4V + 6V) = S.SkD.lea 1mA 

Since lea = 1 mA and hFe = 100, 180 = 1mA/100 or 1 0µA. Thus: 

Vee -(Vee + Vea) Ra = 
_12_V_-_(0_._7V_+_2_.4 _V_) = sgokD.

10µA 
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12V 

2.4kQ 

+ 

6V 

890kQ 
lmA f 3.6kQ 

Flgure2-34 

Circuit for Example 2-16. 

Figure 2-34 illustrates the circuit. 

Example 2-17 

Work out values for Ve, VE, and VB for the circuit in Figure 
2-34.

R g 

890kQ 

+ 

10 µA 

+ Re
3. 6kQ

fimA 

Flgure2-35 

Redrawing the circuit in Figure 2-34. 

If it is not obvious to you how to calculate a particular voltage, redraw the circuit 

as shown in Figure 2-35. By inserting known values, you can calculate the termi

nal-to-ground voltages by writing appropriate loop equations. Therefore: 

Ve = lcRc = 1mA(3.6k!l) = 3.6V 

Ve= -leRe +Vee = -1mA(2.4k!l) + 12V = 9.6V

Note that Vee = Ve - VE = -6V, which is what the circuit was designed 

for in Example 2-16. 

Finally: 

Ve = leRe = 10µA(890k!l) = 8.9V 



'----" Self-Test Review 

Refer to Figure 2-36 for questions 21 through 23. 

21. Calculated values for the resistors are:
RE = __ _.kfi, Re ------'k.(1, R2 
=---�kO. 

22. The terminal-to-ground voltages are:
Va = ____ v, Ve = ____ v, and VE = ____ v.

23. The transistor is dissipating approximately ____ __,mW.

18V 

Ico = l.SmA

VcEo =

9V 

VEq*30%ofVCC 

R2 = 10RE 

Flgure2-36 

Circuit for Self-Test Review questions 21-23. 

Figure 2-37 illustrates the complementary PNP circuit for the circuit designed 
in question 21. Here, the terminal to ground voltages are: 

24. Va = ____ v, Ve = _____ v, and VE = _____ v.

-18V

70.2kQ 2.4kQ 

36kQ 3.6kQ 

Flgure2-37 

Circuit for Self-Test Review questions 24. 
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18V 

36kQ 3.6kQ 

70.2kQ 2.4kQ 

Flgure2-38 

Circuit for Self-Test Review question 25. 

Figure 2-38 illustrates the circuit of Figure 2-37 as it would be drawn on most 

schematic diagrams. Here, the. terminal-to-ground voltages are: 

25. Vs = ____ V, Ve = _____ V, and Ve = _____ V.

Refer to Figure 2-39 for questions 26 and 27. 

26. Calculated values for the resistors are:

Re = Rs = ____ kO and Re = ____ __,kO.

27. The collector-to-ground voltage is _____ V.

+18V

-18V

IcQ = 2.5mA

V CEQ = 9V 

RB = RE 

Flgure2-39 

Circuit for Self-Test Review questions 26 and 27. 

'--...._/ 



Answers 

21. R E = 3.6kfi, Re = 2.4kfi, R 2 
= 36kfi, and R 1 = 7O.2kn

22. Vs = 6.1V, Ve = 14.4V,andV E =5.4V

23. 13.SmW

24. Vs = - 6.1V, Ve = -14.4V andV E = -5.4V

25. Vs = 11.9V, Ve = 3.6V,andV E 
= 12.6V

26. R E = Rs = 6.92kfi, Re = 3.88kfi

27. Ve = 8.3V

The solution to questions 21-27 follows: 

21. R eferring to the voltage-divider biasing summary guide:

\___., Vea = 0.3Vcc = 0.3(18V) = 5.4V

Vea 5.4V 
Re= - = -- = 3.6k!l 

lea 1.5mA 

Vee - (Vea+ Vc E a) 18V - (5.4V + 9V) 
Re= ------ = ------ = 2.4k!l 

lea 1.5mA 

R 2 
= 1 OR E 

= 10(3.6k!l) = 36k!l 

Since: Vea = 5.4V, V ea
= 0.7V + 5.4V = 6.1vThus: 

R 2(V cc - V ea) 36k!l( 18V - 6.1 V) 
R 1 

= ---- = ----- = 70.2k!l 
V ea 6.1V 

22. The value of Vs = Vsa or 6.1 V. Similarly, V E = V Ea or 5.4V. The collector

to-ground voltage, Ve, is:

Ve= V ee - lcRc = 18V - 1.5mA(2.4kO) = 14.4V 

23. The power dissipated by the transistor is:

Poa = Vc E alca

P00 
= 9V(1.5mA) = 13.5mW
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24. The only differences between the NPN circuit in Figure 2-36 and the com

plementary PNP circuit in Figure 2-37 are the current directions, and voltage

polarities.

Thus:

Vs = -6.1V, Ve = -5.4V, and Ve = -14.4V

25. The circuit in Figure 2-38 is identical to the circuit in Figure 2-37. However,

it is drawn differently. In this case the circuit is drawn upside down, with

the reference (ground) terminal switched. Here, note that:

18V(70.2kO) 
Vs = V70.21cn = ----- = 11.9V 

70.2kO + 36kO 

Ve = leRe = 1.5mA(2.4kO) = 3.6V 

Ve = Vee - leRe = 18V -1.5mA(3.6kO) = 12.6V 

26. Referring to the emitter bias summary guide:

Vee - Vse 
Re = --

lca 

18V - 0.7V 
---- = 6.92kO = Rs 

2.5mA 

(Vee + Vee) - (Veea + lcaRe) 36V-[9V+2.5mA(6.92kO)] 
Re=--------- = --------

Re = 3.88kn 

lea 2.5mA 

27. Ve= Vee - leRe = 18V - 2.5mA(3.88kO) = 8.3V



'--" 

SUMMARY 

The purpose of a biasing circuit is to establish an appropriate operating point 
for a transistor. This simply means obtaining the desired values of lea and VeEO· 

BJT's can be biased to operate in the cutoff, saturation, or active regions. In 
the cutoff and saturation regions, the transistor approximates an open and closed 
switch respectively. For this reason, the transistors in digital circuits are biased 
to operate in either the cutoff or saturation modes. Several examples illustrating 
the design of simple switching circuits are provided in the unit. 

In linear transistor circuits, the transistors should be biased to operate in the 
active region. Here, the emitter and collector currents are directly proportional 
to the base current since, in this region, IE = le = B18. 

Table 2-3 summarizes the characteristics of the six biasing schemes discussed 
in this unit. 

Biasing Scheme Advantages Disadvantages 

Base Few components required. B dependent Q point. 

Emitter Feedback 
} Quasi-stable a point. Collector Feedback 

Collector and Emitter 
Feedback 

Voltage Divider B independent Q point. Requires four resistors. 

Emitter B independent Q point. Requires dual supply voltages. 

TABLE2-3 

Characteristics Of Typical Biasing Schemes. 
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Since base bias has an inherently unstable Q point, it is, generally speaking, 

not suitable for linear transistor circuits. Consequently, base bias circuits are 

primarily limited to digital and switching circuit applications. 

Emitter feedback, collector feedback, and collector and emitter feedback circuits 

provide a quasi-stable Q point. This means that, in a given circuit, the actual 

Q point is partially dependent on the transistor's B value. Since this represents 
an improvement over base bias, it can be considered an advantage. However, 

the Q points in these circuits are not nearly as stable as those in voltage divider 

and emitter bias circuits. In this sense, a quasi-stable Q point represents a disad

vantage. Consequently, these circuits are not the preferred biasing schemes for 

linear operation. 

Voltage divider and emitter bias circuits provide very stable Q points. For this 
reason, they are the preferred biasing schemes for linear transistor circuits. 

The analysis and design of the various biasing schemes is simplified by the bias

ing summary guides provided in the unit. By referring to the appropriate summary 
guide, you should be able to analyze and design all of the biasing schemes 
discussed in this unit. Also, by referring to Figure 2-33 and the examples in 

the text, you should be able to analyze and design complementary PNP biasing 

circuits. 
-...._/ 



UNIT EXAMINATION 

The following multiple choice examination is designed to test your understanding 

of the material presented in this unit. Place a check beside the multiple choice 

answer (A, B, C or D) that you feel is most correct. When you have completed 

the examination, compare your answers with the correct ones that appear after 

the exam. 

1. In Figure 2-40, Rs should equal:

A. son.

B. o.skn.

C. Zeran.

D. 2.67kn.

2. In Figure 2-40, R8 should equal:

A. 

B. 

C. 

D. 

10.75kn. 

son. 

16Mn. 

334kn. 

5V

_n_ OV 

12V 

LEO 

100 � h � 300 
FE 

Flgure2-40 

Circuit for questions 1 and 2. 

at IF
= 20mA 
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3. In Figure 2-41, Ac should equal:

A. 15kn.

B. 10kn.

C. 8kn.

D. ?kn.

4. In Figure 2-41, R8 should equal:

A. ?kn.

B. 730kn.

C. 2Mn.

D. 1.63Mn.

15V 

Flgure2-41 

Circuit for questions 3 and 4. 

Ico = lmA

VcEo = 8V 

hFE = 100



20V 

3kQ 

Flgure2-42 

Circuit for questions 5-8. 

Refer to Figure 2-42 for questions 5 through 8. 

5. Re should equal:

A. 1 kfi.

B. 2kfi.

C. 3kfi.

D. 4kfi.

6. The maximum value recommended for R2 is:

A. 2kfi.

B . . 3kfi. 

C. 20kfi.

D. 30kfi.
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VcEQ = lOV 

IcQ = 2mA 

7. Assuming R2 equals the value in question 6, R1 should equal:

A. 39.7kfi.

B. 59.Skfi.

C. 100kfi.

D. 220kfi.

8. The collector-to-ground voltage is:

A. 16V.

B. 10V.

C. 6.7V.
D. 5.3V.
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15V 

3. 6kQ

588kQ 2.4kQ 

Flgure2-43 

Circuit for questions 9-12. 

Refer to Figure 2-43 for questions 9 through 12. 

9. The emitter current is approximately:

A. 4.17mA.

B. 6.25mA.

C. 1.25mA.
D. 2.SmA.

10. The emitter-to-ground voltage is:

A. 10.SV.

B. 15V.
C. 3V.
D. -3V.

11. The collector-to-ground voltage is:

A. 10.SV.

B. 15V.

C. 3V.

D. -3V.

12. The collector-to-emitter voltage, VcE, is:

A. 7.5V.
B. -7.SV.
C. -3V.
D. 3V.



+15V

Re 

IcQ = l.43mA 

VCEQ = l5V 

RB RE 

-15V

Flgure2-44 

Circuit for questions 13-15. 

Refer to Figure 2-44 for questions 13 through 15. 

13. A reasonable value for R6 is:

A. 10MO.

B. 1MO.

C. 106.03MO.

D. 10kfi.

14. Re should equal:

A. 10kfi.

B. 5.7kfi.

C. 14.7kO.

D. 22kO.

15. IC(sat) is approximately:

A. 2.7mA.

B. 1.21mA.

C. 1.5mA.

D. 1.91mA.

Biasing Schemes 12-103
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./ EXAMINATION ANSWERS 

1. B - Since lccsat) = IF or 20mA, and VLED = 2V, the required value of
Rsis: 

Vee - VLEo 12V - 2V 
Rs = ---- --- = 0.5k!l 

IC(sat) 20mA 

2. A - First, calculate the required base current:

21c(sat) 2(20mA) 
Is = 21B(sat) = -- = --- = 0.4mA

hFE(MIN) 1 00 

Next, calculate the required value of R8 : 

V, - VBE 5V - 0.7V 
Rs = --- = --- = 10.75k!l 

Is 0.4mA 

3. D - Referring to the collector feedback summary guide:

Vee - Vcea 15V - 8V 
Re = ---- --- = 7k!l 

lea 1mA 

4. B - Since lea = 1 mA and hFE = 100, 180 = 1mA/100 or 1 OµA. Thus:

Vcea - VBE As=---
IBO 

8V - 0.7V 
--- = 730k!l 

10µ.A 

5. B - Referring to the voltage divider summary guide:

Vee - (Vea+ Vcea) 
Ac = ------

lca 

Since RF = 3k!1 and lea = 2mA, VEa is 2mA(3k!1) or 6V. Thus: 

20V - (6V + 10V) 
Ac = ----- = 2k!l 

2mA 

6. D - R2 is selected so that R2 = 1 ORE, Therefore, the maximum value
for R2 is 1 ORE or 30k!1. 

Biasing Schemes 12-105



2-1 os I UNIT rwo

SinceVEa = 6V, V80 = (0 .7 + 6 )Vor6 .7V. Thus: 

30k!l(20V - 6.7V) 
R1 = ----- = 59.Sk!l 

6.7V 

8. A - Ve = Vee - leRe

Ve = 20V - 2mA(2k!l) = 16V 

9. C- Referring to the emitter feedback summary guide and working with
magnitude, since we are analyzing a PNP circuit: 

15V - 0.7V 
----- = 1.25mA = IE 

588k!l 
3.6k!l + --

75 

10. A- In Figure 2-43, VE = Vee - I ERE. Thus:

VE = 15V - 1.25mA(3.6k!l) = 10.5V 

11. C- In Figure 2-43, Ve= l cRc. Thus:

Ve = 1.25mA(2.4k!l) = 3V 

12. B - The magnitude of V CE via the NPN emitter feedback summary guide
is Vee - l c( Rc + RE)- Thus: 

Vee = 15V - 1.25mA(2.4k!l + 3.6k!l) = 7.5V 

However , since the terminal-to-terminal voltages in a PNP transistor 
are just the opposite polarity of those in a NPN transistor, VcE 

=

-7.5V.

Note that this agrees with our previous calculations since: 

VeE = 3V - 10.5V = -7.SV 



-.___J 13. D - Referring to the emitter bias summary guide, you can see that Rs

::::: Re. Thus: 

Vee - Vse 
Re=---

lea 

15V - 0.7V 
---- = 1 0kfl = Rs 

1.43mA 

14_ B _ Re= 
(Vee+ Vee) - (Veea + leaRe) 

lea 

15. 

(15V + 15V) - (7.5V + 1.43mA(10kfl)] 
= S.]kfl 

1.43mA 

Vee +Vee D - IC(sat) = ---
Re+ Re 

15V + 15V 
-----= 1.91mA 
5.7kfl + 10kfl 

Biasing Schemes 12-107
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INTRODUCTION 

Common-Emitter Voltage Amplifiers I 3-3 

Unit 2 discussed the analysis and design of typical common-emitter biasing cir

cuits. By adding coupling and bypass capacitors to these circuits, you can con

struct practical voltage amplifiers. Therefore, in this unit, you will learn how to 

analyze and design a number of common-emitter voltage amplifiers. 

The amplifiers discussed in this unit are referred to as small-signal amplifiers. 

In a small signal amplifier, the AC input voltage normally produces collector cur

rent variations that are small compared to the quiescent collector current. 

Amplifiers specifically designed for large signal operation will be discussed in 

a later unit. 
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Calculate voltage, current, power gain, input resistance, and output resis-
tance for common-emitter voltage amplifiers.

2. Sketch the AC load line for common-emitter voltage amplifiers.

3. Predict clipping levels for low gain, common-emitter voltage amplifiers.

4. Design both low gain, and large gain, common-emitter voltage amplifiers.

'-.__./ 



UNIT ACTIVITY GUIDE 

D Read section on "Fundamental Concepts." 

D Answer Self-Test Review Questions 1-10. 

D Read section on "Analysis of Common-Emitter Amplifiers." 

D Answer Self-Test Review Questions 11-20. 

Common-Emitter Voltage Amplifiers I 3-5 

D Read section on "AC Load Lines and the Design of Common-Emitter Voltage 

Amplifiers." 

□ Answer Self-Test Review Questions 21-30.

□ Perform Experiment 4 in Unit 9.

□ Perform Experiment 5 in Unit 9.

□ Study Summary.

□ Complete Unit Examination.

□ Check Examination Answers.
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FUNDAMENTAL CONCEPTS 

Generally speaking, the analysis and design of amplifier circuits consist of three 
stages. For example, when you analyze an amplifier, you must first determine 

the appropriate values of DC currents and voltage. You can do this by using 

the methods introduced in Unit 2. Once you know the DC responses, you must 

calculate the AC responses. The methods available for doing this will be discussed 

in this unit. Finally, you can obtain the actual responses by determining the algeb

raic sums of the DC and AC responses. Once you have mastered each stage 

in the process just described, you will be able to analyze and design a number 

of useful amplifier circuits. 

Amplification 

A small AC voltage applied between the base of a properly biased BJT and 

ground, produces a small change in the base current, Is. Since le = Bis, the 

corresponding change in the collector current, le, is much larger. For this reason, 

BJTs are inherently current amplifying devices. 

BJTs can also be used to provide voltage amplification. For example, if the collec

tor current, which is an amplified version of the base current, flows through a 

relatively large collector resistor, Re, the voltage developed across the resistor 

will be an amplified version of the original small AC input voltage. --.._/ 



/ Gain 
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In a discussion of amplifiers, you will frequently encounter the terms current gain, 

voltage gain, and power gain. From your knowledge of basic electronics, recall 

that the gain of a circuit is simply a ratio of the output signal to the input signal. 

Consequently, gain indicates the amount of signal amplification. 

To avoid confusing one type of gain with another, we will adopt the following 

notation: 

Current Gain 

Voltage Gain 

Power Gain 

Vo Av = - (Eq. 3-2) 
VIN 

Note that the power gain equals the product of the current and voltage gains. 

The following formulas are used to convert current, voltage, and power gains 

..._/ to their decibel, dB, equivalents. 

For a current or voltage gain, the equivalent dB gain is: 

�B = 20 log A (Eq. 3-4) 

Similarly, for a power gain, the equivalent dB gain is: 

Example3-1 

�B = 10 log A (Eq. 3-5) 

An amplifier has a voltage gain of 200. Calculate the dB voltage 
gain. 

AvdB = 20 log Av = 20 log 200 = 46d8 
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Example3-2 

What is the voltage gain of an amplifier whose dB voltage gain 
is521 

Avda = 20 log Av 

52 = 20 log Av 

Solving for log Av: 

Therefore: 

52 
log Av = - = 2.6 

20 

Av = 102
·
6 

= 398.1 

Conceptual Amplifier Models 

A block diagram of a voltage amplifier is provided in Figure 3-1A. Here, the signal 

to be amplified, v1N, is applied to the input terminal, and the amplified output 

signal, v0, appears at the output terminal. Since the amplifier has a voltage gain, 
Av, the output voltage equals v,N times Av. 

A voltage source model for the amplifier in Figure 3-1 A is shown in Figure 3-1 B. 

Note that: 

1. The amplifier is driven by a signal source whose Thevenin source

resistance equals R5.

2. The amplifier drives a load device, whose resistance equals AL·

3. The amplifier has an effective input resistance R,N- This is the load

seen by the signal source when it is connected to the amplifier.

4. The amplifier has an effective output resistance, R0. When viewed

from the load device, the amplifier acts like a voltage source whose
Thevenin voltage equals Avv,N' and whose Thevenin resistance

equals Ro.

Since a voltage source can be converted to an equivalent current source, it is 
also possible to model the amplifier as shown in Figure 3-1 C. 

--............. 

.._____,, 
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Figure 3-1 

Voltage and current source models for a voltage amplifer. 
A. Voltage amplifier. 

B. Voltage source model.
C. Current source model.
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In this case, when viewed from the load device, the amplifier acts like a current '-......./ 
source whose Norton current equals A;i1N, and whose Norton resistance equals 

Ro. 

You can use either the voltage source model in Figure 3-1 B, or the current source 
model in Figure 3-1 C to evaluate the amplifier in Figure 3-1 A. However, since 
transistors are inherently current amplifying devices, a model similar to Figure 
3-1 C is generally preferred.

Example3-3 

A certain amplifier has the following characteristics: Ai = 66. 7, 
RIN = 2kfl, and Ro = 3kfl. The amplifier is driven from a 
0.1 V peak, lkHz signal source whose source resistance is 50fl. 
Assuming the load device, driven by the amplifier, has a resis
tance of 1 ookn, calculate the peak output voltage and the effec
tive voltage gain. 

The current source model for the amplifier is shown in Figure 3-2. Here: 

Since A= 66.7

VIN;O.IV 

f ; lkHi! 

5011 

0.1V 
= 48.8µ,A peak 

son+ 2kn 

Ai1N = 66.7(48.8µ,A) = 3.25mA peak 

i---------,
.--..... _IVV'\,---·C--,-� 

I 

�IN f I I
I ,I 2kQ 3kQ 

r�---------J 

Figure3-2 

Circuit for Example 3-3. 

I 

1 
l00kQ 

-=-
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G The 3.25mA from the current source divides between the 3kil output resistance,

and the 1 00kil load resistance. Using current division, the load current iL is: 

Thus, the load voltage is: 

3.25mA(3k.O.) 
iL = ---- = 0.095mA peak

103k.0. 

vL = i
LRL = 0.095mA(1 OOk.O.) = 9.5V peak 

Since v1N = 0.1 V and v0 = 9.SV = vL the effective voltage gain from the source 

to the load is: 

vo 9.5V 
Av = - = -- = 95 

V1N 0.1V 
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VIN = 0.lV

f = l k Hr

Example3-4 

60011 
r----------1

,--"VV\A.---C---,,1---. I 

! .! 2k0 3k0:

_
r

: ---------: 

Figure3-3 

Circuit for Example 3-4. 

Rework Example 3-3 assuming Rs = 600fl, and RL = 1 Okfl. 

l 

I 

In this case, the current source model appears as shown in Figure 3-3. Here: 

Since A£ = 66. 7 

0.1V 
= 38.SµA peak 

6000 + 2k!l 

Aii1N = 66. 7(38.5µA) = 2.57mA peak 

lOkQ 

The portion of the 2.57mA that flows through the 1 0kO load resistance is, via 

current division: 

2.57mA(3k!l) 
iL = ---- = 0.593mA peak 

13k!l 

The load voltage is therefore: 

VL = LLRL = 0.593mA(1 Ok!l) = 5.93V peak 

Since v1N = 0.1 V and v0 = 5.93V the effective voltage gain from the source 

to the load is: 

vo 5.93V 
Av = - = -- = 59.3 

V1N 0.1V 

There are two reasons why the voltage gain from the signal source to the load 

in Example 3-4 is less than the corresponding voltage gain in Example 3-3. Let's 

consider each reason separately. 

--.....__/ 
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The load seen by the signal source when it is connected to the input terminals 

of the amplifier is the amplifier's input resistance, RiN - Since the signal source 

has an output resistance, Rs, the portion of the input voltage, v1N, that is actually 

applied to the input terminals of the amplifier, v1N', is via voltage division: 

(Eq. 3-6) 

If the amplifier's input resistance is small compared to the output resistance of 

the signal source, then only a fraction of the input voltage, v1N, will actually be 

developed across the input terminals of the amplifier. In such a case, the amplifier 

is said to load the signal source. 

To illustrate the concept, we will calculate the actual input voltages for the 

amplifiers in Figure 3-2 and Figure 3-3 respectively. 

In Figure 3-2: 

v,N R1N 
= 

0.1 V(2kfl) 
= 97_smv 

Rs + R,N son + 2kfl 

Since 97.SmV is 97.5% of 0.1V, it is obvious that most of the input voltage is 

developed across the amplifier's input terminals. 

Similarly, in Figure 3-3. 

0.1V(2kfl) 
= ---- = 76.9mV 

6000 + 2kfl

In this case, only 76.9% of the input voltage is developed across the amplifier's 

input terminals. The remaining 24.1 % is dropped across the output resistance 

of the signal source. Since the signal voltage is decreased, when the amplifier 

loads the signal source, the effective voltage gain from the signal source to the 

load also decreases. 
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r
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- Figure3-4

Voltage source model for the output portion of an amplifier. 

Output Resistance 

A voltage source model for an amplifier was provided earlier in Figure 3-1 B. 
The output portion of this model is repeated in Figure 3-4. Note that the portion 

of the amplified signal voltage, Avv1N', that is actually developed across the load 
terminals, v0, is via voltage division: 

VQ = (Eq. 3-7) 

If the load resistance is small compared to the amplifier's output resistance, only 
a fraction of the amplified signal voltage, Avv1N', will actually be developed across 

the load terminals. In other words, a small value of RL loads the amplifier output, 
in much the same way that a small value of R1N loads the signal source. Naturally, 

this output loading effect reduces the effective voltage gain from the signal source 
to the load. 

Based on the previous discussion, it is apparent that the following characteristics 

are desirable for a voltage amplifier. 

1. A large input resistance, RiN• This minimizes the loading of the
signal source by the amplifier. In addition, a large value of R1N 

reduces the current supplied by the signal source to the amplifier.

This is also desirable.

2. A small output resistance, R0. This minimizes the loading of
the amplifier by the load resistance, RL.

3. High voltage gain, Av. This implies that the amplifier can be used
to amplify small signal voltages with a minimum number of amplify
ing stages required.

'--___./ 

'-...../ 
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In practical amplifiers, some means must be used to connect the input signal 

to the amplifier and extract the amplified signal from the amplifier. The methods 

used to do this are called coupling techniques. 

Possible coupling circuits are illustrated in Figure 3-5. A brief description of each 

circuit follows: 

DIRECT COUPLING 

As shown in Figure 3-5A, the signal source is connected directly to the amplifier's 

input terminal, and the load is connected directly to the amplifier's output terminal. 

Direct coupling is used in amplifiers designed to amplify DC, or low frequency 

AC signals. 

® 

DIRECT COUPLING 

� � 

TRANSFORMER COUPLING 

© 

RC COUPLING 

Flgure3-5 

Coupling techniques. 

A. Direct coupling.
B. Transformer coupling.
C. RC coupling. 
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Since direct coupled amplifiers can amplify DC signals, changes in the DC supply "---_,, 

voltage, VsE, and other DC quantities tend to be amplified along with the signal 

voltage. Undesired amplification is termed drift. Drift is the principle disadvantage 
of direct coupling. 

TRANSFORMER COUPLING 

As shown in Figure 3-58, the input and output signals can be coupled through 

transformers. Since transformers are highly efficient devices, this form of coupling 

is also very efficient. The disadvantages of transformer coupling include the rela

tively high cost, size, and weight of suitable transformers for audio frequency 

applications. In addition, the inductive characteristics of the transformer limit the 

range of frequencies that can be amplified. 

RC COUPLING 

Figure 3-SC illustrates the most frequently used coupling circuits. Here, capacitors 

C1 and C2 pass AC signal frequencies, and block DC signals. The DC blocking 

function ensures that the DC currents and voltages in the amplifier are not 

changed by the presence of DC in the signal source or load device. 

In addition, the capacitors prevent the flow of DC current from the amplifier to 

the signal source and load. The advantages of RC coupling include simplicity '--..._/ 
and low cost. The major disadvantage of RC coupling is that DC and low fre

quency AC signals cannot be amplified. 

Amplifier Circuits 

The biasing circuits discussed in Unit 2 are redrawn in Figure 3-6A. Remember, 

when RE = O, the emitter feedback circuit reduces to a base bias circuit, and 

the collector and emitter feedback circuit reduces to a collector feedback circuit. 

For this reason, we will consider only four circuits. 

In Figure 3-6A, the emitter resistor, RE, has been split into two series components, 

RE
1 
and RE:!

, such that: 

Re = Re, + Re, (Eq. 3-8) 

At the appropriate time, we will consider why the emitter resistor is split into 
two components. For now, we will simply note that this is the case. 
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Common-emitter biasing and amplifier circuits. 

A. Typical biasing circuits.
B. Typical voltage amplifiers.
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By adding three capacitors, a signal source, and a load resistor to the biasing 
circuits in Figure 3-6A, you obtain the amplifier circuits shown in Figure 3-6B. 

Here, C1 is the input coupling capacitor, and C2 is the output coupling capacitor. 
Capacitor C3 is called an emitter bypass capacitor because it is used to bypass 
the AC component of the emitter current around R�. We will have more to say 
about this later. 

In order to analyze and design the amplifier circuits in Figure 3-6B, it is necessary 
to be able to visualize the DC and AC equivalent circuits for each amplifier. 

Equivalent Circuits 

In Unit 1, the superposition theorem was employed to analyze diode circuits driven 

simultaneously from a large DC and small AC source. Essentially the same ap
proach is used to analyze transistor circuits. Specifically, the DC and AC equiva

lent circuits are obtained as follows: 

DC EQUIVALENT CIRCUIT 

1. Replace coupling and bypass capacitors by open circuits.

2. Reduce AC sources to zero.

AC EQUIVALENT CIRCUIT 

1 . Replace coupling and bypass capacitors by short circuits. 

2. Reduce all DC sources to zero.

Example3-5 

Sketch the DC and AC equivalent circuits for the amplifier 
shown in Figure 3-7 A. 

To obtain the DC equivalent circuit v1N is reduced to zero, and the capacitors 

are replaced by open circuits. In Figure 3-7A note that: 

1. Opening C1 effectively removes the AC source from the circuit.

2. Opening C2 effectively removes the 1 Okn load resistance from
the circuit.

3. Opening C3 places the 1 kn and 0.5kn emitter resistors in series.
Thus, the equivalent DC emitter resistance is 1 .5k0.
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Rs

385kQ 

15V 

Re

2kQ 

DC EQUIVALENT CIRCUIT 

@ 

AC EQUIVALENT CIRCUITS 

Figure 3-7 

AC equivalent circuits. 
A. Original circuit. 
B. DC equivalent circuit.
C. AC equivalent circuits.

Rs

358kQ 
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For these reasons, the DC equivalent circuit appears as shown in Figure 3-78. 

Here, the various DC currents and voltages can be calculated as shown in 

Unit 2. 

The AC equivalent circuit is obtained by reducing the DC source to zero, and 

replacing the capacitors by short circuits as shown in Figure 3-7C. Note that: 

1 . The 2k0 collector resistor and the 1 OkO load resistor are con

nected in parallel. The equivalent resistance of the parallel combi

nation, rL is: 

rL = AdlRL = 2kfill1 Okfi = 1.67kfi 

2. The 358k0 base resistor is in parallel with the AC input voltage,

VIN· 

3. The 1 kO emitter resistor is shorted by C3. This makes the equiva

lent AC emitter resistance O.SkO.

For these reasons, the AC equivalent circuit in Figure 3-7C can be redrawn, 

in simplified form, as shown in Figure 3-7D. 

Exa"1ple 3-6 

What do the DC and AC equivalent circuits look like for each 
voltage amplifier in Figure 3-6B? 

DC Equivalent Circuits 

To obtain these circuits, you reduce the AC sources to zero, and open each 

capacitor. Once this is done, you are left with the biasing circuits. Therefore, 

the DC equivalent circuit for each amplifier in Figure 3-68 is the corresponding 

biasing circuit in Figure 3-6A. 

AC Equivalent Circuits 

To obtain these circuits, you reduce the DC sources to zero, and replace the 

capacitors with short circuits. By following this procedure, you obtain the AC 

equivalent circuits shown in Figure 3-8. Notice that the emitter feedback, voltage 
divider, and emitter-bias amplifier circuits all reduce to the same AC equivalent 

circuit. 

Once Vee is reduced to zero in a voltage divider-type amplifier, the biasing resis

tors R1 and R2 are connected in parallel. For this reason, the value of R8 in 

the AC equivalent circuit equals R1IIR2. 
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AC EQUIVALENT CIRCUIT FOR THE EMITTER FEEDBACK, VOLTAGE 
DIVIDER, AND EMITTER-BIAS AMPLIFIER CIRCUITS IN FIGURE 3-68. 
IN THE CASE M THE VOLTAGE DIVIDER-TYPE AMPLIFIER Rs = R111Rz. 

AC EQUIVALENT CIRCUIT FOR THE COLLECTOR AND EMITTER FEEDBACK 
AMPLIFIER CIRCUIT IN FIGURE 3-6B. 

Figure3-8 

Common emitter amplifier AC equivalent circuits. 
A. AC equivalent circuit for the emitter feedback, voltage divider,

and emitter-bias amplifier circuits in Figure 3-6B. In the case 
of the voltage divider-type amplifier Ra = A1IIA2.

B. AC equivalent circuit for the collector and emitter feedback
amplifier circuit in Figure 3-6B.
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AC Transistor Models 

In order to analyze transistor AC equivalent circuits, you need an AC model 

for the transistor. A large number of BJT AC models have been developed since 

the transistor was first invented. Generally speaking, the choice of a particular 

model represents a compromise between the inherent accuracy of the model, 

and the model's complexity. 

For example, Figure 3-9 illustrates a very accurate, but obviously complex, AC 

model for an NPN BJT. Let's briefly examine the various parts of this model. 

C ce 

Ce Cc 

k Vcb
r 

C Re
Le

re

B � b

Cb
rb

Rb

Lb

B 

Flgure3-9 

A reasonably complete AC transistor model. 
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� The use of lower case subscripts generally indicates an AC quantity. To avoid 
confusing DC and AC quantities, we will use capital letters for DC quantities, 
and lower case letters for AC quantities. For example, VcE denotes the DC collec
tor-to-emitter voltage and vce denotes the AC collector-to-emitter voltage. 

'-----'"' 

re' - Essentially, this represents the junction resistance of the forward biased 
emitter-base diode. Ideally, re' = ri = 26mV/IE. Since there are wide unit-to-unit 
variations in the value of re', we will use the following compromise formula for 
purposes of calculation: 

37mV 
re'= r- = --

J le 
(Eq. 3-9) 

rb' - This component of the resistance in the base leg is called the base-spread
ing resistance. The value of rb' depends upon the construction details of the 
transistor, doping levels, etc. For general purpose transistors, rb' is usually less 
than 2000. 

re' - This is the AC resistance of the reverse biased collector-base diode. Typi
cally, re' has a value in excess of 1 Mn. 

Re, Rb, Re - These represent the ohmic, contact, and lead resistances of the 
internal emitter, base, and collector portions of the BJT. 

Le, Lb, Le-These represent the emitter, base, and collector lead inductances. 

Ce, Cb, Cc - These represent internal shunt capacitance. 

Cce, Cbe, Ccb - These are the terminal-to-terminal capacitances. Such capaci
tances vary with lead length, case types, etc. 

Kvcb - The output voltage of a BJT has a small effect on the base current. 
To account for this the dependent voltage source, Kvcb, is included in the model. 

Bit, - This dependent current source is used to account for the current amplifying 
properties of the BJT. 
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Fortunately, for most applications, a BJT model as complex as the model in 

Figure 3-9 is not necessary. In fact, for low and mid-frequency applications, the 

greatly simplified BJT model in Figure 3-10 is usually adequate. Naturally, at 

high enough frequencies the various reactive elements in Figure 3-9 cannot be 

neglected. We will have more to say about this in Unit 9 when high frequency 

effects are discussed in detail. 

o------.lVV"v-------.---.....---\----------u C 

r C 

B 

Figure3-10 

Simplified AC transistor model. 
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The most useful AC or small signal BJT parameters include B, a, and re'. In 

Unit 1 B and a were defined as: 

le le
B=-anda=-

la IE

where Is, le, and le represented DC quantities. Also, recall that: 

a B 
hFE = B, B = -- and a = --

1 - a B+1 

The AC values of B and a are defined in terms of ratios of current changes 

rather than DC values. Specifically: 

Here, the symbol� means "a small change in." 

Although the DC and AC values of B are usually close in value they are not 

equal. Consequently, to distinguish between a BJT's DC and AC B values, BJT 

data sheets normally use the following notation: 

DC B = hFE and AC B = hte 

Remember, to avoid confusing DC and AC quantities, we will use capital letters 

for DC quantities and lower-case letters for AC quantities. 
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Self-Test Review 

1. An amplifier whose voltage gain is 100 has a dB voltage gain of ___ _
dB.

2. A dB voltage gain of 30 corresponds to a regular voltage gain of

3. To avoid loading the signal source, an amplifier's input resistance should

be ______ compared to the output resistance of the signal source.
large or small 

4. To avoid loading the output of an amplifier, the load resistance should
be _______ compared to the amplifier's output resistance.

large or small 

5. The most frequently used coupling technique in BJT circuits is ____ _

coupling.

6. In the AC equivalent circuit, coupling and bypass capacitors are replaced

by _______ circuits.
open or short 

7. In the DC equivalent circuit, coupling and bypass capacitors are replaced

by _______ circuits.
open or short 

8. Assuming lea = 1 mA and VcEa = 6V the value of re ' is approximately

----�n.

'----./ 



9. In Figure 3-11 the AC load resistance is ____ kn.

10. In Figure 3-11 the AC emitter resistance is ____ n.

RB 

lSkQ 

15V 

Re

4. 7kQ

-ISV

Figure 3-11 

Cz

Circuit for Self-Test Review questions 9 and 10. 
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Answers 

1. 40 6. short

2. 31.6 7. open

3. large 8. 370

4. large 9. 3.2kO

5. RC 10. 4700

The solutions to appropriate questions follow: 

1. AvdB = 20 log Av= 20 log 100 = 40dB 

2. AvdB = 20 log Av
30 = 20 log Av 

30 
log Av = - = 1.5 

20 

Thus: 

Av= 10 1 ·5or31.6

8. Since lea = 1 mA, le is essentially 1 mA. Using the compromise formula
for r8' you have:

37mV 37mV 
r9' = -- = -- = 37!l 

le 1mA 

9. In the AC equivalent circuit, Figure 3-8A, rL = RdlRL. Therefore:

4.7k!l(1 0k!l) 
rL = 4.7k!lll10k!l = ---- = 3.2k!l 

4.7k!l + 10k!l 

10. In the AC equivalent circuit, Figure 3-8A, the AC emitter resistance equals
Re,. Thus:

"---..-,-· 
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ANALYSIS OF COMMON EMITTER AMPLIFIERS 

In this section, we will use the AC equivalent circuits and simplified AC BJT 
model to derive a number of formulas useful for the analysis and design of com

mon-emitter voltage amplifiers. 

In addition, we will discuss Miller's theorem. As you will see, Miller's theorem 

is especially useful for analyzing amplifiers that use collector feedback in their 
biasing schemes. Finally, formulas will be provided to simplify the analysis pro

cess. 
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Emitter Feedback, Voltage Divider, and Emitter Bias-Type 
Amplifiers. 

Look at the AC equivalent circuit in Figure 3-12A. By replacing the transistor 

with the simplified AC BJT model of Figure 3-12B, you obtain the circuit shown 

in Figure 3-12C. Since re' is usually large enough to neglect, we have not included 

it in the AC equivalent circuit of Figure 3-12B. 

By starting at the base terminal and following the path indicated by the dotted 

lines in Figure 3-12C, the following loop equation can be written: 

Solving for the AC emitter current, i0, yields: 

In Figure 3-12C, note that the AC collector current, ic, flows through the AC 

load resistance, rL. Here, the direction of Le is such that when v,N is positive 

v0 is negative. Therefore, via Ohm's law: 

The negative sign in Equation 3-11 simply indicates that v,N and vo are 180° 

out of phase with each other. 

Recall that the voltage gain, Av, is the ratio of v0 to v1N• Solving Equation 3-11 

for this ratio, you obtain: 

(Eq. 3-12) 

Once again, the negative sign indicates that v0 and v,N are 180° out of phase 

with each other. 

Since the output current is Le and the input current is ib the current gain, Ai, 

is: 

le A,=-;-= B = hta (Eq. 3-13) 
Lb 



B 

@ 

'-.._.,/ 

© 

AC EQUIVALENT CIRCUIT 

T 

r 

l >---------------1,------o C

E 

r ,C 

SIMPLIFIED AC TRANSISTOR MODEL 

,- - - - - B--, �c = B i,b 
--'-----e----<:>--1-----�-"---...cc._ 

-·

I 
---------

AC EQUIVALENT CIRCUIT WITH SIMPLIFIED BJT MODEL. 

Flgure3-12 
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l 

r 

AC models for the emitter feedback, voltage divider, and emitter-bias 
common emitter amplifiers. 

A. AC equivalent circuit 
B. Simplified AC transistor model. 
C. AC equivalent circuit with simplified BJT model. 
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To find the power gain, A
p
, multiply the magnitude of the current and voltage ·•.._/ 

gains. Thus: 

(Eq. 3-14) 

The load seen by the signal source is the amplifier's input resistance, R,N- As 
shown in Figure 3-13, R,N equals the parallel combination of R6 and the equivalent 
resistance between the base of the transistor and ground, R1N(BASE)· 

Rs 

-= 

Rm (Base) 

Rm
= 

Rs II RIN !Base) 

Figure3-13 

Input resistance. 
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In Figure 3-13 note that the voltage between the base of the transistor and ground, 
vb, equals v1N• Also, since the base current is ib Ohm's law can be used to calculate 
the value of R1N(BASEJ as follows: 

(Eq. 3-15) 

From Equation 3-1 O on Page 3-30, you know that: 

S
. , ic 
mcet-b = -: 

B 

(Eq. 3-16) 

Substituting Equation 3-16 into Equation 3-15 yields: 

R1N(BASEJ = B(Re, +re') 

\.__,,-
Consequently, the input resistance of the amplifier is: 

R1N = RsllR1N(BASE) = RsllB(RE, + re') (Eq. 3-17) 

Dependent sources, like Blb, complicate the process of calculating the output 
resistance of an amplifier. For this reason, we will not derive a formula for Ro. 

In any event, the output resistance of common-emitter amplifiers is large. For 
most common-emitter amplifiers, you can assume Ro = Re. Thus, loading of 
the amplifier's output will be minimum if RL> >Re. 
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The following examples illustrate the analysis of typical common-emitter circuits. 

Example3-6 

The B]T in Figure 3-14A has an hie of 150. Calculate the DC 
emitter current and DC terminal-to-ground voltages. Also esti
mate the input resistance, voltage gain, and the peak AC output 
voltage. (If necessary, refer to the common-emitter biasing and 
amplifier circuits in Figure 3-6.} 

First you calculate the DC responses. By mentally opening the capacitors and 

reducing the AC source to zero, you obtain the DC equivalent circuit shown in 

Figure 3-14B. Here: 

15V(10kfl) 
Vs= ---'---- = 7.5V 

1 Ok!l + 1 Ok!l 

Ve = Vs - Vse = 7.5V - 0.7V = 6.8V 

Ve 6.8V 
le = - = -- = 1 mA 

Re 6.8k!l 

Ve= 15V - 1mA(3k!l) = 12V 

Next you calculate the AC responses. If you replace the capacitors with short 

circuits, and reduce the DC source to zero, you have the AC equivalent circuit 

shown in Figure 3-14C. Here, note that: 

rL = RdlRL = 3k!lll1M!l = 3k!l 

Since the 1 OµF bypass capacitor shorts out the entire 6.8kfi emitter resistor 

Re = 0. 

In addition, since le = 1 mA, r 0
1 is: 

37mV 
r9 ' = -- = 370 

le 



© 

5mV PEAK "v 
f=lkftt-

5mV PEAK 
f=lk Ht-

- +

lµF 

15V 

+ r- "''

ORIGINAL CIRCUIT 

15V 

Re 
3kQ 

RE 
6. 8kQ 

DC EQUIVALENT CIRCUIT 

R IN 
2. 63kQ

-= 

AC EQUIVALENT CIRCUIT 

Figure3-14 

Circuits for Example 3-6. 
A. Original circuit.
B. DC equivalent circuit.
C. AC equivalent circuit.

Common-Emitter Voltage Amplifiers I 3-35 



3-36 I UNIT THREE

Therefore: 

R1N(BASE) = B(Re, + re') = 150(0 + 370) = 5.55kO 

R1N = ReUR1N(BASE) 
R,N = (R1IIR2)IIR1N(BASE) 
R,N = (10kOll10kO)115,55kO 
R1N = 5kOjj5.55kO = 2.63kO 

3kO 
= - 81.10 + 370 

Since Av = vdv1N , vo = Avv1N• Thus: 

vo = Avv1N = - 81.1 (5mV) 

vo = - 0.405V peak 

The minus sign indicates that v0 and v,N are 180° out of phase with each other. 

Example3-7 

Sketch the input, base, emitter, collector, and output waveform 
for the amplifier in Example 3-6. 

Since the actual responses equal the algebraic sum of the DC and AC responses 

the waveforms appear as shown in Figure 3-15. The waveforms are: 

1. The input voltage is a SmV peak sine wave as shown by waveform

1.

2. Since the input coupling capacitor approximates a short circuit for

AC signals, the AC base-to-ground voltage equals v1N or SmV peak.

The DC base-to-ground voltage is 7.5V. Hence, the total base-to

ground voltage consists of the SmV peak AC signal riding on the

7.5V DC level as shown by waveform 2.

3. The DC emitter voltage is 6.8V. The AC emitter voltage is approxi

mately 0V since the bypass capacitor approximates a short circuit

for AC signals. Therefore, the emitter voltage appears as shown
by waveform 3.

4. The AC collector voltage equals Avv,N or 0.405V peak. Since the

DC ·collector voltage is 12V, the total collector voltage appears

as shown by waveform 4.

________ / 

--.._/ 



Common-Emitter Voltage Amplifiers I 3-37 

'-------" 5. The output coupling capacitor passes the AC component of the

� 

collector voltage, and blocks the DC component. Therefore, the

output voltage appears as shown by waveform 5.

In Figure 3-15, you should also note the following: 

1. The input voltage is 1 OmV AC peak-to-peak.

2. The input coupling capacitor charges to the DC base voltage.

3. The bypass capacitor charges to the DC emitter voltage.

4. The output coupling capacitor charges to the DC collector voltage.

5. The input and output voltages are 180° out of phase with each
other.

In many amplifiers, the coupling and bypass capacitors are electrolytic-type 

capacitors. Since electrolytic capacitors are usually polarized, you must make 

sure that they are connected into the circuit with the polarities as indicated in 

Figure 3-15. 

V V 

7.505V 
12.405V 

15V 

7.495V © 
-ll.595V

0 

0 

V 

lµF 

SmV 

0 
-SmV 

'v 

�-J 
1

_6.8V

lOµF 

0.405V 

-0.405V

Flgure3-15 

Waveforms for Example 3-7. 

1----6.BV 

0 
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Example3-8 

What is the AC output voltage in Figure 3-14A if RL is changed 
from 1Mn to 6kfl? 

The DC currents and voltages will be the same as in Example 3-6. Also, since 
IE is 1 mA, re' is still approximately 370. In this case, however the AC load resis

tance is: 

rL = RdlRL = 3k!ll16k!l = 2k!l 

Thus, the voltage gain is: 

2k!l 
= -54 0 + 370 

Therefore, the peak AC output voltage is: 

vo = Avv1N = -54(5mV) = -0.27V 

In this example, the load resistance, AL, is small compared to the collector resis
tance, Re. As a result, the AC load resistance, rL, decreased. This, in turn, reduced 
the voltage gain of the amplifier. 

Obtaining a Stable Voltage Gain 

Let's examine the formula for calculating voltage gain. Recall that: 

(Eq. 3-12) 

As in the previous examples, if the entire emitter resistor is bypassed by the 

emitter bypass capacitor, Re
1 

= 0:

The obvious advantage of bypassing the emitter resistor is that large values of 

gain can be achieved. However, since re' varies widely from one BJT to the 

next, it is difficult to predict the exact value of voltage gain for a particular circuit. 

Typically, re' varies from 26mV/le to 52mV/le. For this reason, we normally use 
the compromise value of 37mV/le to estimate the value of re'. The following exam
ple illustrates the effect of variations in re' on the voltage gain of an amplifier 
whose emitter resistor has been bypassed. 
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In Figure 3-15, the voltage gain was calculated to be -81.1,

based on the assumption that re ' = 37m VIIE. Estimate the volt
age gain ifre ' = 26mVIIE, and ifre ' = 52mVIIE, 

In Figure 3-15, IE = 1 mA and rL = 3k0. 

Assuming re' =

Assuming re' =
52mV 

IE 

26mV 
-- =200 
1mA 

-rL -3k0
Av = - = -- = -115.4 

re' 260 

52mV 
-- = 520 
1mA 

-rL -3k0
Av = - = -- = -57.7 

re' 520 

Clearly, if many amplifiers like the one in Figure 3-15 were constructed, you 
would expect to find wide variation in the unit-to-unit gains. 

The standard techniques for stabilizing the voltage gain, with respect to variations 
in re', is to bypass only a portion of the emitter resistor. In this case, 

-rl 

Av = --
Re, + re'

Obviously, if RE,>>re', variations in re' will only produce slight changes in Av. 
In this way, the voltage gain effectively becomes independent of the value of 
re'. In addition, since RiN(BASE) = B(RE, + re'), the input resistance of the amplifier 
is increased. This, of course, is desirable. 
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Example 3-10 

Figure 3-16 illustrates the amplifier we have been analyzing. 
In this case, however, the 6.Bkfl emitter resistor has been split 
into two series components. ff RE, is bypassed, calculate the 
voltage gain assuming re ' = 26m VITE, re ' = 37m VITE, and re ' 
= 52m VITE with IL = 3kfl. 

Since le = 1 mA, the values of re' to be considered are 260, 370, and 520 
respectively. In Figure 3-16, Re, = 5630, and rL = 3k0. Thus: 

When re' = 260: 

-rl -3k0
Av = = -5.09

RE,+ re' 5630 + 260 

When re' = 370: 

-rl -3k0
Av = = -5

RE,+ re' 5630 + 370 

When re'= 520 

-rl -3k0
Av = 

5630 + 520 
= -4.88

RE, + re' 

Comparing the results of Example 3-10 with those obtained in Example 3-9, you 
can see that the partially bypassed emitter resistor provides a very stable voltage 
gain. Obviously, to achieve this stability, you sacrifice a significant decrease in 
the value of the voltage gain. 

R 1
lOkQ

- + 

lµF

15V 

Figure3-16 

Circuit for Example 3-1 o.

5mV PEAK 

f = 1 kHr rv 

r_ lOµF

-:-

-/ 
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The presence of collector feedback complicates the AC equivalent circuit. In order 
to simplify the analysis and design process we will first discuss Miller's theorem. 

Figure 3-17A illustrates an inverting amplifer where a resistor, R, is connected 
between the input and output terminals. As far as the AC equivalent circuit is 
concerned, Miller's theorem lets you visualize the equivalent circuit shown in 
Figure 3-17B. Here, note that: 

1. 

2. 

\:I 

@ 

The input Miller resistance equals 
R 

Av+ 1 

RAv 
The output Miller resistance equals 

Av+ 1 

R 

Av 

ORIGINAL CIRCUIT 

r�-..... --
-___

A
_
v _-----> TF-

, R Av 
.--: Av + 1 

-=- -=-

EQUIVALENT CIRCUIT 

Figure 3-17 

Miller's theorem. 
A. Original circuit. 

B. Equivalent circuit.
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The magnitude of Av is used to calculate the input and output Miller resistances. 

For example, if Av = - 9, and R = 1 00kfl, the input and output Miller resistances 

are: 

100kO 
R,N = -- = 1okn 

9 + 1 

100kO(9) 
Ro = --- = 90kO 

10 

Miller's theorem greatly simplifies the AC analysis of circuits with collector feed

back. Figure 3-18 illustrates this concept. By applying Miller's theorem to the 

circuit in Figure 3-18A, you obtain the equivalent circuit shown in Figure 3-18B. 

Since the output Miller resistance is in parallel with rL, the circuit can be simplified 

as shown in Figure 3-18C. Also, since Ra is usually a large resistance value, 

the parallel combination of rL and the output Miller resistance is essentially equal 

to the value of rL. 

Especially important is the fact that the equivalent circuit in Figure 3-1 SC has 

exactly the same form as the AC equivalent circuit for the emitter feedback, volt

age divider, and emitter-bias amplifiers analyzed previously. For this reason, the 

formulas derived previously can also be used to analyze and design common

emitter amplifiers that use collector feedback. Naturally, when you calculate the 

input resistance of a common-emitter, collector feedback amplifier, you must re

place Ra with Ra'. 

The various AC formulas for common-emitter amplifiers are summarized in Table 

3-1 to simplify the analysis and design as much as possible.

'-._/ 
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ORIGINAL CIRCUIT 
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V 
Q 

,,,------e-------.--"'-.J "O 

EQUIVALENT CIRCUIT 

V 
Q 

"IN "v 

SIMPLIFIED EQUIVALENT CIRCUIT 

Figure3-18 

Applying Miller's theorem to a collector and emitter feedback-type 
common emitter amplifier. 

A. Original circuit. 
B. Equivalent circuit. 
C. Simplified equivalent circuit. 
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By using Table 3-1 in conjunction with the biasing summary guides in Unit 2, "---·· 

you should be able to calculate virtually any DC or AC current or voltage in 

a typical common-emitter amplifier. 

Parameter Approximate Formula 

AC emitter current le = 

VfN 
Re,+ re' 

AC collector current le=l,, 

AC base current le = 

le 

h1e 

Voltage gain Av= -rL
Re,+ re' 

Current gain A,= hte 

Power gain A
p 

= hterL 
Re, + re' 

Input resistance (base) RtN(SASE) = hte(Re, + re') 

In put resistance (total) R,N = RsllR1N(BASE) 

Output resistance Ro = Rc 

Comments 

BAc = hte 

26mV 52mV 37mV 
Typically-- �re' �-- . For purposes of calculation, use r e' = --

le le le 

R8 = R,IIR2 for the voltage divider circuit. 

Rs = Rs' = � for the collector feedback circuit. 
Av+ 1 

TABLE3-1 

Common-Emitter AC Formula Summary Guide 
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Calculate the voltage gain and input resistance for the circuit 
shown in Figure 3-19. Assume that hFE = hte = 150. 

First calculate the DC emitter current, IE . 

Now: 

Since RE = 0: 
1 

Vee - VsE le = 

Rs 
Rc+B 

10V - 0.7V 
----- = 1mA=IE 645k!l 

5k0 +
150 

37mV 37mV 
--= -- =370 

IE 1mA 

rL 
= AdlRL = 5kOll20kO = 4k0 

-rL -4k0Av = - = = - 108.1 
re' 37!l

A1N(BASE) = hte(RE, + re') = 150(0 + 370) = 5.55k0 

From Miller's Theorem: 

Therefore: 

Figure3-19 

Rs 645k0 
Rs'=---= ---Av+ 1 109.1 

= 5.91k0 

R1N = 5.91 knll5.55k0 = 2.86k!l 

IOµF 

Circuit for Example 3-11. 

IOV 

Re 
SkQ 

IOµF 
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Self-Test Review 

Refer to Figure 3-20 for questions 11 through 15. 

11. The circuit's voltage gain equals ____ 

12. The input resistance looking into the base is ---�kn.

13. The input resistance of the circuit is _____ kn.

14. The circuit's output resistance equals ___ _,k.Q.

15. The peak output voltage equals ____ v.

84mV 

PEAK 'v 

f=l0kHr 

':"' 

lµF 
- + 

RB 
15kQ 

':' 

RE2 
14kQ 

I5V 

Re

5kQ 
lµF 

+ -

RE1 
300Q 

+ 

1
_47µF

-15V

Flgure3-20 

RL

20kQ 

Circuit for Self-Test Review questions 11-15. 



Refer to Figure 3-21 for questions 16 through 20.

16. The circuit's voltage gain equals-----

17. The input resistance of the circuit is -----�,fl.

Common-Emitter Voltage Amplifiers I 3-4 7 

18. If the 1 OOµF capacitor is open, the voltage gain will be ____ _

19. To obtain a peak output voltage of 1V, v,N must equal _____ rnV

peak.

20. The circuit's output resistance equals ___ k.Q.

Rs

765kQ 

lOµF - +

20V 

....----11-___ ..... 

Re 

6kQ 

lOµF
+ -

+ 

I

_lOOµF 

Flgure3-21 

Circuit for Self-Test Review questions 16-20. 
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Answers 

11. -11.9 16. -108

12. 33.?kfi 17. 1.85kfi

13. 10.38kfi 18. -0.99

14. 5kfi 19. 9.26mV

15. 1V 20. 6kfl

The solutions to questions 11-20 follow: 

11. 
Vee - VBE 15V - 0.7V 

le = 

Re 14.3kO 
= 1mA = le 

Therefore: ''--../ 

37mV 37mV 
re'= -- -- = 370 

le 1mA 

And: 

rL 
= RcllRL = 5kOll20kO = 4kO 

Since RE, = 300!1 we have: 

-rl -4kO
Av = = -11.9 

Re,+ re' 3000 + 370 

12. R1N(BASe) = h1e(Re, + re')

R1N(BASe) = 100(3000 + 370) = 33.7kfi

13. R1N 
= RsllR1N(BASE) 

= 15kO1133.7kO = 10.38kO

14. Ro = Re = 5kO

, 

____,/ 



Common-Emitter Voltage Amplifiers I 3-49

15. Since vIN = 84mV and Av = -11.9, the peak output voltage, v0 is:

vo = Avv1N = 11.9(84mV) = 999.6mV = 1V peak

16. For the emitter feedback circuit:

le = 
Vee - Vee 20V - 0.7V 

Rs Re+-B 

le = 2mA = le 

Thus: 

2kn + 
765kn 

100 

37mV -- = 18.50 
2mA 

19.3V 
--

9.65kfi 

Therefore: 

-rL 6kfill3kn -2kn 
Av = --- = ---- = -- = -108 

Re, + r0' 0 + 18.50 18.50 

17. Rs= 765k0 and R1N(BASE) = hte(r0 ') because RE
1 

= 0. Therefore:

R,N = RsllRtN(BASE)

R,N = 765kOll100(18.5n)

R,N = 765kn111 .askn = 1 .sskn

18. Assuming the 1 OOµF capacitor is open, RE
1 

= RE = 2k0. Thus:

-rL 2kfi 
Av= --- ---- = -0.99

Re, + r0' 2kfi + 18.50 

Incidentally, when you troubleshoot an amplifier whose gain is very low, 
one of the things to check for is an open emitter-bypass capacitor. 

19. Since Av= -108 and v0 = 1V peak

v0 1V 
"IN = - = - = 9.26mV peak 

Av 108 

20. Ro = Re = 6kfi
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AC LOAD LINES AND THE DESIGN OF COMMON 

EMITTER VOLT AGE AMPLIFIERS 

At this point, you should be able to calculate AC emitter, collector and base 
current, voltage, current and power gains, and the input and output resistances 
of typical common-emitter voltage amplifiers. 

In this section, you will learn how to estimate the maximum possible, undistorted, 
AC output voltage that can be obtained from a given amplifier. As you will see, 
the amplifier's AC load line is used for this purpose. In addition, several rules 
of thumb, and design examples will be provided that simplify the task of designing 
useful voltage amplifiers. 

The AC Load Line 

The DC load lines of the various common-emitter circuits are illustrated in Figure 
3-22A. Recall that the intercepts indicate the maximum possible DC collector
current, lqsat), and DC collector-to-emitter voltage, VcE(cut)·

In a common-emitter circuit, the slope of the DC load line depends upon the 
total resistance between the collector and emitter terminals in the DC equivalent 

circuit. For the circuits discussed so far, this total DC resistance equals Re + RE. 
-1

For this reason, the slope of the DC load lines in Figure 3-22A is 
R R c + E 

From the introduction to AC load lines in Unit 1, recall that the AC load line 
crosses the DC load line at the Q point. The slope of the AC load line is determined 
by the total resistance between the collector and emitter terminals in the AC 
equivalent circuit. For the circuits discussed so far, this total AC resistance 

-1
equals RE, + rL, Consequently, the slope of the AC load line is --- as 
shown in Figure 3-22B. RE, + rL 

To calculate the intercepts of the AC load line you need the AC load line equation. 
In geometry, the equation of a straight line in point slope form is given as: 

Where: m = slope of the line. 
x and y are the variables. 
x1 and y1 are the coordinates of a point on the line. 
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-1
SLOPE = R+R 

I 
C E 

VCC + VEE 
V CE 

EMITTER FEED BACK.COLLECTOR 
FEEDBACK, AND VOLTAGE 
DIVIDER CIRCUITS 

EMITTER BIAS CIRCUIT 

THE AC LOAD LINE 

Flgure3-22 

Common emitter DC and AC load lines. 

A. DC load lines. 

B. The AC load line. 
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Applying this formula to the AC load line in Figure 3-22B yields: 

1 
le - lea = --- (VcE - VcEa) (Eq. 3-19) 

RE,+ rL 

Equation 3-19 is the equation of the AC load line in a common-emitter circuit. 
The value of the vertical intercept is found by substituting Vee = 0 into Equation 
3-19, and solving for le. Similarly, the value of the horizontal intercept is obtained
by letting le = 0, and solving for Vee- Once this is done you obtain:

(Eq. 3-20) 

(Eq. 3-21) 

Equation 3-20 indicates that the value of the AC saturation current, and Equation 
3-21 indicates the value of the AC cutoff voltage. To avoid confusing these
quantities with the DC values of saturation current and cutoff voltage, we will

adopt the following notation.

Example 3-12 

VCEa 
ic{sat) = lea + 

) 

RE + rL , AC values. 
VCE(cut) = V cEa + lca(RE, + rJ 

Sketch the DC and AC load lines for the circuit in Figure 3-23A. 
Assume hFE = h,e = 100.

The intercepts of the DC load line are: 

16V 16V 
----- = - = 2.67mA 

Vee 
lccsat) = 

_R _c _+_R_E 2.8kO + 3.2kO 6kO 

VCE(cut) =Vee= 16V 

Before you can calculate the intercepts of the AC load line, you must calculate 
lea and Veea- Thus: 

16V - 0.7V 15.3V 
----- = -- = 1mA = lea 

1 .21 M 15.3kO 
3.2kO + --

100 

VcE = 16V - 1mA(2.8kO + 3.2kO) = 10V = VcEa 

'-.____,./ 
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14 16 

12,39V 16V 

Circuit and load lines for Example 3-12. 

A. Circuit.

B. Load lines. 
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Now: 

Since Ac = 2.8k11 and AL = 1 0kO: 

Therefore: 

rl = 2.SkD.111 OkD. = 2.19kn 

10V 
ic<sat> = 1mA + 200D. + 2_19kn 

= 1mA + 4.18mA = 5.18mA 

vce(cut) = V cea + lca(RE, + rJ

vceccut> = 1 OV + 1 mA(2.39kD.) = 12.39V 

The load lines are sketched in Figure 3-238. 

Clipping Levels 

The details of the common-emitter AC load line are provided in Figure 3-24. 

Assuming the AC input voltage is zero, le = lea and V cE = V CEO· '-J 

Obviously, when the AC input voltage goes positive, the collector current in
creases. Consequently, when the AC input voltage is at its maximum positive 
peak, the collector current is also maximum. Figure 3-24 indicates that under 
these conditions, the maximum possible value of the collector current is lc(sat)· 
Also note that if le = lc(sat), VcE = OV.
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'-._/ Similarly, when the AC input voltage is at its maximum negative peak, the collector 
current is minimum. In this case, Figure 3-24 indicates that the maximum possi

ble value of the collector-to-emitter voltage is V CE(cut)• Note that if V cE = vcE(cut), 
le = OA. Based on these observations, you can draw the following conclusions: 

1. The maximum possible positive swing in the AC output voltage
equals lca(RE, + rL).

2. The maximum possible negative swing in the output voltage equals
VcEO·

3. The maximum useful, undistorted, peak output voltage equals V cEa
or lco(RE, + rL), whichever is smaller.

1 co-------
l 

0 

I 

I 

I 

I 

V CEQ 

-------VcE (Cut)

Flgure3-24 

Details of the common emitter AC load line. 
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These concepts are summarized graphically in Figure 3-25 as follows: 

1. In Figure 3-25A, the Q point is located near the upper end of the
AC load line. When the input voltage goes positive le increases.
However, since le cannot exceed iccsat), a sufficiently large input
signal causes the positive peak of the collector current to clip at
iccsat)· Consequently, the output voltage is clipped on the negative
half cycle as indicated in Figure 3-25A.

2. Figure 3-258 illustrates what happens if the Q point is located
near the lower end of the AC load line. In this case, the positive

peak of the output voltage is clipped.

3. In Figure 3-25C, the Q point is located in the middle of the AC
load line. In this case, you obtain the maximum possible unclipped
output voltage. For this reason, when you design an amplifier,

you should locate the Q point in the middle of the AC load

line.

If you examine Figure 3-24, it should be apparent that to locate the Q point 

in the middle of the AC load line: 

Vcea 
lca=--

Re, + rL 
(Eq. 3-22) 

Equation 3-22 is useful for quickly determining whether or not a particular amplifier 
has a centered Q point. 
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MAXIMUM POSSIBLE UNCLIPPED OUTPUT VOLTAGE 

Figure3-25 

Using the AC load line to predict clipping levels. 
A. Negative clipped output voltage.
B. Positive clipped output voltage. 
C. Maximum possible unclipped output voltage. 



s-ss I UNIT THREE

Example 3-13 

The circuit in Figure 3-23A was partially analyzed in Example 
3-12. Recall that:

lea = 1mA 

Vcea = 10V 

IC(sat) = 2.67mA 

V CE(cut) = 16V 

iC(sat) = 5.1 BmA 

vce(cut) = 12.39V 

Also note that RE, = 200n and TL 2.19kil. Calculate the 
maximum possible, unclipped, AC output voltage that can be 
obtained from the amplifier. What value of VIN produces this 
output voltage? 

The positive clipping level is: 

V0
+ = lca(Re, + rJ = 1mA(200.0. + 2.19k.0.) = 2.39V

Moreover, the negative clipping level is: 

Vo- = Vcea = 10V 

Since Vo + is less than V0 - the largest possible unclipped output voltage is 2.39V 

peak. 

To determine the value of v1N that produces a 2.39V peak output voltage, you 

need to first calculate the voltage gain. Voltage gain is: 

Therefore: 

2.19k!l 

2370 
= - 9.24 

Vo 2.39V 
vIN = - = -- = 0.259V peak 

Av 9.24 

Incidentally, the negative portion of the output voltage will begin to clip when 

v1N exceeds the following value: 

Vo 10V 
v,N = - = -- = 1.08Vpeak 

Av 9.24 

� 
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Example 3-14 

Sketch the collector and output voltages for the amplifier in 
Figure 3-23A assuming PIN is a 2V peak sine wave. 

In this case, v1N is large enough to produce clipping on both the positive and 

negative portions of the output voltage. 

As discussed in Example 3-13, the positive and negative clipping levels are 2.39V 

and 1 OV respectively. Therefore, the output voltage appears as shown by 
waveform 3 in Figure 3-26. 

2V 

-2V

I� 

Vee 
16V 

r- !OµF = 

Figure 3-26 

Waveforms for Example 3-14. 

0 

0 

3.2V 

2.275V 

2. 275V
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The collector voltage is the algebraic sum of the AC output voltage, and the 
DC collector voltage. The DC collector voltage is calculated as follows: 

Ve = Vee - leRe 

Ve = 16V - 1mA(2.8k!l) = 13.2V 

Since the AC output voltage has a positive peak of 2.39V, the collector voltage 
has a positive peak of 13.2V + 2.39V or 15.59V. Similarly, since the negative 
peak of the AC output voltage is 1 0V, the negative peak of the collector voltage 
is 13.2V - 1 0V or 3.2V. 

Hence, the collector voltage appears as shown by waveform 2 in Figure-3-26. 

Distortion 

Ideally, the output voltage from a linear amplifier has the same shape as the 
AC input voltage. Any change in the shape of the signal waveform represents 
distortion. Obviously, if you overdrive an amplifier with a large AC signal, the 
AC output voltage will be distorted because a portion of the output voltage is 
clipped off. 

When the AC collector-to-emitter voltage approaches the saturation and cutoff '---__/ 
points, the voltage peaks tend to round off as shown in Figure 3-27. The nonlinear 
characteristics of the transistor cause this type of distortion. Furthermore, the 
transistors current gain, B, decreases as the saturation and cutoff points are 
approached. 

For this reason, the maximum undistorted, peak AC output voltage is slightly 
less than the values predicted by VcEa and lca(RE, + rL). To minimize nonlinear 
distortion, you must do two things. First, the Q point should be located at or 
near the middle of the AC load line. Second, the signal swing should be limited 
so that the saturation and cutoff points are not approached during any portion 
of the AC cycle. 
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An example of nonlinear distortion. 
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Designing Common-Emitter Voltage Amplifiers 

Some of the factors you should consider when you design an amplifier include: 

1. Desired gain - voltage, current, and/or power.

2. Load resistance.

3. Output resistance of the signal source.

4. Available supply voltages.

5. Input and output resistance of the amplifier.

6. Input and desired output signal amplitudes.

7. Stability of the Q point with respect to variations in hFE·

8. Stability of the voltage gain with respect to variations in r0'. 

9. Environmental factors such as temperature and humidity.

10. Cost, number of components, size, weight, and tolerable distortion. .___/ 

Frequently, when you optimize one factor it is at the expense of another. For 

example, to achieve a stable voltage gain, only a portion of the emitter resistor 

is bypassed. In this case, the price you pay for the increased stability is a lower 

value of voltage gain. 

The design of an amplifier requires numerous compromises or trade-off's before 

you can select the final component values. Let's examine some of the more 

obvious compromises you need to consider. 



CHOICE OF BIASING SCHEME 
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The emitter feedback, collector feedback, and collector and emitter feedback cir
cuits provide quasi-stable Q points, and require a minimum number of compo
nents. Therefore, you should consider these circuits for those applications that 
require few components or where the input signal is relatively small. 

The voltage divider and emitter bias circuits provide very stable Q points, and 
require only a few additional components. 

Generally speaking, these are the preferred biasing schemes for discrete linear 
applications. These circuits can accept somewhat larger input signals than the 
other biasing schemes because the Q point is not likely to shift towards the 
saturation and cutoff regions due to temperature or unit-to-unit variations. 

FULLY OR PARTIALLY BYPASSED EMITTER RESISTOR 

To achieve large gains, the emitter resistor must be fully bypassed. If stability 
is essential, only a portion of the emitter resistor should be bypassed. Applications 
that require large stable voltage gains may need several stages of amplification. 

Applications that require a large input resistance for the amplifier should have 
a partially bypassed emitter resistor. 

SUPPLY VOL TAGE(S) 

The maximum peak AC output voltage is limited by VcEo and lco(RE, + rL). 
In turn, these quantities are limited by the available supply voltage(s). In any 
event, the supply voltage(s) must be large enough to provide the desired signal 
swing. We will have more to say about this concept later. 

CAPACITOR SELECTION 

The coupling and bypass capacitors must be chosen so that they approximate 
short circuits at the lowest frequency to be amplified, f 1- For this reason, the 
following inequalities need to be satisfied when selecting capacitors: 

IXc,l<<R1N atf1 
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By defining "much less," <<, to be 1/20, you can find the value required for ·-.....,./ 

C1 as follows: 

Solving for C1 yields: 

(Eq. 3-23) 

Similarly, for C2 and C3 : 

(Eq. 3-24) 

(Eq. 3-25) 

In practice, standard value capacitors close to the calculated values would be 
selected for the design. Naturally, the voltage ratings for C1, C2, and C3 should 
exceed the DC base, collector, and emitter voltages respectively. 

Depending upon the given amplifier specifications, additional compromises may 

have to be considered. 
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Design Procedure 

In designing a voltage amplifier, the basic problem is to select component values 
that provide the required voltage gain and also locate the Q point near the center 
of the AC load line. 

Frequently, the value of a single component affects several parameters. For ex
ample, if the value of Ac changes, the voltage gain, DC collector-to-emitter volt
age, clipping levels, and output resistance will also change. Consequently, in 
a well designed amplifier, the value chosen for Ac must simultaneously satisfy 
several parameters. 

By rearranging the formulas derived previously, you can develop a systematic 
design procedure for single supply circuits. For example, to design a partially 
bypassed emitter feedback amplifier, you can proceed as follows: 

1. Select lea- The value chosen for lea is somewhat arbitrary. For
small signal amplifiers, 1 to 2mA is a popular choice.

2. Calculate re'· The value of re ' is determined by your choice of
lea, since re' = 37mV/lca-

3. Select R�. The purpose of RE, is to stabilize the voltage gain
by masking out variations in re'. If RE, is excessively large, the
voltage gain will be very small. Thus, the value chosen for RE,
represents a stability/gain trade-off. As a guide, RE, is usually 5
to 10 times larger than re '.

4. 

5. 

Calculate rL· The magnitude of the voltage gain equals
RE,+ re '

Since the values of RE and re ' were determined in steps 2 and
3, the value of rL required to provide the desired gain is
Av(RE, + re ').

Calculate V cea• Since rL = RJIRc, and the values of rL and RL
are known, you can determine the value of Ac required to provide
the desired gain.
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6. Calculate VcEa• At this point, the values chosen for Re and RE,
satisfy the gain requirement. In order to provide a Q point near 
the middle of the AC load line V cEo must equal lca(RE, + rL). 

7. Calculate VEa• For the emitter feedback circuit:

Vea = Vee - [lcaRc + Vceal 

8. Calculate RE. From Ohm's law:

Re = Vedlca 

9. Calculate R�:

Re,
= Re - Re, 

1 O. Calculate R8. For the emitter feedback circuit: 

Vee - lVae + Veal 
Ra = ---'-----

IBO 

11 . Calculate the minimum acceptable capacitor values. 

Similar procedures can be used to design the other single-supply common-emitter 
circuits. 

'-...,,./ 
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'-----"' Design Guide 

..___/ 

The following design guide lists the steps and formulas for designing elementary 
common-emitter voltage amplifiers. To design circuits with fully bypassed emitter 
resistors, simply set Re, = 0 in the appropriate formulas. 

For a particular set of specifications, the following outcomes are possible: 

1. You quickly calculate a reasonable set of component values. In
this case, you simply proceed through the. guide in a step-by-step
manner.

2. You calculate a value that is not a reasonable value. Examples
include negative values of Vcea, for NPN BJT's, and negative resis
tance values. In this case, you must "back up" to determine why
this occurred. Often by changing a component value in a previous
step, you can correct the problem.

3. Component values cannot be calculated that satisfy all the original
specifications. Here, you should consider changing the original
specifications. If this is not possible, then a simple single-stage
amplifier cannot be used for the design .

By referring to the design guide and the material presented earlier, you should 
be able to design useful voltage amplifiers. The design of more complex amplifiers 
will be covered later. 
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COMMON-EMITTER VOLTAGE AMPLIFIER DESIGN GUIDE 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

EMITTER FEEDBACK PARTIALLY 1 

BYPASSED 
Vee 

VIN 'v 
R L

+ 

RE2

r
_

e
3

-= -= -=-

Select lea 

Calculate re ' re'
= 

37mV 
lea 

Select Re, Re, = 5 to 10 times re' 

Calculate rL rL = Av(re' + Re,) 

Calculate Re 
RLrL 

Re = --
RL - rL 

Calculate V cea VcEO = lca(Re, + rJ 

Calculate Vea Vea = Vee - [lcaRc + Vceal 

Calculate Re Re = 
Vea 
lea 

Calculate Re, 
Re, 

= Re - Re, 

Calculate R8 Rs = 
Vee - [Vee + Veal 

Isa

3.18 3.18 
Select capacitors C1 2 

f1R1N 
, C22 f1RL 

C32 
3.18 
f1 Re, 

--.___./ 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
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COLLECTOR AND EMITTER FEEDBACK 

PARTIALLY BYPASSED 2 

Vee

e 1 

-=-

Select lea 

Calculate re' 

Select RE, 

Calculate rL 

Calculate Re 

Calculate VcEa 

Calculate VEa 

Calculate RE 

Calculate RE, 

Calculate R8 

Select capacitors 

-=-

37mV 
lea 

Re, = 5 to 10 times re' 

rL = Av(re' + RE,) 
RLrL Re = ---

RL - rL 

VcEa = lca(RE, + rL.) 

VEa = Vee - [leaRc + Vceal 
VcEa RE = 

-lea 

RE,
= RE - Re, 

Vcea - VeE Re = ----
lea 

3.18 3.18 
c1 � f1 R1N '

c2 � f1 RL 

C3�
3.18 
f1RE, 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

VOLTAGE DIVIDER PARTIALLY 

BYPASSED 

Vee 

VIN 'v 
Rz

RL

+ 

= = = r-
e3

= 

Select lea 

37mV 
Calculate re ' r, -e - lea 

Select Re, Re, = 5 to 10 tim es re' 

Calculate rL rL = Av{re' + Re,) 

Calculate Re 
RLrL 

Re = ---
RL - rL 

Calculate Vcea Veea = lea(Re, + rJ 

Calculate Vea Vea = Vee - [leaRe + Veeal 

Calculate Re Re = 
Vea 
lea

Calculate Re, 
Re, = Re - Re, 

SelectR2 R2 :s;:10 Re 

Calculate R1 R1 = 
R2(Vcc - Voo) 

Vea

3.18 3.18 
Select capacitors C1 � fR 

' c2 � f1RL 1 IN 

Ca�
3.18 
f1Re, 

3 
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Design a small signal voltage amplifier that provides a typical 
voltage gain of 108. A general purpose BJT is available for the 
design whose hFE = hte = 100. Before you design the circuits, 
assume that: 

Vee = 20V 

f1 = 100Hz 

The large voltage gain requires a fully bypassed emitter resistor. in this case, 
an emitter feedback circuit is suitable for the design. Referring to circuit 1 in 
the design guide, proceed as follows: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Select lea = 2mA 

37mV 37mV 
re' = -- = -- = 18.S!l 

lea 2mA 

RE, = 0 since the emitter resistor is fully bypassed. 

rl = Av(RE, + re')= 108(0 + 18.S!l) = 2k!l 

Re = 
RLrL 

= 
3k!l(2k!l) 

= Sk!l 
RL - rL 3k!l - 2k!l 

VeEo = lco(R1:, + rJ = 2mA(0 + 2k!l) = 4V 

Vea = 20V - [2mA(6k!l) + 4V] =4V 

VEa 4V 
RE = - = - =2k!l 

lea 2mA 

10. Since lea = 2mA and hFE 

Then: 

100, 180 equals 2mA/100 or 20µ,A. 

20V - [0.7V + 4V] 
= ?SSk!l 

20µ.A 
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11. To calculate C1 you must first calculate R iN •

R1N(BASEJ = h18(Re, + r 8') = 100(0 + 18.Sil) = 1.85kfi

R1N = Re!IR1N(BASE) = 765k11111,85kn = 1.85k11

Then:

C, � 17.2µ,F 

3'18 
= 1.72 x 10-5F

(100)(1.85k11) 

For the other capacitors: 

Ca� 
3.18 

= 

3.18 
= 1.59 x 10-sF 

f1 R
e, 

100(2k11) 

Ca� 15.9µ,F 
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Design a small signal voltage amplifier to provide a stable volt
age gain of approximately 15. Assume: 

Vee
= 15V 

hFE = h18 = 100 

f1 = 500Hz 

The stable gain and single supply suggest a voltage divider circuit with a partially 
bypassed emitter resistor. Referring to circuit 3 in the design guide: 

1. Select lea = 1 mA.

2. 

3. 

4. 

5. 

r I -e -

37mV 37mV 
--= -- =370 

lea 1mA 

Select RE = 10re' = 3700
1 

rL = Av(RE, + r9') = 15(3700 + 370) = 6.1kO 

Obviously, a negative value for Re is not reasonable. To obtain a positive value 
of Re, RL>rL. With RE, = 3700 and re' = 370, the value of rL calculated in 
step 4 was 6.1 kn. Since RL = 6kfi, you must change something so that RL 

will be larger than rL, 

What can you do? There are two options: 

1. Increase lea- This results in a smaller re'. Consequently, you can
use a smaller value of RE, to stabilize the gain. Since rL = Av(RE ,
+ re'), smaller values of RE, and/or re ' will decrease the value
required for rL,

2. Leave lea at 1 mA but decrease the value of Re,• For example,
try RE, = 5r e' or 1850.
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Let's examine each option in more detail. 

For Option 1 : 

1. 

2. 

3. 

4. 

5. 

6. 

Select lea = 2mA 

37mV 37mV 
re' = -- = -- = 18.5n 

lea 2mA 

Select RE = 10r0 ' = 10(18.50) = 1850 
1 

rL = Av(RE, +re')= 15(1850 + 18.50) = 3.05k!l 

Note that RL>rL which corrected the initial problem. 

Vcea = lca(RE, + rJ = 2mA(185fl + 3.05k!l) 
VcEa = 6.47V 

7. Vea = Vee - [lcaRc + Vceal
= 15V - [2mA(6.2k!l) + 6.47V] 
= 15V - 18.87V 
= -3.87V? 

Unfortunately, increasing lea to 2mA solved one problem but created another. 
Clearly a negative value for VEa is not reasonable with an NPN BJT. To solve 

this problem, you could specify a larger supply voltage. For example if Vee was 

increased to 25V, VEa would not be negative, and the design would proceed 
smoothly. 

Since the original specifications called for Vee = 15V, let's explore option 2 

before changing specifications. 



,"-'-""' For Option 2: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Select lea = 1 mA 

Select RE, = 5r8' = 5(3711) = 18511 

rL = Av(RE, + re') = 15(1850 + 370) = 3.33k0 

RLrL 6k0(3.33k0) 
Re = 

RL - rL 
= 6k0 - 3.33k0 = ?.4SkO

VcEO = lca(RE, + rL) = 1mA(1850 + 3.33k0) 
VcEO = 3.52V 

VEO = Vee - [lcaRc + VcEa) 
VEO = 15V - [1mA(7.48kO) + 3.52V) 
VEa = 15V - 11V = 4V 

VEa 4V 
RE = - = = 4k0 

lea 1mA 

9. R
e,

= RE - RE, = 4k0 - 1850 = 3.815k0 = 3.82k0

10. Select R2 = 3.9k11

11. 

Since VEa = 4V, Vsa = 0.7V + 4V = 4.7V. Thus: 

R1 = 
3.9k0(15V - 4. 7V) 

= 8_5SkO 
4.7V 

Common-Emitter Voltage Amplifiers I 3· 75 
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12. R1N(BASE} = hte(Ri:, + re')
R1N(BASE> = 100(1aso + 37n) = 22.2kn

R1N = R1IIR2IIR1N(BASE)
R1N = 8.55k0113,9kfill22.2k0
R1N = 2.68k01122.2k0 = 2.4k0

C1� 
3.18 3.18 

= 
f1R1N 500(2.4k0) 

C2� 
3.18 3.18 

f1RL 500(6k0) 

C3� 
3.18 3.18 

f1Re, 500(3.82k0) 

3.18 

1.2 X 1060 
= 2.65µF 

3.18 

3 X 1060 
= 1.06µF 

3.18 

1.91 X 1060 
= 1.SSµF

The calculated capacitor values are minimum values. 

Emitter Bias Designs 

To design single-supply amplifiers, our method essentially consisted of the follow

ing steps: 

1. Re was chosen to provide the desired value of voltage gain. � 

2. The value of VcEa required to center the Q point was calculated.

3. RE was then chosen to establish the value fo VcEa calculated in

step 2.

In this way, both the gain and Q point requirements were satisfied. Symbolically, 

you can summarize the design steps as follows: 

And: 

Therefore: 

Vcea = Vea - Vea 

V cea = (V cc - lcaRc) - lcaRe 
I 

r' 
Value t, Re sets gain Chosen so that Vcea equals 
and Vea value. the value required for a cen

tered Q point. 

--...__/ 
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•'----". Let's consider what happens if you apply these steps to an emitter bias circuit. 

And: 

Therefore: 

Vcea = (Vee - lcaAc) - (-0.7V) 

As before, the value of Ac establishes the gain and V ca 
value. Note however that the value of Re has very little 

effect on the value of V cea since, in an emitter bias circuit, 

Vea = -0.?V. 

The value selected for Ac, to obtain the desired voltage gain, essentially fixes 

the value of V cea- It is unlikely that this value of V ceo will also provide a 
centered Q point. 

If a specific gain and centered Q point are both desired, you can do the following: 

1. Select "reasonable values" for the supply voltages.

2. Design the circuit to obtain the desired voltage gain.

3. Draw the circuit's AC load line. From the load line, determine the

values of lea and V cea necessary to center the Q point.

4. Calculate the values of V cc and VEE that provide the desired Q

point.

The following examples illustrate this process. 
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Example 3-17 

Design a x 10 emitter bias voltage amplifier to drive a 10kll 
load. Predict the clipping levels of the amplifier, and sketch 
its AC load line. 

Our initial choice for supply voltages is ± 15V. To select component values for 

a voltage gain of 10, you can proceed as follows: 

1. Select lea = 1 mA

2. 
37mV 37mV --= -- =370

lea 1mA 

3. Re, = 10r8' 
= 10(370) = 3700

4. rL = AvRe, + re')
rl = 10(3700 + 370) = 4.07kfi

5. 

6. 
Ve - 0.7V 

Re = ....;;;;:;__ __ 
lea 

1 Ok0(4.07k0) 
= S.BSkO 

1 0kO - 4.07kO 

15V - 0.7V ----= 14.3kn 
1mA 

7. Re, = Re - Re, = 14.3kn - 3700 = 13.93kfi

8. Rs = 10Re Select Rs = 150kO

'-..__/ 
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Figure 3-28A illustrates the circuit. Naturally, capacitor values depend upon the 

lowest frequency, f 1, to be amplified. 

To sketch the AC load line, you need the Q point and intercept values. Thus: 

lea = 1mA 
Vea = Vee - leaRc = 15V - 1mA(6.86kfi) = 8.14V 
Vea = -0.7V 
Vcea = Vea - Vea = 8.14V- (-0.7V) = 8.84V 

. Vcea 
t.c(sat) = lea + --

Re,+ rL 

8.84V 
I-

- 1mA + ----- = 2.99mA = 3mA ~<sat> - 3700 + 4.07kfi 

Vceccut) = Vcea + lea(Re, + rd 

Vceccut> = 8.84V + 1mA(370!l + 4.07k!l) = 13.28V 

The circuit's AC load line is illustrated in Figure 3-288. Here, note that: 

v+ 
= 13.28V - 8.84V = 4.44V (positive clipping level) 

v- = 8.84V (negative clipping level)

In Figure 3-288 it is obvious that the Q point is not centered. Nevertheless, 

a useful, unclipped, output signal of approximately 4.44V peak can be obtained 

from the circuit. If the 1 0kO load only required a 3V peak signal, the amplifier 
in Figure 3-28 would certainly suffice. 
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® 

Rs 
15kQ 

15V 

-15V

AN EMITTER BIAS- x 10 VOLTAGE AMPLIFIER 

Ic (mAl

2 

lmA-

0 2 4 6 

8.84V 

AC LOAD LINE 

Figure3-28 

Circuit and load line for Example 3-17. 

A. An emitter bias x 10 voltage amplifier. 

B. AC load line. 

12 �
CE(V) 

13.28V 
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Calculate the values of Vee and VEE in Figure 3-28A to provide 
a centered Q point. Sketch the modified circuit, and its AC 
load line. 

Our starting point is the AC load line in Figure 3-288. Here, the values of lea 
and VcEa corresponding to a centered Q point are: 

In an emitter bias circuit: 

I _ ic(sat) ca---
2 

V 
_ VeE(cut) eEa- -2

-

3mA -- = 1.5mA
2 

13.28V -- = 6.64V 
2 

Vee = VRc + VeEa + VEa 
Vee = lcaRe + VeEa - 0.7V 

Therefore, the required supply voltages are: 

Vee
= 1.5mA(6.86kO) + 6.64V - 0.7V = 16.23V 

VEE = 1.5mA(14.3kO) + 0.7V = 22.15V 
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Before we sketch the load line, let's verify the Q point and intercept values for 

the modified circuit in Figure 3-29A. Here: 

Vea = Vee - lcoRe 

22.15V - 0.7V 
= 1.SmA

14.3kfl 

Vco = 16.23V - 1.5mA(6.86kfl) = 5.94V 

VEa = -0.7V 

VeEa = Vea - VEa = 5.94V - (-0.7V) = 6.64V 

iqsat) =lea+ 

6.64V 
iccsat) = 1.SmA 

+ 3700 + 4.07kfl 
= 3mA

VeE(cut) = VeEa + lco(RE, + rL) 
VeE(cut) = 6.64V + 1 mA(370O + 4.07kfl) = 13.28V 

The load line is illustrated in Figure 3-298. Here, note that the positive and nega

tive clipping levels are: 

v
+ = v- = 6.64V 

In this case, cH1 unclipped, peak output voltage can be obtained that is approxi

mately 2V larger than the amplifier in Figure 3-28A. 



Rs 
15kQ 

16.23V 

Re 
6,86kQ 

C2 

-22.15V

x 10 VOLTAGE AMPLIFIER WITH CENTERED Q POINT 

® Ic (mAl 

3mA 

1.5mA---1 

2 4 8 10 12 

AC LOAD LINE 

Figure3-29 

Circuit and load line for Example 3-18. 
A. x 10 voltage amplifier with centered Q point.
B. AC load line. 
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�
4 - VcE (V)

� 13.28V 
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Self-Test Review 

The amplifier in Figure 3-30 is to be designed according to the following specifica
tions: 

Supply voltage = 30V. 

Quiescent collector current = 1.5mA 
Lowest signal frequency to be amplified = 1 00Hz. 
Voltage gain = 20. 
RE should be 10 times re '. 

, 

The BJT available for the design is a general purpose type whose hFE = hfe 

= 100. 

30V 

Re

Cz

.,,. 

Figure3-30 

Circuit for Self-Test Review questions 21-30. 
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'-----" Based on the given information, and design methods provided in the unit, calculate 
the following: 

21. The required value of RE, = n. 

22. The required value of Re = kfi. 

23. The required value of R� = kfi. 

24. The required value of R8 = Mn. 

25. The required value of C1 = µF.

26. The required value of C2 = µF.

27. The required value of C3 = µF. 

28. The voltage ratings for C1 , C2, and C3 respectively should be larger than
_____ v, _____ v, and _____ v.

29. The maximum, unclipped, peak output voltage is approximately
_____ v.

30. The intercepts of the circuit's AC load line are ic(satJ = ____ mA, and
VCE(cut) = ______ V.
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Answers 

21. 2470 26. 3.18µF

22. 11.88k0 27. 14.SµF

23. 2.193k0 28. 4.36V, 12.18V,and3.29V

24. 0.521MO 29. 8.52V

25. 2.45µF 30. 3mA, 17.04V

The solution to questions 21-30 follow: 

37mV 
21. Since lea = 1.SmA, r 8

1 
=

-- = 24. 70 
1.SmA

Re,= 10r0' = 10(24.7!1) = 247!1

22. First calculate the required value of rL:

rL = Av(Re, + re')
rL = 20(247!1 + 24.7!1) = 5.43k!l 

Since: 

We have: 

1 0k!l(5.43k!l) 
R

e = 1 0kil - 5.43kO = 11.88k0
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23. Before A� can be calculated, values for Vcea, Vea, and Re are required.
Thus:

Vcea = lca(Re, + rJ
Vcea = 1.5mA(2470 + 5.43kn) = 8.52V

Vea = Vee - [lcaRc + Vceal
Vea = 30V - [1.5mA(11.88kO) + 8.52V]
Vea = 30V - 26.34V = 3.66V

Vea 3.66V 
Re = -= -- = 2.44k0 

lea 1.SmA 

Since R� = Re - RE,, we have: 

Re, = 2.44k0 - 2470 = 2.193k0 

24. Since lea = 1.SmA and hFe = 100, the value of 180 is 1.SmA/100 or
15µA. Thus:

25. 

Vcea - Vee 
Re = ----

lea 

S.S2V - 0.7V
= 0.521MO 

15µA

Before calculating the minimum acceptable value of C1 , you must first calcu
late the amplifier's input resistance, AtN• 

R1N(BASE) = hFE[Re, + r 8'] 
R1N(BASE) = 100(2470 + 24.70] = 27.17k0

Since the circuit employs collector feedback the value of R8' is, from Miller's 
theorem: 

R
, - Re 

8 
- Av+ 1

0.521MO 
= 24.81k0 

20 + 1 

Therefore, the effective input resistance is: 

R1N = Re'IIR1N(BASEJ 
R,N = 24.a11cnI121.111cn = 12.97kO 

Finally, the minimum acceptable value of C1 is: 

3.18 3.18 3.18 
C1 = -- =-----=---� 

f1RIN 100Hz(12.97k0) 12.97 x 105 

C1 = 0.245 x 10-5F = 2.45µF
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26. The minimum acceptable value C2 is:

3.18 3.18 3.18
C2 = 

f,RL 
= 100Hz(10kO) = 10 x 105

C2 = 0.318 x 10-5F = 3.18µ,F

27. The minimum acceptable value of C3 is:

3.18 3.18 3.18
C3 = f1 Re, = 100Hz(2.193kO) 

= 

2.193 x 105 

C3 = 1.45 x 10-5F = 14.5µ,F

28. C1 charges to the DC base voltage, Vsa-
C2 charges to the DC collector voltage, Vca
C3 charges to the DC voltage across, RE

2
, 

Therefore: 

Ve, = Vea = 0.7V + Vea = 0.7V + 3.66V = 4.36V 
Ve

2 
= Vco = Vee - leaRe = 30V - 1.5mA(11.88kO) = 12.18V 

Ve, = lcoRe, = 1.5mA(2.193kO) = 3.29V 

29. Since the circuit was designed for a centered Q point:

v
+ = v- = Veea = 8.52V

30. , Vcea 
Lc(sat) = lco + --

Re, + rL 
8.52V 

'�< t) = 1.5mA + ----- = 3mA ~ sa 2470 + 5.43kO 

veE(cut) = Veea + lco(Re, + rJ 
vee(cut> = 8.52V + 1.5mA(247O + 5.43kO) 
VCE(cut) = 17.04V 

Note that since the Q point is centered: 

ic(sat) = 2Ico 
VeE(cut) = 2V CEO 
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By adding coupling and bypass capacitors to the biasing circuits, you can con
struct useful voltage amplifiers. In these amplifiers, the DC currents and voltages 
can be calculated by using the formulas introduced in Unit 2. Similarly, by referring 
to Table 3-1, you can calculate the AC currents and voltages. Then you can 
obtain the actual, total responses by adding, algebraically, the DC and AC values. 

Equivalent circuits help you visualize the operation of BJT circuits. To obtain 
the DC equivalent circuit, you must replace coupling and bypass capacitors by 
open circuits, and reduce the AC source to zero. To obtain the AC equivalent, 
you must replace coupling and bypass capacitors with short circuits, and reduce 
DC sources to zero. 

The equivalent resistance between the collector and emitter terminals in the DC 
and AC equivalent circuits determines the slope of the DC and AC load lines. 
The point of intersection of the two lines determines the operating point, Q. Using 
this information, the intercept values of the AC load line were found to be: 

, Vcea 
t.c(sat) = lea = ---

Re, + rL 

vceccutJ = V cea + lca(Re, + rJ 

The positive and negative clipping levels (V + and v-) for a particular circuit, 
can be estimated from the AC load line. They are: 

v+ = lca(Re, + rJ
v- = Vcea

When you design an amplifier, you should locate the Q point at or near the 
middle of the AC load line. The Design Guide in this unit gives a step-by-step 
procedure for doing this for single-supply circuits. Miller's theorem simplifies the 
design process for collector feedback amplifiers. 

In an emitter bias circuit, the value of RE has very little effect on the value of 

VcEa• 

Therefore, to obtain a specific gain and a centered Q point, the design procedure 
must be modified as discussed in the text. 
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UNIT EXAMINATION 

The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 

1. An amplifier whose voltage gain is 50 has a db voltage gain of:

A. 50.
B. 1.7.
C. 67.8.
D. 33.9.

2. An amplifier whose db voltage gain is 80 has a regular voltage gain of:

A. 80.

B. 1000.
C. 10000.
D. 100000.

3. A common-emitter amplifier that uses collector feedback has R8 = 520kO,
Av = 25, and R iN(BASE) = 1 0kO. The amplifier's input resistance, R,N, is
therefore:

A. re'·

B. 6.67kO.
C. 10kO.
D. 520kOll10kO.

Refer to Figure 3-31 for questions 4 through 8. 

4. The voltage gain is approximately:

A. -18.3.
B. -25.
C. -216.
D. -400.

5. Assuming hte = 150 the input resistance is:

A. 7.66kO.

Rs 
'\J lOkQ 

20V 

Re 
5kQ 

B. 10kO. -10.7V 

c. 32.BkO.
D. re'· Figure3-31 

Circuit for Unit Examination questions 4-8. 
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6. The circuit's output resistance is approximately:

A. 4k0.

B. Skil.

C. 10kil.

D. 20k0.

7. The clipping levels of v0 are approximately:

A. ± 10.7V.

B. + 10.7V, -8.4V.

C. +8.4V, -10V.

D. ±20V.

8. The largest value of v,N that results in an unclipped output voltage is approxi-

mately:

A. 0.58V peak.

B. 0.46V peak.

C. 1V peak.

D. 1.2V peak.

Refer to Figure 3-32 for questions 9 through 15. 

9. Re should equal approximately:

A. 14.2k0.

B. 13k0.

C. 10k0.

D. 8.76kil.

10. RE should equal approximately:

A. 10kil.

B. 3k0.

C. 2.1kil.

D. 1.8k0.

11. R2 should equal approximately:

A. 21k0.

B. 22k0.

C. 33k0.

D. 47k0.



'-...____..,, 12. 

13. 

14. 

15. 

R1 should equal approximately: 

A. 142k0.

B. 10k0.

C. 86.7k0.

D. 129k0.

The smallest acceptable value for C1 is: 

A. 4.48µF.

B. 30.3µF.

C. 56.8µF.

D. 65µF.

The smallest acceptable value for C2 is: 

A. 12.72µF.

B. 30.3µF.

C. 56.8µF.

D. 65µF.

The smallest acceptable value for C3 is: 

A. 4.48µF.

B. 30.3µF.

C. 56.8µF.

D. 05µF.

-=-

20V 

-=-

Figure3-32 
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5kQ 

NOTE: 

hf e = 80 

Ico
= lmA 

AV = 100 

t 1 = 5-0Hz

Circuit for Unit Examination questions 9-15. 
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\____,, EXAMINATION ANSWERS 

"--.__,,., 

1. 0- Avdb = 201ogAv
Avdb = 20 log 50 = 33.9db. 

2. C - Since Avdb = 80, we have:

80 = 201ogAv 

80 
log Av = - = 4 

20 

Thus: 

Av = 104 = 10 000 

3. B - Since collector feedback is used, you must calculate the value of R6'

via Miller's theorem. 

Rs 520k!l 
Rs' = -- = -- = 20k!l 

Av+ 1 26 

The amplifier's input resistance equals Rs'IIR1N(BASE) · Thus: 

R1N = 20k!lll1 0k!l = 6.67k!l 

4. A - First calculate the values of r8' and rL.

10.7V - 0.7V 

5k!l 

37mV 37mV 
-- =-- = 18.5!} 

lea 2mA 

rL = RdlRL = 5k!lll20k!l = 4k!l 

= 2mA 

Using the formula for voltage gain: 

-rL -4k!l
Av = --- ----- = -18.3 

Re, + re' 200!l + 18.S!l 
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5. A - First calculate R 1N(BASE):

R1N(BASE) = h1e{RE, + re') = 150(218.50) = 32.8kO 

Since Rs = 1 Okfi, R1N is: 

R,N = RellR1N(BASE) = 1 0kOI132.8kO = 7.66kO 

6. B - In a common-emitter amplifier Ro = Ac. Thus:

Ro=5kO 

7. C- First calculate Vcea:

Vea = Vee - leaRe = 20V - 2mA{5kO) = 10V 

VEa = - 0.7V 

VeEa = Vea - VEO = 10V - {-0.7V) = 10.7V 

The negative clipping level, v-, = Vcea or 10.7V. 

The positive clipping level, v + , = lca(Re
1 

+ rL) Thus:

v+ = 2mA{200O + 4k0) = 8.4V

8. B - From question 7 the largest possible, unclipped, output voltage is 8.4V

peak. Since Av = 18.3, the value of vIN that produces an 8.4V peak 

output voltage is: 

vo 8.4V 
v,N = - = -- = 0.46V peak 

Av 18.3 

For questions 9-15, the indicated steps correspond to those in the Design Guide. 

9. A-1.

2. 

3. 

4. 

5. 

lea = 1mA 
37mV 37mV 

r I = -- = -- = 370 e 
lea 1mA 

Re = O since the emitter resistor is fully bypassed. 
rL = Av{Ri:, + re') 
rL = 100{0 + 370) = 3.7kO 

RLrL 5kO{3.7kO) 
= 14_2kO Re = 

RL - rL 

= 

5k0 - 3.7kO 



� 10. C-6. 

7. 

8. 

11. A- 9.

Vcea == lca(Re, + rL) 
Vcea = 1mA(0 + 3.7kO) = 3.7V 
Vea = Vee - [lcaRc + Vceal 
Vea= 20V - [1mA(14.2k!l} + 3.7V] 
Vea = 20V - 17.9V = 2.1V 

Vea 2.1V 
Re = - = -- = 2.1 k!l 

lea 1mA 

Re, = Re = 2.1 kfi (Re, = 0) 
10. R2s10Re

R2 s 10(2.1 kfi)
R2 s21kO

12. D - 11. For this example R2 = 21 kO:
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SinceVEa = 2.1V, Vea = 2.1V + 0.7V = 2.8VThus: 

\.___,/ 

R, = 
21 kO(20V - 2.BV) 

= 129k!l 
2.BV

13. C -12. First calculate R1N: 

R1N(BASeJ = h1e(Re, + re') 
R1N(BASe) = 80(0 + 370) = 2.96k!l 

Ra = R,IIR2 = 12.9k!lll2.1 k!l = 1.Bkfi 

R,N = RallR1N(BASe) = 1.8kfill2.96kO = 1.12kO 

Finally, the minimum value for C1 is: 

14. A-12. C2 =
3.18 3.18 
f,RL 50(5k!l) 

= 12.72µ.F 

15. B- 12.
3.18 3.18 

C3 = --= = 30.3µ.F 
f1Re, 50(2.1 k!l) 
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INTRODUCTION 

Unit 3 discussed the analysis and design of common-emitter voltage amplifiers. 
In this unit, you will learn how to analyze and design, single-stage, common-base 
and common-collector voltage amplifiers. 

As you will see, the methods used to analyze and design these amplifiers are 

similar to the methods used to analyze and design common-emitter circuits. In 

a later unit, you will learn how single-stage amplifiers can be combined to produce 

multistage amplifiers. 

Finally, we will discuss how BJT circuits can be analyzed by using hybrid parame

ters. Since most data sheets provide "hybrid parameter values," you should under
stand what these values mean, and how they can be converted to the AC parame

ters you are already familiar with. 
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Analyze and design common-base voltage amplifiers.

2. Analyze and design common-collector amplifiers.

3. Analyze and design Darlington-pair emitter-followers.

4. Given h parameters for one configuration, calculate the h parameters for

the other two configurations.

5. Estimate values of ex, B, r8', rb' and re' from h parameter data sheet values.
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UNIT ACTIVITY GUIDE 

Read section on "Common-Base Amplifiers." 

Answer Self-Test Review questions 1-10. 

Perform Experiment 6 in Unit 9. 

Read section on "Common-Collector Amplifers." 

Answer Self-Test Review questions 11-22. 

Perform Experiment 7 in Unit 9. 

Read section on "Hybrid Parameters." 

Answer Self-Test Review questions 23-32. 

Study Summary. 

Complete Unit Examination. 

Check Examination Answers. 
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COMMON-BASE AMPLIFIERS 

In a common-base amplifier, the AC input signal is applied to the emitter terminal. 
As with common-emitter amplifiers, the AC output signal is taken from the collector 
terminal. 

Compared to common-emitter amplifiers, common-base amplifiers have a very 
small input resistance. This is why common-emitter amplifiers are generally pre
ferred for low and mid-frequency applications. High frequency effects will be dis
cussed in Unit 9. Here, you will find that common-base circuits are, in some 
respects, superior to common-emitter circuits for high frequency applications. 

DC Analysis 

A typical common-base amplifier is illustrated in Figure 4-1 A. Note that the polarity 
of the VEE source is such that the emitter-base diode is forward biased. Similarly, 
the collector-base diode is reverse biased by V cc-

By reducing the AC source to zero, and opening the capacitors, you obtain the 
DC equivalent circuit shown in Figure 4-1 B. The analysis of this circuit is 
straightforward, and proceeds as follows: 

Starting at the positive side of VEE and going around the emitter-base loop in 
a clockwise direction, yields: 

Thus, the DC emitter current, IE, is: 

Naturally: 

le le 
ls = -=

B hFE 

By starting at the positive side of V cc and going around the collector-base loop 
in a clockwise direction, you obtain: 

V cc - V cs - le Re = 0 

'----,/ 



® 

� E 

© 

Common-Base and Common-Collector Voltage Amplifiers 4-7 

C
2 

____________ +'--tt---e---ovo 

= 

ORIGINAL CIRCUIT 

-
Re +

DC EQUIVALENT CIRCUIT 

AC EQUIVALENT CIRCUIT 

Figure4-1 

A common base amplifier. 

A. Original cir.cult.
B. DC equivalent circuit. 
C. AC equivalent circuit. 

-

le

j 
_l 
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Thus, the DC collector-to-base voltage, Vea, is: 

Ves = Vee leRe (Eq. 4-2) 

Equation 4-2 is the equation of the circuit's DC load line. The vertical intercept, 
lccsat), is obtained by setting Vee = 0 and solving for le. Similarly, the horizontal 
intercept, V csccut>, is found by setting le = 0 and solving for V ca- Therefore: 

Vee 

lqsat) = - (Eq. 4-3) 
Re 

VeB<cutl = Vee (Eq. 4-4) 

In Figure 4-1 B note that the terminal-to-ground voltages are: 

AC Analysis 

Ve = Vee - leRe (Eq. 4-5) 

Vs = 0 

By reducing the DC sources to zero, and replacing the capacitors with short 
circuits, you obtain the AC equivalent circuit shown in Figure 4-1C. Since the 
transistor can be replaced with its AC model, the AC equivalent circuit can be 
redrawn as shown in Figure 4-2B. Here, by following the indicated path, you 
obtain: 

Solving for the AC emitter current, i8, yields: 

Naturally: 

V1N 
la = --- = LC (Eq. 4-6) 

RE,+ re' 

. ic ic 
4,=-=-

B hte 

In Figure 4-2B, note that the direction of ic is such that when v 1N is negative, 
v0 is also negative. Consequently, in a common-base amplifier the input and 
output voltages are in phase with each other. 



( 

B 
AC BJT MODEL 

+ 

Since v0 = vc we have: 
'-...J 

Solving for the ratio of v0 to vIN yields: 

Where: 

B 

E 

Common-Base and Common-Collector Voltage Amplifiers 4-9 

r I e 

(Eq. 4-7) 

B 

Figure4-2 

AC equivalent circuit for the amplifier in Figure 4-1A. 
A. AC BJT model. 
B. Replacing the BJT in Figure 4-1 C with its AC model. 

J 

Since the output current is le and the input current is i8 the current gain, A,,

is: 

(Eq. 4-8) 

Also since the power gain is the product of the current and voltage gains: 

(Eq. 4-9) 
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R IN (Em ilter) 

Flgure4-3 

Input resistance in a common base circuit. 

As indicated in Figure 4-3, the amplifier's input resistance, R,N is: 

Since the AC resistance from the emitter to ground is r0', the input resistance 

is: 

R1N = ReJl(Re, + r8') (Eq. 4-10)

Recall that the input resistance of a common-emitter amplifier is: 

Comparing Equation 4-1 O with the previous expression for a common-emitter 

amplifier indicates that the input resistance of a common-base amplifier is consid

erably smaller than the input resistance of a comparable common-emitter 

amplifier. This small input resistance is the principle disadvantage of a common

base amplifier. 

A summary of the various AC formulas for the common-base amplifier is provided 

in Table 4-1. Note that the formulas for current gain, power gain, and input resis

tances are different from the common-emitter formulas discussed in Unit 3. As 

with the common-emitter amplifier, the output resistance of a common-base 

amplifier is approximately equal to the value of the collector resistor, Re. 



L 

Parameter 

AC emitter current 

AC collector current 

AC base current 

Voltage gain 

Current gain 

Power gain 

Input resistance (emitter) 

Input resistance (total) 

Output resistance 

B 
aAc = � = --=1

B+1 

26mV 
Typically, -- �re'� 

le 

Common-Base and Common-Collector Voltage Amplifiers 4-11 

Approximate Formula 

4,= 
VIN 

Re,+ re' 

le= 4, 

le 
it,= -

• hie

Av = 
rl 

RE,+ re' 

A, = hfb
= 1 

Ap = 
�rl 

Re,+ re' 

R1N(eM1TTERJ = re' 

R1N = ReJl(Re, + re') 

Ro = Rc 

Comments 

37mV 52mV 
-- . For purposes of calculation use re' = --

le le 

RIN is small compared to a common-emitter circuit. 

v0 and vIN are in phase with each other. 

TABLE4-1 

Common-base AC formula summary guide. 
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-12V 

Figure4-4 

Circuit for Example 4-1. 

Example4-1 

20V 

Re 
5kQ 

Calculate the voltage gain and input resistance for the circuit 
shown in Figure 4-4. Also sketch the voltage from point A 
to ground. 

re'= 

Av = 

37mV 

12V - 0.7V 

5.45k!l + 200!1 

37mV 

11.3V 
-- =2mA 
5.65k!l 

--=-- = 18.S!l 
IE 2mA 

rl 5k!lll20k!l 4k!l 
=---

RE,+ re' 200!1 + 18.5!1 218.5!} 

R1N = RE)l(RE, + re') 
R,N = 5.45k!lll(200!l + 18.S!l) 
R,N = 210!1 

= 18.3 
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Since VEE is negative with respect to ground, the DC voltage from point A to 

ground will also be negative. This is why the input coupling capacitor has its 

negative side connected to point A. The magnitude of the DC voltage from point 

A to ground is: 

VA= Vee - leRe, 
VA

= 12V - 2mA(5.45kfl) = 1.1V 

Since the input coupling capacitor approximates a short circuit, the AC voltage 

from point A to ground equals v1N, or 0.1 V peak in this example. 

The total voltage is the sum of the DC, and AC components. Therefore, the 

voltage from point A to ground appears as shown in Figure 4-5. 

VA (t)

0 

-1. lV
-1. 2V

Figure4-5 

A sketch of vA(t) for Example 4-1. 

Common-Base AC Load Line 

An examination of the DC and AC equivalent circuits in Figure 4-1 indicates 

the following: 

1 . The DC resistance between the collector and base equals Re. 

2. The AC resistance between the collector and base equals rL.
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le

0 

® 
IcQ

0 

1 
SLOPE=--

/ 

Re 

Vee

1 
AC LOAD LINE SLOPE= - -r 

/ L 

Figure4-6 

Common base load lines. 

A. DC load line.

B. AC load line.

Based on these observations, it is apparent that the DC load line has a slope 

of -1 /Rc, and the AC load line a slope of -1 /rL. A sketch of the DC and AC 

load lines for the collector-base circuit is provided in Figure 4-6. Since both the 

slope and the coordinates of a point on the AC load line are known, you can 

apply the point slope formula to determine the equation of the AC load line. 

Thus, by applying the general equation y-y1 = m(x-x1) to Figure 4-68 you 

obtain: 

-1
le - lea = - (Vea - Vesa) (Eq. 4-11) 

fL 
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'------" Equation 4-11 is the equation of the AC load line in a common-base circuit. 

'-.._,/ 

The intercept values are obtained in the usual manner. In this case: 

. Vcsa 
t.c(sat) = lea + -

rl 

vcB(cut) = Vcsa + lcarL 

(Eq. 4-12) 

(Eq. 4-13) 

Similarly, the clipping levels are approximated by: 

v- = Vcsa 

(Eq. 4-14) 

(Eq. 4-15) 

Example4-2 

Estimate the clipping levels for the common-base amplifier of 
Example 4-1. 

Recall that lea = 2mA, and rL 
= 4k0. In Figure 4-4, Ve = VeBO.- Thus: 

Therefore: 

Vcsa = Vee - lcaRc 

Vcsa = 20V - 2mA(5k!l) = 10V 

v+ = lcarL = 2mA(4k!l) = av peak 

v- = Vcsa = 10V peak

Since the clipping levels are not equal, the Q point is not located in the center 

of the AC load line. 

By examining the AC load line in Figure 4-6B, it is clear that in a common-base 

circuit, a centered Q point results if: 

Vcsa 
lea = - (Eq. 4-16) 

rl 
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The common-base amplifier of Figure 4-1 A is reproduced in Figure 4-7 A. By 
redrawing the circuit, you obtain the circuit shown in Figure 4-78. Here, you 

should recognize the biasing scheme as the emitter-bias circuit introduced in 

Unit 2. In this case, however, R8 = 0 because the base of the transistor is 
connected directly to ground. 

The AC equivalent circuit of the amplifier in Figure 4-7B is illustrated in Figure 

4-7C. Naturally, this circuit is the same equivalent circuit as the one provided
in Figure 4-1 C. Only the manner in which the two circuits are drawn is different.

The point to be emphasized is this: 

Some schematic diagrams draw a common-base amplifier, that uses 

emitter bias, as shown in Figure 4-7 A, while others draw the circuit 

as shown in Figure 4-7B. You should recognize that each schematic 
represents the same physical circuit. 

'-..___/ 
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+ 

COMMON BASE AMPLIFIER OF FIGURE 4-IA 

Vee 

+-

REDRAW I NG THE CIRCUIT 

AC EQUIVALENT CIRCUIT 

Figure4-7 

The common base amplifier in Figure 4-1A can be redrawn as 
shown above. When this is done it is obvious that the circuit utilizes 

emitter bias. 
A. Common base amplifier of Figure 4-1A. 
B. Redrawing the circuit. 
C. AC equivalent circuit. 
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Single-Supply Common-Base Amplifiers 

Schematics for single-supply, common-base, voltage amplifiers are provided in 

Figure 4-8. By mentally reducing the AC sources to zero, and opening the 
capacitors, you should see that the biasing schemes are the same biasing 
schemes used by the common-emitter amplifiers discussed in Unit 3. Hence, 
the DC analysis of the common-base amplifiers in Figure 4-8 is the same as 
the DC analysis of the common-emitter amplifiers discussed in Unit 3. 

To obtain the AC equivalent circuits, you reduce the DC sources to zero, and 
replace the capacitors by short circuits. In the case of the voltage divider and 

emitter feedback amplifiers, in Figure 4-8, the resulting AC equivalent circuit is 
the same as the AC equivalent circuit of the common-base, emitter-bias amplifier 
in Figure 4-7C. Therefore, the AC analysis of these circuits is the same as the 

AC analysis of the common-base, emitter-bias circuit discussed previously! 

The AC analysis of the common-base, collector and emitter feedback amplifier 
in Figure 4-8C differs only slightly from the other single-supply, common-base 
circuits. To see why, let's examine the AC equivalent circuit of the common-base 
collector and emitter feedback amplifier. 



@ 

© 

Vee 

VOLTAGE DIVIDER 

Vee 

EMITTER FEEDBACK 

Vee 
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Figure4-8 

Typical single supply common base amplifiers. 
A. Voltage divider.
B. Emitterfeedback.
C. Collector and emitter feedback.

+ 

COLLECTOR AND EMITTER FEEDBACK 
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Cz 

ORIGINAL CIRCUIT 

® Re 

Figure4-9 

Developing the AC equivalent circuit for a common base amplifier 
utilizing collector and emitter feedback. 

A. Original circuit. 
B. AC equivalent circuit. 
C. Simplified AC equivalent circuit.

-=- -=- -=-

AC EQUIVALENT CIRCUIT 

© 

-=- -=-

SIMPLIFIED AC EQUIVALENT CIRCUIT 

ihe original circuit is reproduced in Figure 4-9A. Once the DC source is reduced 
to zero, and the capacitors are replaced by short circuits, you obtain the circuit 
shown in Figure 4-9B. Here, note that Re, RL, and Rs are connected in parallel. 



R5 
407 kQ 

REI 
+ 370 Q I00µF 

-r RE2 
3kQ 

15V 

Re 
6. 86 kQ
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Figure4-10 

Circuit for Example 4-3. 

50µF 

vo 

RL IO0µF 

·1
10 kQ 

-= -= 

For this reason, the circuit in Figure 4-9B reduces to the AC equivalent circuit 
of Figure 4-9C. The effective AC load resistance, rL', equals the parallel combina
tion of rL and R8. Thus, when you analyze a common-base, collector and emitter 
feedback amplifier, rL should be replaced by rL'. 

Incidentally, in most circuits Rs> >rL. For this reason, the parallel combination 
of rL and R8, rL', is approximately equal to the value of rL. 

Example4-3 

Calculate the voltage gain and input resistance for the amplifier 
in Figure 4-10. Also, estimate the positive and negative clip
ping levels. For calculation purposes, assume hFE = 100. 

In a collector and emitter feedback circuit: 

Thus: 

Vee - Vse 
le = ----

Rs 
Re+ Re+ -

hFE 

15V - 0.7V 
le = 

407kO 

14.3V 
--- = 1mA = lea 
14.3kO 

6.86kO + 3.37kO + 
100 

37mV 37mV 
r ' = -- = -- = 370 

8 

lea 1mA 

rL 
= RdlRL 

= 6.86k!lll10k!l = 4.07kO 
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Since collector and emitter feedback is used, the effective AC load resistance, 
rL', is: 

rL' 4.03kn 
Av = --- ----- = 9.9 

Re, + r 8
1 370.{}, + 37.{}, 

For a common-base amplifier, R1N = R�ll(RE
1 

+ r0'). Thus: 

R,N = 3k!lll(370!l + 370) = 358.40 

The clipping levels are estimated as follows: 

In this case: 

Thus: 

v+ = lcafL' = 1 mA(4.03k!l) = 4.03V

v- = Vcsa = Vea - Vsa

Vea
= Vee - leaRc = 15V - 1mA(6.86k!l) = 8.14V 

Vsa 
= Vee + Vea = 0.7V + 1 mA(3.37k!l) = 4.07V 

v- = 8.14V - 4.07V = 4.07V

Since v+ 
= v-, it is clear that the Q point is located near the center of the 

AC load line. Incidentally, if you assume rL' = rL = 4.07kO, the calculated values 
for the clipping levels are ± 4.07V. As you can see, the error introduced by making 
this assumption is quite small. 

Designing Common-Base Voltage Amplifiers 

With relatively minor changes, the procedure used in Unit 3 to design common
emitter amplifiers can also be used to design common-base amplifiers. The follow
ing design guide for common-base amplifiers is very similar to the one provided 
in Unit 3 for common-emitter amplifiers. 

In the case of the collector and emitter feedback amplifier, it is assumed that 
R8 is sufficiently large so that rL' is closely approximated by the value of rL. 
As before, high gain amplifiers are designed by setting RE

1 
= 0 in the appropriate 

formulas. 

...___ 
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COMMON-BASE VOLTAGE AMPLIFIER DESIGN GUIDE 

EMITTER FEEDBACK 

C3 

-r
Select lea. 

Calculate re'• 

Select Re,• 

Calculate rL. 

Calculate Ac. 

Calculate Vcaa-
Calculate Vea-
Calculate Re. 

Calculate Re,
. 

Calculate R6. 

Select capacitors. 

37mVr' = --
e lea 

Re, = 5 to 10 times re' 

rL = Av(Ae, + re') 
RLrL Ac=---

RL - rL 

Vcsa = learL 

1 

Vea = Vee - [leaRc + Vcaa + VaE] 
VeaRe = 

-lea 

Re,
= Re - Re, 

Vee - !Vee + VealRa=------

3.18 
c,�-

t,R,N 
3.18 

Ca� f R ,1 IN 

laa 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

COLLECTOR AND EMITTER FEEDBACK 

Vee 

Re

e3 
+ 

Select lco. 

Calculate re'. 

Select RE,· 

Calculate rL. 

Calculate Re. 

Calculate Vcea• 
Calculate VEa• 
Calculate RE. 

Calculate RE,. 

Calculate Rs. 

Select capacitors. 

37mV 
re'= --

lco 

RE, = 5 to 10 times re ' 

rL = Av(Ri:, + re') 
RLrL 

Rc = ---
RL - rL 

2 

VEa = Vee - [lcoRc + Vcea + VsEl 
VEaRE = 

-lco 

RE, = RE - Ai:, 

Vcea Rs = --
lea 

3.18 
C,� -fR1 IN 

3.18 
C3� fR ' 1 IN 



C3 

-r
1. Select lea.

2. Calculate re'.

3. Calculate Re,•

4. Calculate rL.

5. Calculate Ac.

6. Calculate V cso-
7. Calculate Vea-

8. Calculate Re.

9. Calculate Re,.

10. Select R2.

11. Calculate A,.

12. Select capacitors.

\....._/ 
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VOLTAGE DIVIDER 

Rz

-=-

Re

C1

-=- ·1 -:-

37mV 
r I 

-

e - lea

Re,= 5 to 10 times re' 

rL = Av(Re, + re') 
RLrL Ac = 

AL - rL 

Vcso = lcdL 

RL

Vea = Vee - [leaRc + Vcso + Vsel 
VeaRe = 

-lea 

Re,
= Re - Re, 

3.18 3.18 
c, � f,R1N ' C2 � f,RL 

3 

C3� 
3"18 

R1N' = R1IIR2llh1e(Re, + re')
f,R,N' 
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Example4-4 

Design a common-base, single-supply voltage amplifier accord
ing to the following specifications: 

Av = 12. The voltage gain should not vary significantly with 
variations in hFE and/or re '. 

Vee
= 15V 

f1 = 100Hz 
lea= 1.5mA 
RL = 12k0 

Assume the general purpose BJT used for the design has an 
hFE = hte = 150. 

Since a stable gain is required, an appropriate biasing scheme is the voltage 

divider circuit. Referring to the design guide, you can proceed as follows: 

1 . lea = 1 .5mA 

2. 

3. 

4. 

5. 

6. 

7. 

37mV 37mV 
-- = -- = 24.70 

lea 1.5mA 

Re, = 10r0' = 10(24.70) = 2470 

rL 
= Av(Re, + r0') = 12(2470 + 24.711) = 3.26k0 

RLrL 12k0(3.26k0)
R

e
= 

RL - rL 

= 

12k0 - 3.26k0 
= 4.4

a
kO

Vcsa = lroL 
= 1.5mA(3.26kO) = 4.89V 

Vea = Vee - [lcaRc + Vcaa + Vee] 
= 15V - [1.5mA(4.48kO) + 4.89V + 0.7V] 
= 15V - 12.31V 
= 2.69V 

'-.._./ 



8. 

9. 

Vea 2.69V 
Re = - = -- = 1.79k0 

lea 1.5mA 
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Re, = Re - Re, = 1.79k!l - 2470 = 1.541<0 

10. R2 � 10RE, Since RE = 1.79kil, a reasonable choice for R2 is
3.3kil.

Since VEa = 2.69V, V80 = 2.69V + 0.7V = 3.39V. Thus: 

3.3k0(15V - 3.39V) 
R1 = ------ = 11.3k0 

3.39V 

12. First calculate the equivalent resistance seen by C1, R1N, and C3,

R1N•

R1N = Re,Jl(Re, + re')
R1N = 1.54k!lfl(2470 + 24.70)
R1N = 1.54k0ll271.70 = 2300

R1N' = R,IIR2llhte(Re, + re')
R1N' = 11.3kOll3.3k!lll150(271.70)
R 1N' = 2.55k!lll40.8k0 = 2.4k0

Next, calculate the minimum capacitor values.

3.18 3.18 
= 138.3µ,F C, = --=

f,R 1N 100(2300) 

3.18 3.18 
= 2.65µ,F C2 = --= 

f,Rc 100(12k0) 

3.18 3.18 
= 13.3µ,F Ca= --=

f1R1N 
, 100(2.4k0) 
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Self-Test Review 

Refer to Figure 4-11 for questions 1 through 10. 

24V 
REI

= !Ore

f 1 = 200 H't 

hFE = 100 

h fe = 90 

IcQ = 2 mA

REI C1 6kQ 

·1 RE2
: VIN

-= -= 

Figure 4-11 

Circuit for Self-Test Review questions 1-1 0. 

Assume the circuit is designed to provide a voltage gain of 15. 

1. RE, should equal approximately n. 

2. Ac should equal approximately kfl. 

3. RE
2 
should equal approximately kO. 

4. R8 should equal approximately kO. 

5. C1 should have a DC voltage rating larger than V.



"---...,, 6.

7. 

8. 
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C1 should exceed approximately ____ µf. 

C2 should exceed approximately ____ µF. 

C3 should exceed approximately ____ µF. 

9. If Re
1 

was shorted, the voltage gain would increase to approximately 

10. If Re
1 

was shorted, the input resistance seen by the signal source would 

be approximately _____ fl. 

Answers 

1. 1850 6. 85.3µ,F

2. 6.2kO 7. 2.65µ,F

3. 2.215kO 8. 0.9µ,F

4. 925kO 9. 164.9

5. 4.43V 10. 18.50

The solution to questions 1 through 10 follow. 
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Generally speaking, the following calculations follow the procedure outlined in 
the common-base design guide for the emitter feedback circuit. 

1. Since lea = 2mA and r 8' = 18.50:

Re,= 10r8' = 10(18.50) = 1850

2. To determine the value of Re, first calculate the value required
for rL:

rL 
= Av(Re, + r 81) = 15 (1850 + 18.50) = 3.05k0

Then:

RLrL 6k0(3.05k0) 
Re = --= ----- = 6.2k0

RL - rL 6k0 - 3.05k0 

3. Before R� can be calculated, you need to determine values for
VeBO, VEa, and RE . Thus:

Vcsa = lcorL = 2mA(3.05k0) = 6.1V

Vea = Vee - [lcaRc + Vcsa + Vsel
Vea= 24V - [2mA(6.2kO) + 6.1V + 0.7V]
Vea = 24V - 19.2V = 4.8V

Vea 4.8V 
Re = - = - = 2.4k0

lea 2mA 

Now:

Re,= Re - Re,
Re, 

= 2.4k0 - 1850 = 2.215k0

4. Since lea = 2mA and hFE = 100, 180 = 2mA/100 or 20µA. Thus:

Vee - [Vse + Veal Rs = 

Isa 

Rs = 
24V - [0.7V + 4.8V] = 925k0

20µ.A 

5. C1 charges to the DC voltage across R�. Thus the DC voltage
rating of C2 should exceed leaR�. In this case:

lcoRe, = 2mA(2.215kO) == 4.43V

-...__/. 
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6. To calculate the minimum size required for C1 , you must first calcu
late R1N, In this case:

7. 

R1N = Re,ll(Re, + re')
R1N = 2.215k011(1850 + 18.50)
R1N 

= 2.215k011203.50 = 186.40

Now:

C,= 3.18 

f,R1N 
3.18 

200(186.40) 
= 85.3µ.F

C2 = 3.18 3.18 

f,RL 200(6k0) 
= 2.65µ.F

8. To determine the value of C3, first calculate R1N '.

9. 

R1N' = Rsllhte(Re, + re')
R1N' = 925kfill90(185 + 18.50)
R1N' = 925kfill18.315k0 = 17.6k0

Now:

rL 
Av = --- . If Re = 0 then: 

R + r,
1 

E1 
e 

rL 3.05kn 
Av

= -= -- = 164.9
r0' 

18.50 

10. The input resistance seen by the single source in a common base
amplifier is:

R1N = 2.215kfill18.50 = 18.50

This is a very small input resistance, and would excessively load 
most signal sources. For this reason, a common-emitter amplifier 
is usually preferred for high gain, single-stage amplifiers. 



4-32 I UNIT FOUR

COMMON-COLLECTOR AMPLIFIERS 

In a common-collector amplifier, the AC input signal is applied to the base terminal 
and the AC output signal is taken from the emitter terminal. With such an arrange

ment, you will find that the output voltage closely ''follows" the input voltage. 
For this reason, a common-collector amplifier is referred to as an emitter

follower. 

An emitter-follower circuit has characteristics that are quite different from those 

of the common-emitter and common-base circuits discussed previously. As you 

will see, a typical emitter-follower has a large value of R1N, a small value of 

Ro, and a voltage gain close to unity. These characteristics make the emitter
follower useful for impedance matching and buffering applicati0ns. 

Emitter-Follower Circuits 

You can convert a common-emitter amplifier to an emitter-follower as follows: 

1. Set Re = 0.

2. Remove the emitter bypass capacitor.

3. Take the output voltage from the emitter terminal rather than from
the collector terminal.

By following these steps, you can easily obtain the circuits illustrated in Figure 

4-12 from their common-emitter counterparts. These circuits represent the most

frequently encountered emitter-follower amplifiers.

'---" 
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Rs

VQ 

RE

RL

-= -= 

EMITTER FEEDBACK 

Vee

Flgure4-12 

Typical emitter-follower circuits. 

A. Emitter feedback.

R 1
B. Voltage divider. 

C. Emitter bias. 

v
o 

Rz

-= -= -= 

VOLTAGE DIVIDER 

Vee

vo

Rs

-= 
-VEE -= 

EMITTER BIAS 
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DC Analysis 

The DC equivalent circuits for the emitter-followers in Figure 4-12 are obtained 

by reducing the AC sources to zero, and opening the coupling capacitors. The 

resulting DC equivalent circuits are illustrated in Figure 4-13. 

Note that except for the fact that Re = 0, the DC equivalent circuits in Figure 

4-13 are identical to the emitter feedback, voltage divider, and emitter bias circuits

discussed in Unit 2.

By setting Re = O in the formulas for the emitter feedback, voltage divider, and 

emitter bias circuits, you obtain the formulas necessary to calculate the DC cur

rents and voltages in the emitter-follower circuits of Figure 4-12. 

Vee 

EMITTER FEEDBACK VOLTAGE DIVIDER EMITTER BIAS 

@ © 

Figure4-13 

DC equivalent circuits for the emitter followers in Figure 4-12. 
A. Emitter feedback. 
B. Voltage divider.
C. Emitter bias.

.___,,, 
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Example4-5 

Rs 
46.5kQ 

33 µF 

20V 

- 1,.+.:,___..__ _ __. 

Flgure4-14 

Circuit for Example 4-5. 

Common-Base and Common-Collector Voltage Amplifiers 

Calculate the values of IcQ and VCEQ for the circuit shown in 
Figure 4-14. Also, calculate the DC saturation current, and DC 
cutoff voltage. Assume the BJT in Figure 4-14 has an hFE of 
100. 

Referring to the formulas for the emitter feedback circuit in the Biasing Summary 

Guide in Unit 2, you can proceed as follows: 

20V - 0.7V 
----46-.S-kO-

= 20mA = lea 
soon.+ ---

100 

Vee = Vee - lc(Re + Re) 
Vee = 20V - 20mA(0 + 5000) 
Vee = 10V = Vcea 

Vee 
IC(satJ =

Re+ Re 
20V 

= 40mA 
o + soon.

Vee(cut) = Vee = 20V 

4-35
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AC Analysis 

The AC equivalent circuits for the emitter-follower in Figure 4-12 are obtained 

by reducing the DC sources to zero, and shorting the coupling capacitors. In 

each case, the resulting AC equivalent circuit appears as shown in Figure 4-15A. 

Naturally, in the case of the voltage divider circuit R8 equals the parallel combina

tion of R1 and R2. 

@ 

vo 

AC EQUIVALENT CIRCUIT 

C 

® -t
vo 

REPLACING THE BJT W 1TH ITS AC MODEL 

Figure4-15 

Emitter-follower AC equivalent circuits. 

A. AC equivalent circuit.
B. Replacing the BJT with its AC model.
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� By replacing the BJT in Figure 4-1 SA with its AC model, you obtain the circuit 

shown in Figure 4-15B. Here, taking the indicated path, you can write the following 

loop equation: 

'-._./ 

Where: 

Solving for the AC emitter current, ie, yields: 

As before: 

. le le 
4,=-=-

B hie 

In Figure 4-15B, note the direction of i8 is such that when v1N is positive, v0

is also positive. Consequently, in an emitter-follower, the input and output voltages 

are in phase with each other. 

Since vo = ierL we have: 

Solving for the ratio of v0 to v1N yields: 

(Eq. 4-18) 

Note that if rL> >r 8
1

, Av = 1. Equation 4-18 indicates that the voltage gain of 

an emitter-follower can be close to 1, but it cannot exceed 1. 
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Since the output current is le, and the input current is Lb the current gain, Al, 
is: 

Because the power gain is the product of the current gain and voltage gain: 

(Eq. 4-19) 

The AC input resistance looking into the base equals the ratio of v1N to Lb. Thus: 

Since Le= 

VIN V1N hteVIN 
R1N(BASE) = -,- = -,- = -, -

V(N 
--- we have: 
rl + re' 

4> LC LC 

hte 

'--.._,/ 

From Figure 4-15, it should be clear that the input resistance seen by the signal 
source is: 

R1N = RBII_RIN(BASE) 

The output resistance of an emitter-follower depends on a complex relationship 
between numerous factors. Compared to common-emitter and common-base cir
cuits, the output resistance of an emitter follower is quite low. By using the follow
ing formula, you can calculate a "ballpark figure" for the output resistance of 
the emitter followers in Figure 4-12. 

Where Rs is the output resistance of the signal source driving the emitter follower. 

A summary of the AC formulas for the emitter-follower circuits in Figure 4-12 
is provided in Table 4-2. 



'-..__.,.,' 

Parameter 

AC emitter current 

AC collector current 

AC base current 

Voltage gain 

Current gain 

Power gain 

Input resistance (base) 

Input resistance (total) 

Output resistance 

R1N is large, R0 small, and Av = 1 . 

le = 

le= 4, 
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Approximate Formula 

VIN 

RL + re' 

le 
�= -

hte 

rL 
Av = 

rL + re' 

A, = h1e 

hterL 
Ap = rL + re' 

R1N(BASE) = hte(rL + re') 

R1N = Rsllhte(rL + re') 

Ro = [re' +

Comments 

RsllRs 
]IIRe 

hte 

Applications include buffers and impedance matching. 

v0 and v,N are in phase with each other. 

TABLE4-2 

Emitter-follower AC formula summary guide 

Emitter-Follower AC Load Line 

In the DC equivalent circuits of Figure 4-13, the resistance between the collector 

and emitter terminals equals RE. Therefore, the DC load lines have a slope equal 
to -1/Re. 
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AC LOAD LINE SLOPE= - ....!_ 

/ 

rl 

Figure4-16 

DC LOAD LINE SLOPE = - -f-
/ 

E 

Emitter-follower load lines. 

Similarly, in the AC equivalent circuit of Figure 4-15A the resistance between 
the collector and emitter terminals equals rL, For this reason, the AC load line 

has a slope of -1 /rL, as shown in Figure 4-16.

By applying the general equation y-y1 = m(x-x1 ) to Figure 4-16, you obtain: 

-1
le = lea= - (Vee - Veea) (Eq. 4-22)

rL 



Common-Base and Common-Collector Voltage Amplifiers 4-41 

"------'· T�e intercept values and clipping levels are obtained as before. In this case: 

'--.,, 

Vcea 
ic(sat) = lea + --

rL 

vce(cut) = Vcea + lcarL

v- = Vcea

Buffers and Impedance Matching 

(Eq. 4-23) 

(Eq. 4-24) 

(Eq. 4-25) 

(Eq. 4-26) 

By carefully selecting component values, the voltage gain of an emitter follower 
will be almost unity. In addition, the output voltage will be in phase with the 
input voltage. Hence, the output voltage, in a well designed emitter follower, is 
almost identical to the input voltage. 

The principle use of an emitter follower is as an impedance matching device. 

The following example serves to illustrate this concept. 
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@ 

R
s 

600Q A 

B 

SIGNAL SOURCE 

R
s 

600Q A 

B 

SIGNAL SOURCE DRIVING A 500Q LOAD 

Flgure4-17 

Circuits for Example 4-6. 

A. Signal source.
B. Signal source driving a soon load.
C. Driving the 500fi load via an emitter-follower.

R
s 

©
600Q A 

], IV PEAK f\J 
VIN 

B 

Rs
46. 5kQ 

+ 

33µF 

20V 

DRIVING THE 500Q LOAD VIA AN EMITTER-FOLLOWER 

Example4-6 

vo 

Figure 4-17A depicts a signal source whose output resistance, 
Rs, is 6oon. Calculate the voltage developed across a soon

load assuming: 

(a] The signal source is connected directly to the 
500fl load as shown in Figure 4-17B. 
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(b) The signal source is connected to the soon load 
through the emitter-follower circuit as shown 
in Figure 4-17C.

(a) Using voltage division, the output voltage is:

Vo = VAB =
1V(5000) 

-600-0-+-5-00-0-
= 0.454V peak 

In this case, only 45.4% of the signal voltage is developed across 
the soon load. The remaining 54.6% is dropped across the 6000 
output resistance of the signal source. Since RL is not large com
pared to Rs there is excessive loading of the signal source. 

(b) The emitter follower in Figure 4-17C was partially analyzed in Ex
ample 4-5. Recall that:

lea = 20mA 
Veca = 10V 

Since the emitter follower is between the signal source and load, 
the effective load resistance seen by the signal source is the input 
resistance of the emitter follower. This concept is illustrated in Fig
ure 4-18. 

Since lea = 20mA: 

37mV 
-- = 1.850 
20mA 

RIN= 16. 34kQ 

B 

Flgure4-18 

The effective load resistance seen by the signal source in Figure 
4-17C equals the input resistance, R1N, of the emitter-follower. Here, 

R1N = Rsllhte(rL + re'). 
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Also, since Rs = 46.5k0, hte = 100 and rL = 2500, the value 

of R1N is: 

R,N = Rsllh1e(rL + re') 
R1N = 46.5kD.Jl100(250,{}, + 1.85D.) 
R,N = 46.5kD.Jl25.185kO 
R,N = 16.34k0 

Clearly, since R1N>>Rs there will be very little loading of the signal 

source. The portion of the 1 V peak signal that is applied to the 

input terminals of the emitter follower is, by voltage division: 

1V(16.34k0) 
viN' = 6000 + 16.34k0 

= 0·964V peak 

v,N' is the voltage "amplified" by the emitter follower. To predict 

the load voltage, you must calculate the voltage gain of the emitter 

follower. Here: 

rL 250,{}, 
Av = -- = ----- = 0.993 

rL + re' 2500 + 1.850 

Since vo = Avv1N, the voltage developed across the 5000 load 

is: 

v0 = Avv,N = 0.993(0.964V) = 0.957V peak 

In this example, the emitter follower functioned as an impedance matching device. 

Specifically, as far as the signal source was concerned, the emitter follower step

ped up the relatively low, 5000, load resistance to approximately 16.34k0. Since 

the voltage gain of the emitter follower is almost 1, nearly all the source voltage 

was developed across the 5000 load. 

The action just described is similar to that of an impedance matching transformer. 

By using an emitter follower, you avoid the cost and bulk associated with a trans

former. In addition, the frequency response of an emitter follower is generally 

superior to that of a comparable transformer. 

Example4-7 

Sketch the Thevenin equivalent circuit, as viewed from the 
soon load in Figure 4-17C. The equivalent circuit represents 
the "equivalent signal source" that drives the 500{}, load resis
tor. 

"---....---

'---/ 

'",_/ 
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'----'' Since the emitter follower in Figure 4-1 ?C has a voltage gain close to 1, and 

a large value of R1N compared to Rs, the Thevenin output voltage is approximately 

equal to v1N, or 1 V peak in this example. 

The output resistance of the emitter-follower is the Thevenin resistance of the 

"equivalent signal source" driving the soon load. Thus: 

46.5k!1ll600!1 
Ro = [1.850 + ----]11500!1 

100 

Ro = 7.77!111500!1 = 7.65!1 

The equivalent signal source seen by the soon load applies as shown in Figure 

4-19.

Ro=7.65Q 

B 

Figure4-19 

The equivalent signal source driving the soon load in Figure 4-1 ?C 

Incidentally, a circuit used to isolate a low impedance load from a high impedance 

signal source is often referred to as a buffer. For this reason, emitter followers 

are also called buffers. 
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Darlington Pairs 

Two transistors can be connected to form what is referred to as a Darlington 

Pair, as shown in Figure 4-20A. In this arrangement, note that the emitter current 
of the first transistor is the base current of the second transistor. 

Darlington pairs can be formed with two discrete transistors as shown in Figure 
4-20A. In addition, single-unit Darlington packages are available from most man
ufacturers. In any event, a given Darlington pair can be modeled as a single
equivalent transistor, as shown in Figure 4-20B.

Starting with Figure 4-20A, the equivalent transistor model can be developed 
as follows. 

EQUIVALENT B 

1. Assuming the AC base current of the first transistor is lb,, the collec
tor current is B1 lb ,

2. Since le
= le, le, is essentially equal to B1 4,,.

3. The base current of the second transistor is the emitter current
of the first transistor. Thus, lc

2 
= B24,

2 
= B2(B1 lb,) = B1B2lb,·

Ideally, the effective B of the Darlington pair, Bop is: 

'--.,./ 



...____,, 

® 

B 
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C 

CONNECTING TWO BJT'S IN A DARLINGTON PAIR 

- --

1 

I 

I 

I 

I 

I 

I 

I 

I 

I 

C 

E 

DARLINGTON PACKAGE AND APPROXIMATE EQUIVALENT 

Figure4-20 

The Darlington pair configuration. 
A. Connecting two BJT's in a Darlington pair.
8. Darlington package and Approximate equivalent.

r ' rv 74mV
eop ~ -

IE 

VBE �l.4V
DP 
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EQUIVALENT re
'

In Figure 4-21 A, the input resistance looking into the base of the second transistor 
is: 

This input resistance is the effective emitter resistance of the first transistor, as 
shown in Figure 4-21. Consequently, the input resistance looking into the base 
of the first transistor is: 

Factoring B2 out of the expression in brackets yields: 

Since B 1B2 =B0p the expression in the brackets represents the equivalent re ' 
of the Darlington pair. Thus: 

Equation 4-27 is useful for estimating the equivalent re' of a Darlington pair that 
uses two discrete BJT's. This expression can be further simplified. Look at the 
following. 

37mV 37mV 
Clearly, re' = -- and re' = -- . , 

I 
2 

I E, E
2 

In a Darlington pair, IE, is ls
2

• Therefore:

Solving for IE,, gives us: 

Now: 

37mV 37mV hFE,
37mV 

-- = -- = -�- = hFE,re,; 
le, le, 

l
e, 

hFe, 

'-._.,/ 

'------" 
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INPUT RESISTANCE LOOKING INTO BASE 2 

Figure4-21 

Darlington input resistances. 
A. Input resistance looking into base 2.

B. Input resistance looking into base 1.

INPUT RESISTANCE LOOKING INTO BASE 

Substituting hFE/e; for re� into Equation 4-27 yields: 

(Eq. 4-28) 

Assuming the DC beta, hF�, is essentially equal to the AC beta, h,e2
, the previous 

relationship reduces to: 

74mV 
re;,_ = 2r.,; = --

1� 
(Eq. 4-29) 
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Manufacturers rarely provide values of hFE and hre for each transistor in a single
unit Darlington-pair package. For this reason, Equation 4-29 is especially useful 
for estimating the values of re� in single-unit Darlington-pair packages. 

In Figure 4-20B, note that IE in the single-transistor equivalent circuit equals the 
value of 1

'=2 in the original Darlington package. For this reason, the value of r8' , 

in a single-unit package, is: 
Op 

(single unit package) 

EQUIVALENT V BE 

Since a Darlington pair uses two transistors, connected as shown in Figure 4-20A, 
it is obvious that the effective VaE is: 

V
BEo,, 

= Vse, + Vse, = 1.4V (silicon BJT's) (Eq. 4-30) 

Darlington Pair Emitter Follower 

The analysis of Darlington pair emitter followers is similar to the analysis of the 
single-transistor emitter followers discussed previously. An additional factor that 
must be considered, however, is the AC resistance, re', of the reverse biased 
collector-base diode. 

Figure 4-22A illustrates the AC equivalent circuit of an emitter follower, when 
r c' is included in the BJT model. From the discussion of AC BJT models in Unit 
3, you know that r c' typically has a value in excess of 1 MO. 

By redrawing the circuit in Figure 4-22A, you obtain the circuit shown in Figure 
4-228. Here, it is apparent that re' is in parallel with R8, and the input resistance
looking into the base, h18(r 8' + rL). Thus, the input resistance of the circuit is:

R1N = Rsllhte(re' + rJllrc' (Eq. 4-31) 

In a single-transistor emitter follower, the hr8(r8' + rL) product is small compared 
to the value of re'. In this case, Equation 4-31 is closely approximated by: 



® 

Common-Base and Common-Collector Voltage Amplifiers 4-51 

EMITTER-FOLLOWER AC EQUIVALENT CIRCUIT THAT INCLUDES 

REDRAWING THE CIRCUIT 

Flgure4-22 

Emitter-follower AC equivalent circuits that illustrate the effect re' 
has on the circuits input resistance. 

A. Emitter-follower AC equivalent circuit that includes re'.
8. Redrawing the circuit.

I 

r C 

This is the reason why re' is usually neglected in single-transistor emitter follow

ers. 

In Darlington pair emitter followers, re' cannot be neglected. The following exam

ple illustrates how to analyze a Darlington pair emitter follower. 
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0.33MQ 

lOµF 
+ 

0.33MQ 

20V 

hte = lOO 

h fe = 80 

lOOuF 

Tz 

,:, 
�

•o

� .... 0 l t.� 

Figure4-23 

Circuit for Example 4-8. 
Example4-8 

In Figure 4-23 the signal source has an output resistance, Rs, 
of 1 okn. Obviously, if the signal source is connected directly 
to the 1kfl load resistor, most of the signal voltage will be 
dropped across the output resistance of the signal source. 

To avoid excessive loading, the signal source drives the 1kfJ 
load resistor through the Darlington pair emitter follower. Esti
mate the input resistance of the circuit. Assume each transistor 
has an re' equal to 5MfJ. Also assume hFE, = hte, and hFE, 
= hte,• 

The base voltage of the first transistor, T1 , is, using voltage division: 

20V(0.33M!l) 
Vs, = 0.33M!l + 0.33M!l = 10V

Thus, the emitter voltage of T 1 is: 

Ve = Vs - Vse 
Ve

1 

= 10V - 0.7V = 9.3V 
I 

In a Darlington pair, VE
1 

= Vs
2

• Thus: 

Ve, = Vs, - Vse 
Ve, 

= 9.3V - 0.7V = 8.6V 

'-.......-.-/ 
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Since V� = 8.6V and RE
2 

= 8.6kfi the emitter current I� is: 

A d 
, 37mV , 

n re
= -- re

=

2 I� , 2 

Ve,, 8.6V 
le,, = - = -- = 1 mA 

Re,, 8.6k!l 

37mV 
= S?fi 1mA 

The AC load resistance, rL is: 

rL = Re,,IIRL 
rL = 8.6k!lll1 k!l = 8960 

Therefore, the input resistance looking into the base of transistor T 1 is: 

R1N(BASE 2i = hie
2
(ra,; + rJllrc; 

R1N(BASE 2J = 80(370 + 896!l)ll5M!l 
R1N(BASE 2) = 74.64k!lll5M!l = 74.64k!l 

Note that since hte
2
(re; + rJ<<re', the parallel combination of hte

2
(re; + rJ and 

re' essentially equals hte2
(re; + rJ. You will find that in most Darlington pair 

emitter followers, re; can be neglected. 

R1N{BASE 2) is the effective emitter resistance, RE
1

, of the first transistor, T1 . 
.._,, For this reason, the input resistance looking into the base of T 1 is: 

Since I� = 1 mA and hF� = 80, I� equals 1 mA/80 or 12.5µA. Thus: 

Is, = le, = 12.SµA 

37mV 37mV 
re' = -- = -- = 2.96k!l' le, 12.5µA 

Therefore, the input resistance looking into the base of T 1 is: 

R1N(BASe 1) = hte,(re; + Re,)llrc; 
R1N(BASe 1) = 100(2.96k!l + 74.64k!l)ll5M!l 
R1N(BASE 1) = 7.76M!lll5M!l 
R1N(BASe 1) = 3.04M!l 

Note that since hte,(re: + Re,) is not small compared to re:, you should not neglect 
re:-
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The input resistance of the Darlington pair circuit can now be calculated in this 
manner: 

Example4-9 

R1N = RB!IR1N(BASE 1) 
R1N = 0.33MOII0.33MOll3.04MO 
R1N = 0.165MOll3.04MO 
R1N = 156.Skil 

Example 4-8 illustrated how to analyze a Darlington pair emit
ter follower constructed from two discrete transistors. Rework 
Example 4-8 by doing the following: 

1. Convert the Darlington package in Figure 4-23 to an
equivalent transistor.

2. Sketch, and solve, the single-transistor equivalent
circuit for RJN,

1. To convert the Darlington pair in Figure 4-23 to an equivalent tran
sistor, you can proceed as follows:

B0p = hte
0p 

= hte,hte2 
= 100(80) = 8000 

V
BEo,, = 1.4V 

Example 4-8 indicated that re; is usually negligible. Hence, the 
effective value of re� essentially equals the value of re;. Thus: 

2. The single-transistor equivalent is illustrated in Figure 4-24. Here,
R1N is calculated in this way:

20V(0.33MO) Va = 

0.33MO + 0.33MO = 10V

Ve = Va - Vae 
Ve = 10V -1.4V = 8.6V 

Ve 8.6V 
I - ---- = 1mA e - Re - 8.6kO 

74mV 
r..;,. = -- = 740 

le 

rL = Re!IRL = 8.6killl1 kil = 8960 

'-----" 
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R5 = l0kQ 

0.33MQ 

l0µF 
- + 

0.33MQ 

.... 

20V 

.... .... 

Figure4-24 

Single transistor equivalent circuit for Figure 4-23. 

The input resistance looking into the base is therefore: 

R1N(BASE) = h1e
o,,

(re,',. + rJllrC:,,, 
R1N(BASE) = 8000(740 + 896O)115MO = 3.04MO

Now the input resistance of the circuit is: 

R1N = Ral1R1N(BASEJ 
R1N = 0.33MOII0.33MOll3.04MO = 156.5kO 

hte DP = 8000

Comparing Example 4-8 with Example 4-9, you can see that the equiva
lent transistor approach requires fewer calculations. For this reason, 
the equivalent transistor approach is the preferred method. 

Design Consideration 

Generally speaking, when you design an emitter follower, you must make trade
offs relative to the following factors: 

1. Obtaining a near unity voltage gain.

2. Obtaining a large value of R,N-

3. Obtaining a Q point near the center of the AC load line.

4. Obtaining a stable Q point.
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To obtain a voltage gain of approximately 1, rL must be large compared to r 8'. 

In most cases, this condition is easily satisfied. '--..-/ 

Since R1N = RellR1N(BASE)llrc', large values of Re are necessary to ensure large 
values of R1N• However, if R8 is ''too large" the Q point becomes B dependent 
since, in single-supply emitter-follower circuits: 

Vee - Vee 
le=

Re 
Re+ -

B 

Therefore, most designs reflect an input resistance/stability trade-off. In those 
cases where it is difficult to satisfy both factors, you should consider a Darlington 
package. 

Centered Q Point 

In single-supply emitter-follower circuits the DC collector-to-emitter voltage, VcEa, 
is: 

Vcea = Vee - lcaRe 

The AC load line indicates that the Q point will be centered when: 

Vcea = lcdL 

Equating the two expressions, and solving for lea yields: 

Vee 
lca =--

Re + rL 
(Eq. 4-32) 

Equation 4-32 indicates the value of lea required to locate the Q point near the 
center of the AC load line. 
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Based on Equation 4-32, you can use the following procedure to design elemen
tary emitter-follower, single-supply, circuits. 

1. Select RE. As a guide, RE is chosen to be 1 to 5 times larger
than RL,

2. Calculate rL. Since RE = 1 to 5 times RL, the value of rL will be
between 83% and 91 % of RL, By making rL as large as possible,
you obtain the largest possible value of R1N(BASE)·

3. Calculate 100. By using Equation 4-32, you can determine the value
of lea required to produce a Q point near the center of the AC
load line.

4. Calculate the values of the biasing resistors required to produce
the value of lea calculated in step 3.

5. Calculate the required capacitor values.

Once steps 1 through 5 have been implemented, you should evaluate the resulting 
'-..___,,J circuit to make sure the voltage gain, input resistance, signal swing, etc. satisfy 

your specifications. 

Design Guide 

The following design guide uses the procedure just described for single-supply 
emitter-follower circuits. In addition, a similar procedure is provided for the emitter 
bias circuit. In this case, it is assumed that the designer has the freedom to 
specify values for the supply voltages. 

To design Darlington emitter followers, you must use, where appropriate, re�, 
B0p, and V8E0p· Also, remember to include re' in your calculations for R1N-
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

Select Re. 

Calculate rL. 

Calculate lea. 

Calculate Vea-

Calculate Vcea-

Calculate Ra. 

EMITTER-FOLLOWER DESIGN GUIDE 

Vee 

EMITTER FEEDBACK 

Re = 1 to 5 times RL 

ReRL 
rL 

= 

Re+ RL 

lea = 

Vee 

Re+ rL 

Vea = leaRe 

Vcea = Vee - Vea 

Rs = 
Vee --[VBE + Veal 

Isa

3.18 
Select capacitors. C1>--

- f1R1N 

3.18 
C2� --

f1RL 

1 

'-..../ 



1. Select Re.

2. Calculate rL.

I 

'-....-/' 

3. Calculate lea.

4. Calculate Vea-

5. Calculate Vcea-

6. Select R2. 

7. Calculate R1 .

8. Select capacitors.

. Common-Base and Common-Collector Voltage Amplifiers 4-59 

2 

VOLTAGE DIVIDER 

Re = 1 to 5 times RL 

ReRL 
rl = 

Re+ RL 

lea = 

Vee 

Re+ rL 

Vea = leaRe 

Vcea = Vee - Vea 

R2 = 10Re 

R1 = 
R2(Vee - VaoJ 

Vsa 

3.18 
C1;;:: --

f1R1N 
3.18 

C2 ;;::--
f1RL 
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3 

EMITTER BIAS 

1. Select Vee- Vee =desired clipping level. 

2. Select Re. Re = 1 to 5 times RL 

3. Calculate rL.
ReRL 

rl = Re+ RL -..____/ 

4. Calculate lea. lea = 
Vee+ 0.7V

rL

5. Calculate Vee- Vee = leaRe + 0.7V 

6. Select Rs. Rs = 10Re 

7. Select capacitors.
3.18 

c,:2:--
f,R1N 
3.18 

C2:2:--
f,RL 
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Design a n  emitter follower accordi ng to the followi ng specifica
tion s: 

1. Vee = 12V 3. Usea voltage divider circuit.

2. hte =hFE = 100 4. f1 = 100Hz

The following steps correspond to the steps in the design guide for the voltage 

divider circuit. 

1. Select Re = RL = 1000

2. rL = Re]IRL = 100.0.11100.0. = 50.0.

3. 

4. 

5. 

6. 

7. 

lea = 
12V ---- =amA

100.0. + 50.0. 

Vea= lcaRe = aomA(100.0.) = av 

Vcea = Vee - Vea = 12V - av= 4V 

SinceVEa = av, V80 =av+ 0.7Vora.7V 

R, = 
1k.0.(12V - 8.7V) = 3790

a.7V
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8. To calculate C1 , you must first calculate RiN• Since lea = 80mA

= IE we have: 

37mV 37mV 
re' = -- = -- = 0.4630 

le 80mA 

R1N(BASE) = h1e(rc' + rJ 
R1N(BASE) = 100(0.4630 + 500) = 5046.30 = 5.05kO 

Rs= R,IIR2 = 379Oll1kO = 2750 

R1N = RsllR1N(BASE) 

R,N = 275O!15.0SkO 
R,N = 2610 

Thus, the minimum capacitor values are: 

C, = 

3.18 3.18 

f,R1N 100(2610) 
= 121.8µ.F 

C2 =
3.18 3.18 

f,RL 100(1000) 
= 318µ.F 

Example 4-11 

The emitter follower designed in Example 4-10 effectively 
"stepped up" the load resistance, as seen from the signal 
source, from 100n to 261il. 

If the signal source has an output resistance of 600[},, a typical 
value, the 2.61:1 increase in the effective value of RL is not 
sufficient to prevent significant loading of the signal source. 

For this reason, the circuit is to be redesigned using a Dar
lington pair configuration. Assume that two transistors like the 
one used in Example 4-10 are available for the design. Also 
assume re' for each transistor is 5Mil. 

First estimate the equivalent parameters for the Darlington package: 

B0p = B1B2 = 100(100) = 10 000 

-.___/ 

f 

'-....__/ 
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.-1 In practice, the actual value of Bop, when the Darlington package is composed 
of two discrete transistors, will be less than the B1B2 product. 

_/ 

For this reason, we will derate the calculated value of Bop by 40%. Thus: 

B0p = 0.6 B1B2 
B0p = 0.6(10 000) = 6 000 

The first five steps in the design process are the same as in Example 4-10. 
We will simply note the results. 

1. Re = 1000

2. rL = 500

3. lea= 80mA

4. Vea = 8V

5. Vcea = 4V

6. In a Darlington package, the equivalent values of hte and hFE are
very large. For this reason, R iN(BASE) is also quite large. Because
of this, larger values of R1 and R2 can be used without loading
the voltage divider.

7. 

With a single transistor, R2 is usually chosen so that R2 � 10RE.
As a guide, you can select R2 = 1 00RE if a Darlington arrangement
is used. Thus:

R2 = 100Re = 100(100 0) = 10kO

Since VEa = av and the equivalent value of VsE is 1.4V, VBO 
= av + 1.4V or 9.4V. Thus: 

R1 
= 10kO(12V - 9.4V) = 2_76kil 

9.4V 
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8. First estimate R1N(BASE):

Since IE = SmA: 

74mV 74mV 
re:,. = -,E-= B0mA = 0.9250

Thus: 

R1N(BASE) = 6000(0.9250 + 50O)115MO 

R1N(BASE) = 305.SkOIISMO = 288kO 

R1N equals RsllR1N(BASE)· Therefore: 

R1N = 2.16kO11288kO = 2.14kO 

The minimum capacitor values are therefore: 

3.18 3.18 
C, = - = ---- = 14.85µ.F

f,R1N 100(2.14kO) 

3.18 3.18 
C2 

= - = ---- = 318µ.F
t,RL 100(1000) 

In Example 4-11, note that the load resistance, as seen from the signal source, 
has been stepped up from 1 oon to 2.14kfi. 

If a larger value of RIN is required, you can increase the values of R1 and R2 , 

while maintaining the same ratio. For example, if R1 = 27.6kfi and R2 = 100kfi,

R,N is approximately 20.1 kn. 

Increasing the values of R1 and R2 increases the input resistance. However, 
at some point, the effective DC resistance between the base of the transistor 
and ground, hFERE, begins to load the voltage divider. When this occurs, Vs 
is reduced. In this case, VE and lea will also decrease. For this reason, the 
Q point moves closer to the cutoff region. Thus the values selected for R1 and 
R2 represent a high input resistance/centered Q point trade-off. 
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� Self-Test Review 

'---..-/ 

Refer to Figure 4-25 for questions 11 through 18. 

Flgure4-25 

Circuit for Self-Test Review questions 11-18. 

11. The circuit in Figure 4-25 is to be designed so that the clipping level is
approximately 6V. A reasonable value for Vee is therefore ____ v.

12. Component values should be chosen so that l ea is approximately

---�mA .

13. VEE should be approximately ____ v.

14. The input resistance seen by the 600!1 signal source is

15. Assuming v1N = 3V peak, v1N' is about Vpeak. 

16. Assuming v1N = 3V peak, v0 is about Vpeak. 

17. C1 should be larger than approximately µF.

18. C2 should be larger than approximately µF. 

kfi. 
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Refer to Figure 4-26 for questions 19 through 22. 

rc1=4MQ

hfe1 = 100 

s� rc2
= 6MQ 

hte2= 60 

Flgure4-26 

Circuit for Self-Test Review questions 19-22. 

19. hte0p 
ideally equals

20. For purposes of design, a reasonable value to assume for hfe0p 

21. r� is approximately ____ MO.

22. VeeOp is approximately ____ v.

Answers 

11. 6V 17. 

12. 13.4mA 18. 

13. -14.1V 19. 

14. 8.83kO 20. 

15. 2.81V peak 21. 

16. 2.79Vpeak 22. 

0.36µ,F 

3.18µ.F 

6000 

3600 

4MO 

1.4V 

is 

'---' 
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The solution to questions 11 through 22 follow. 
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11. In an emitter bias circuit, Vee should be approximately equal to the desired

clipping level. Therefore, Vee should equal approximately 6V.

12. 
Vee+ 0.7V 

In an emitter bias circuit, lea = 

Thus: 

6V + 0.7V 
lea = --- = 13.4mA 

5000 

13. Vee = lcaRe + 0.7V

Vee = 13.4mA(1kO) + 0.7V = 14.1V

14. R1N = ReJIR1N(BASE}

Since lea = 13.4mA = le, r0 ' is:

37mV 37mV 
re' = -- = --- = 2.760 

le 13.4mA 

R1N(BASe) = h1e(r e' + rJ 
R1N(BASe) = 150(2.760 + 5000) = 75.4kO 

Ra = 10Re = 10(1kO) = 10k0 

Thus: 

R1N = 1 0kO1175.4k0 = 8.83kO 

15. v1N' is the portion of v,N developed across the input terminals of the amplifier.

Since v,N = 3V peak, Rs = 6000, and R,N = 8.83kn, v,N' is:

3V(8.83kO) 
= 2.81V peak 

8.83kO + 6000 

16. The peak output voltage, v0, equals Avv,N'. Thus:

rl 5000 
Av = -- = ----- = 0.994 

rL + re' 5000 + 2.760 

vo = Avv1N' = 0.994(2.81V) = 2.79V peak 
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17. 

18. 

19. 

20. 

3.18 3.18 
= 0_36 FC, = f,R 1N = 1kHz(8.83k!l) µ. 

C2 = 3.18 = 3.18 
= 3.18 F 

f,RL 1kHz(1k!l) µ. 

h180p calculated in question 19 should be derated by approximately 40%. 
Thus: 

hte
ep 

= 0.6(6000) = 3600 

21. re� approximately equals re', or 4MO in this case.

22. VsEOp = 2VsE or approximately 1 .4V for silicon transistors. 
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HYBRID PARAMETERS 

The principle AC BJT parameters discussed previously include a, B, re', rb', and 
re'. Usually, data sheets do not directly specify values for these parameters. 
However, most data sheets do provide "typical values" of four or more "hybrid 
parameters." 

In this section, you will learn what hybrid parameters are, and why selected hybrid 

parameters are usually provided on BJT data sheets. In addition, you will learn 
how to use hybrid parameter values to estimate the AC BJT parameters discussed 

previously. 

Two-Port Networks 

A pair of terminals is called a port. In many circuits, the input signal is applied 

to one port, and the output signal is taken from a second port. Such circuits 

are referred to as two-port networks.

Figure 4-27 illustrates this concept. Here, the two-port network is contained inside 

an imaginary "black box," which is assumed to be a "sealed unit." 

R
s 

L1
L
2 

- -

i
+ 

BLACK BOX i
+ 

vi 
v2 

!- l-

Flgure4-27 

A generalized two-part network. 
The signal source is connected to the input port, and the load, AL, 

is connected to the output port. Note the initial assumptions for 
current directions, and voltage polarities. 

The only information available to us concerning the contents of the black box 

are the terminal currents, i1 and i2, and terminal voltages, v1 and v2. 

Naturally, values for the terminal currents and voltages could be obtained by 
making appropriate measurements. If a measured current direction, or voltage 
polarity, differs from the assumed direction or polarity in Figure 4-27, the mea
sured quantity is considered negative. 



4-70 I UNIT FOUR

Two-Port Equations 

The terminal currents and terminal voltages in a two-port network are described, 

mathematically, by the following set of equations: 

Where: v1 and i1 are the input voltage and current. 

v2 and i2 are the output voltage and current. 
h11, h12, h21, and h22 are constants.

As you will see, you can obtain values for the constants by making appropriate 

measurements. Once you know the values for the constants, you can construct 

an equivalent circuit for the two-port network contained in the black box. 

DEFINITIONS AND UNITS 

Collectively, the constants h11, h12, h21, and h22 are called hybrid or h parameters. 

The h parameters are defined as follows: 

The condition v2 = O is equivalent to the output being short-circuited. Similarly, 

the condition i1 = O is equivalent to the input being open-circuited. 

\.__,/ 

-....__/ 
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\.____.,, It may not be practical to use an actual short-circuit or open-circuit when measur
ing h parameters. Frequently, a low-reactance capacitor is placed across the 
output terminals to simulate an AC short circuit. Likewise, a high-reactance choke 
is placed in series with the input terminals to simulate an AC open circuit. 

'--.../ 

The term hybrid refers to anything of mixed origin. Since h11, h12, h21, and h22 
have units corresponding to a resistance, voltage gain, current gain, and admit
tance, the term hybrid parameters is most appropriate. 

A summary of the definitions of the hybrid parameters is provided in Table 4-3. 
In addition to being called the open-circuit reverse voltage gain, h12 is also referred 
to as the "reverse voltage transfer ratio" or the ''voltage feedback ratio." 

Parameter Definition Description 

h11 V1 short-circuit input impedance 

i1 V2 =0

h21 i2 short-circuit forward current gain 

Ci V2 = Q 

h12 V1 open-circuit reverse voltage gain 

V2 i1 = 0

h22 l2 open-circuit output admittance 
-

V2 i1 = 0

TABLE4-3 

Hybrid Parameters 



4-72 I UNIT FOUR

Equivalent Circuits 

Equation 4-33 describes the input port. Specifically: 

v, = h11i1 + h12V2 (Eq. 4-33) 

L Lunitless
Units of ohms 

Equation 4-33 suggests a series circuit composed of an equivalent input resis

tance, h11, and a dependent voltage source, h12v2. 

Similarly, Equation 4-34 describes the output port. Specifically: 

½ = h21i1 + h22v2 (Eq. 4-34) 

L L Units of siemens
Unitless 

Equation 4-34 suggests a parallel circuit composed of a dependent current 

generator, h21i1, and admittance h22v2 . 

Rs 

+ i 
vr 

-! 

Lr 
BLACK BOX 

i 
• 

I hll : 
I I 

I I 

I hrz vz hz r Lr hzz I 
I I 

I I 
I I 

I 
I 

L ___ --- __ ___________ J 

Figure4-28 

Hybrid parameter model for the generalized two-port network in 

Figure 4-27. 

�2 
-

f
+ 

v z  RL 

l-

�-
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\____,; By combining the two equivalent circuits, suggested by Equation 4-33, and Equa
tion 4-34, into a single package, you obtain the h parameter model of a two-port 
network illustrated in Figure 4-28. 

By analyzing the equivalent circuit in Figure 4-28 it is possible to derive equations 
for A., Av, Ap, R,N, and R0 that apply to virtually any two-port network.* The 
results of such an analysis are provided in Table 4-4. 

It is important to realize when you use the formulas in Table 4-4, that the "actual 
contents" of the black box are not important. If the h parameter values are known, 
you can calculate the responses in Table 4-4. The actual contents could be a 
passive circuit, filter, attenuator, or BJT amplifier. 

Parameter Formula 

Current gain A,= 
h21 

1 + h22rL 

Av= 
h21rL 

Voltage gain 
h12h21rL - h11(1 + h22rJ 

Power gain Ap = A,Av 

R1N = h11 -
h1�21rL 

Input resistance 
1 + h22rL 

1 
Output resistance Ro = 

h12h21 
h22 -

h11 + Rs 

TABLE4-4 

Two-port network hybrid parameter formulas. 

* Two-port networks for which h parameter analysis is valid must satisfy certain conditions. The "details" of
these conditions have been omitted for simplicity.
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BJT h Parameters 

Since a transistor can be treated as a two-port device, it is possible to specify 
''typical values" of h11 , h12 , h21 , and h22 for a particular type transistor. It is impor
tant to realize, however, that the h parameter values will depend upon the BJT 
configuration. 

For this reason, the h parameter values listed on a data sheet do not use the 

"number notation" discussed previously. Instead, a "letter notation" is used as 

indicated in Table 4-5. 

Parameter Description CE CB cc 

h11 Short-circuit Input hie h,b hie 
impedance. 

h21 Short-circuit forward hte hfb htc 
current gain. 

h12 Open-circuit reverse h,e hrb h,c 
voltage gain. 

h22 Open-circuit output hoe hoo hoc 
admittance. 

TABLE4-5 

BJT h parameter notation. 

In Table 4-5 note that: 

1. The first letter indicates whether the parameter is an input, forward,
reverse, or output parameter.

2. The second subscript indicates the particular BJT configuration -
common-emitter, common-base, or common-collector.

-...,__./ 



hib = 

hit, = 

hrb = 

hoo =

hie = 

hie= 

hre = 

hoe
= 

CE-+CB 

h,e 

hie+ 1 

-hie

hie+ 1

h;ehoe - hre
hie+ 1 

hoe 

hie+ 1 

CB-+CE 

h,b 

hn, + 1 

-hn,

hit,+ 1

h;�oo 
- hrb

hn, + 1 

hob 

hn, + 1 
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CE-+CC 

hie = hie 

hie 
= -(hte + 1 } 

hrc 
= 1 - hre = 1 

hoc = hoe 

CB--+ CC 

hie = 

h,b 

hlb + 1 

-1
hie = 

hlb + 1 

hrc = 

1 - hcbhob 
+ hrb

hlb + 1 

hoc = 

hob 

hlb + 1 

TABLE4-6 

Approximate h parameter conversion formulas. 

Manufacturers data sheets rarely provide a complete set of twelve h parameters 

for each type transistor. Usually, h parameter values are provided for the common

emitter configuration, the common-base configuration, or a combination of the 

two. 

For this reason, it is often necessary, when working with h parameters, to convert 

the parameter values for one configuration to the equivalent parameter values 
for another configuration. Table 4-6 summarizes the most frequently required 

conversion formulas. 
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Figure4-29 

Small signal, AC, h parameter BJT models. 

A. Common-emitter. 

8. Common-base. 

C. Common-collector.

BJT h PARAMETER ANALYSIS 

t v2 

! 

i 
v2 

! 

i vz 

i 

By substituting the appropriate letter notation, in Table 4-5, for h11, h12, h21, and 

h22 in the general h parameter model in Figure 4-28, you obtain the AC equivalent 

circuits in Figure 4-29. The following example illustrates how h parameters can 

be used to analyze a typical amplifier. 

Example 4-12 

The data s.heet for the B]T in Figure 4-30A lists the following 
h parameter values for le = 1mA. 

When you are using h parameters, the units for h09 is siemens, 

NOT TI!dE. Therefore, 13 µ,S means micro siemens. 

,.___../ 

r 
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R
I 

20kQ 

30V 

Re 
15kQ 

IOµF 

Rs = 0.6kQ lOµF ------
��------n vo

+ 

VJN '\, 
+ R

E 
9. 3kQ r_!OOµF = 

ORIGINAL CIRCUIT 

r
---------

, 
I I Rs= D.6kQ I I

--I\N'\,-----4 __ ,;__ __ 

I 
I 
I 
I 

I 
I 
I 
I 

I = I 
L ____ ____ .J 

AC EQUIVALENT CIRCUIT 

,-- ------------- -------7 

: h �e : 
_ __.V\A.,.__ ____ ---1\.1\/\,"--� 

I I 

Rs=D.6kQ 

6. 6 7 kQ 

I I 

I I 
I hre v 2 hoe I 
I I 

I I 

I I 

I I 
I = I 
L------ ---------------� 

h;e = 3.5k!l 

h1e = 140 

h PARAMETER MODEL 

hre = 2.75 X 10-4

hoe
= 13µS 

Flgure4-30 

Circuits for Example 4-12. 
A. Original circuit
B. AC equivalent circuit. 
C. h parameter model. 

6kQ 

Using these values, estimate Av, RIN, and Ro, for the amplifier 
in Figure 4-J0A. 
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Table 4-5 indicates that: 

Reducing the DC sources to zero, and shorting the capacitors results in the AC 

equivalent circuit in Figure 4-308. Similarly, by replacing the BJT with its common

emitter h parameters model you obtain the h parameter model in Figure 4-30C. 

Referring to Table 4-4 we have: 

140(6k!l) 
Av = (2. 75 x 10-4)(140)(6k!l) - 3.5k!l[1 + 13µS(6k!l)]

840k!l 
Av = ------ = - 236

0.231 k!l - 3.78k!l 

h12h2,rL 
R1N = h11 - 1 + h22rL

2.75 X 10-4(140)(6k!l) 
R1N = 3.5k!l -

1 + 13µS(6k!l) 

R1N = 3.5k!l - 0.214k!l = 3.29k!l 

This value of R 1N represents the input resistance looking into the base of the 

BJT in Figure 4-30. The input resistance seen by the signal source is therefore: 

R1N = RsllR1N(BASE) = 6.67k!lll3.29k!l = 2.2k!l 

Ro = ---------,---

(2.75 X 10-4)(140) 
13µ,S - ------

3.5k!l + 0.6k!l 

1 Ro = ----- = 2TTk!l (BJT) 
13µ,S - 9.39µ5 
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� This value of Ao represents the output resistance looking back into the collector

'-...___/ 

of the BJT. The output resistance of the amplifier in Figure 4-30 equals the parallel 
combination of Ro and Re. Thus: 

Example 4-13 

Ro = 2nkilll15kn = 14.23kn ( complete circuit) 

Suppose you wanted to use the BJT in Example 4-12 in an 
emitter-follower, common-collector circuit. What are the ap
propriate h parameters values? 

Since you know the common-emitter values, you can convert them, using Table 
4-6, to the required common-collector values in this manner:

h;c = h;e = 3.Skil 
h1c = - (hte + 1) = - (140 + 1) = -141
h,c = 1 - h,e = 1 - 2.75 X 10-4 

= 1 
h00 = h00 = 13µ.S 

' 

Approximate Versus Hybrid Methods 

Soon after transistors were introduced, the use of h parameters became the 
preferred method for the analysis and design of BJT circuits. Since h parameters 
are relatively easy to measure, manufacturers supplied, and continue to supply, 
h parameter information on BJT data sheets. 

Once h parameter methods were firmly established, the approximate methods 
discussed earlier became increasingly popular. Compared to h parameters, the 
approximate methods offer the following advantages: 

1. Generally speaking, the approximate methods require fewer calcu
lations than the h parameter methods.

2. Approximate methods enable you to analyze and design many use
ful circuits in the absence of the BJT's data sheet. For example,
most small-signal voltage amplifiers can be analyzed, or designed,

37mV 
by assuming a = .99, r8 ' = -- , rb = 0, B = 100, and 

IE rc'>>RL. 

Since the approximate methods are easy to work with, they will be emphasized 
in this course. 
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Useful Conversions 

In some circuits, rb' and/or re' cannot be neglected. In addition, if a BJT's data 
sheet is available, you should use the data sheet values of a or B in your calcula
tions. For these reasons, it is sometimes necessary to estimate values for a,

B, re', rb', and re' based on the h parameter values provided on the data sheet. 
Approximate formulas for making the appropriate "conversions" are provided in 
Table 4-7. Since re' varies with le, the relationship re' = hib is valid only if the 
value of hib is specified at the value of le in the actual circuit. 

Parameter 

B 

re' 

rb'

re' 

Example 4-14 

Approximate Equivalents 

1 hte = --

1 - (hfb + 1) hte + 1 
� 

-hfb 
= hte 

--

�+ 1 

h;e h;b = 

�

hrb htehre -=h;
e

---
hob hoe 

1 hte - = -
hob hoe 

TABLE4-7 

Useful conversions. 

Estimate values for a, B, r0 ', rb ', and re' assuming h;e = 3.5kfl, 
hte = 140, hre = 2.75 X 10- 4, and hoe

= 13µS.

1. 
hte 

a=--

hte + 1 

2. B = hte 
= 140 

140 = 0.993
141 

'----..,,, 
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3. 

4. 

5. 

h;e 3.5kfi 
r I 

-
-= -- = 250 e -

hie 140 

rb' = h;e -
hiehre 

hoe 

rb' = 3.5kfi -
140(2.75 X 10-4) 

13µ.S 

rb' = 3.5kfi - 2.96kfi = 5400 

hie 140 
re'=-=--

hoe 13µ.S 
= 10.77Mfi 

Self-Test Review 

23. A pair of terminals is referred to as a ____ _

24. h11 represents the input impedance of a two-port network when the output 
terminals are ____________ _ 

25. h22 represents the output admittance of a two-port network when the input 
terminals are ____________ _ 

Use the following h parameter values for questions 26 through 32.

h;e = 2kfi h,e = 1.1 X 10-4 

hie= 130 h08 = 14µ.S 

26. hib approximately equals ----�n.

27. hre approximately equals ___ _ 

28. Assuming the BJT is used in a common-emitter circuit, and rL
the voltage gain is approximately _____ _

29. r I 
-

e - n. 

30. rb' =
n. 

31. re'=
MO. 

32. B=

10k0, 
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Answers 

23. port 28. -608.3

24. short-circuited 29. 15.270

25. open-circuited 30. 9800

26. 15.270 31. 9.29MO

27. 1 32. 130

The solutions to questions 26 through 32 follow. 

26. Refer to the CE to CB formulas in Table 4-6.

2k0 

130 + 1 
= 15.270 

27. Refer to the CE to CC formulas in Table 4-6.

hrc = 1 - h,8 = 1 - 1.1 X 10-4 = 1

28. From Table 4-4:

----..._/ 
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In this case, h11 = hie = 2k0, h21 = hte = 130, h12 = hre = 1.1 x 
10-4, and h22 = hoe

= 14µS. Therefore:

130(10kfi) 
Av = -----,----.;._-'-------

(1.1 x 10-4)(130)(1 0kfi) - 2kO[1 + 14µ.S(1 0kfi)] 

1300kfi 
Av = ------ = -608.3 

0.143kO - 2.28kO 

29. From Table 4-7 re' = hib• Since hib was calculated to.be 15.270 in question
26, re'= 15.270.

30. 

31. 

32. 

From Table 4-7:

rb' = h;e -
htehre 

hoe 

rb' = 2kfi -
130(1.1 X 10-4) 

14µS 

rb' = 2k0 - 1.02kfi = 9800 

From Table 4-7: 

130 , hte 
re = - = --

hoe 14µS 

From Table 4-7: 

B = hte = 130 

= 9.29MO 
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SUMMARY 

The analysis and design of common-base amplifiers is similar to the analysis 
and design of common-emitter amplifiers. Unlike common-emitter amplifiers, the 

input and output signals in a common-base amplifier are in phase with each 

other. 

The principle disadvantage of a common-base amplifier is that it usually has 

low input resistance. Since common-emitter amplifiers have larger input resis

tances, they are preferred for low and mid-frequency applications. 

Common-collector amplifiers are referred to as emitter followers. Typically, emitter 

followers are characterized by a voltage gain of approximately 1, large values 

of R,N, and small values of R0. 

These characteristics make emitter followers ideal for impedance matching and 

buffering applications. Like the common-base amplifier, the input and output sig

nals in an emitter follower are in phase with each other. 

Darlington pairs are used when an emitter follower is required to have a very 

large input resistance. You can obtain Darlington pairs by using two discrete 

BJTs, or purchasing a single-unit package. In any event, when you analyze Dar

lington pair emitter followers, you must remember to include the effects of re'. 

By referring to the emitter-follower design guide, you should be able to design 

useful emitter follower circuits. In many cases, the final design will require a 

compromise between large values of R,N, and a centered Q point. 

BJT data sheets usually provide values for selected hybrid or h parameters. Exam

ples are provided to illustrate how h parameters can be used to analyze BJT 

circuits. 

Since the approximate methods are easy to use, they are the methods em

phasized in this course. Various tables are provided that should assist you when 

you work with h parameters. Table 4-7 is especially useful, since it lets you convert 

h parameter values to the AC BJT parameters introduced in the previous units. 

'---.__/ 
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UNIT EXAMINATION 

The following multiple choice examination is designed to test your understanding 

of the material presented in this unit. Place a check beside the multiple choice 

answer (A, 8, C, or D) that you feel is most correct. When you have completed 

the examination, compare your answers with the correct ones that appear after 

the exam. 

1. In Figure 4-31, the voltage gain is approximately:

A. -11.87.

8. 11.87.

C. -108.1.

D. Unity.

-lOV lOV 

9kQ 

300Q 

Flgure4-31 

Circuit for questions 1 to 3. 

SkQ 

2. In Figure 4-31, the circuit's input resistance is approximately:

A. 7.36k0..

8. 5k0..

C. 4k0..

D. 324.80..

3. In Figure 4-31, the output resistance is approximately:

A. 4kil.

8. 5k0..

C. 20k0..

D. 7.36k0..

20k Q 
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4. An emitter follower is an example of a:

A. Common-emitter amplifier.

B. Common-base amplifier.

C. Common-collector amplifier.

D. High gain amplifier.

5. In Figure 4-32, a reasonable value for RE is:

A. SMO.

B. 500kO.

C. 50kO.

D. 5kO.

vrn '\.,
Rz 

IOV 

Figure4-32 

Circuit for questions 5 to 7. 

6. In Figure 4-32 if R2 = 1 ORE, R1, should equal:

A. 8.14kO.

B. 22kO.

C. 33kO.
D. 50kO.

7. In Figure 4-32 R,N equals approximately:

A. 50kfi.

B. 12.2kO.
C. 9.76kO.

D. 6.47kO.
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\_____,, The following h parameter values applv to questions 8 through 11.

hie
= 3k0 hre = 1.2 X 10-4 

hte = 115 hoe = 8µ,S 

8. hro approximately equals:

A. 0.87 X 10-
4

. 

B. 1.63 X 10- 4
. 

C. 2.25 X 10-4_

D. 6.3 X 10-4
• 

9. h00 approximately equals:

A. 0.069µS.

B. 1.27µS.

C. 5.63µS.

D. 8µS.

10. re' approximately equals:

A. 8.49MO.

B. 10.63MO.

C. 14.49MO.

D. 23MO.

11. rb' approximately equals:

A. 12.60.

B. 1260.

C. 370.

D. 1.26kO.



I 

\_J 
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EXAMINATION ANSWERS 

rL 
B - In a common-base circuit, Av = ---

RE + re ' 
1 

le = 
Vee - Vse 

Re 

10V - 0.7V 
= 1mA 

9.3kO 

37mV 37mV 
-- =-- =370 

le 1mA 

rL 
= RcllRL = 5kOll20k!l = 4k!l 

Since RE, = 300fl: 

4kO 
Av = 

3000 + 370 
= 11"87 

2. D - R1N = Re,ll(Re, + re')
R1N = 9k!lll(300O + 370) 
R1N = 324.80 

3. B - In a common-base circuit, Ro = Re. Thus, Ro = 5kfl.

4. C - A common-collector amplifier is referred to as an emitter follower.

5. D - As a guide RE equals 1 to 5 times the value of RL. Since RL = 1 kfl,
a reasonable choice for RE is 5kfl. 

6. A - To calculate R1 , you must first calculate values for Vao and R2. Thus:

10V 

5k!l + 5kOll1 kO 

10V 
I - --- = 1.71mA ca - 5.833k!l 

Vea = lcaRe = 1.71mA(5k!l) = 8.6V 

Vso 
= Vea+ 0.7V = 9.3V 

R2 = 10Re = 10(5kO) = 50k!l 

50kO(1 0V - 8.6V) 
= 8_ 14k!l 

8.6V 
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7. 0- Rs = R,IIR2 = 8.14k!lll50kfl::;:: 7kfl

Since lea = 1.71 mA and r.8 ' = 37mV/1.71 mA or 21.640: 

R1N(BASE) = 100(833!l + 21.640) = 85.5k!l

Finally: 

R1N = RsllR1N(BASE) = 7k!lll85.5kfl = 6.47kfl 

8. A - From Table 4-6:

hrn = 
3kfl(8µ

S) - 1'.2 x 10-4
115 - 1 

240 X 10-4 

hrn = ---- - 1.2 x 10-4 
= 0.87 x 10-4 

116 

9. A - From Table 4-6:

hoe 8µ,S 
hob = -- = _....;___ = 0.069µ,s 

hre+1 115+1 

10. C- From Table 4-7:

1 
re'= - = 

hob 

1 --- = 14.49M!l 
0.069µ,S 

11. 0- From Table 4-7:

hrn 0.87 x 10-4 

rb' = - = ---- = 12.6 X 1Q2!} 
hob 0.069µ,S 
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INTRODUCTION 

Generally speaking, amplifiers may be described as being either voltage or power 
amplifiers. Units 3 and 4 discussed the analysis and design of voltage amplifiers. 
In this unit we will consider the analysis and design of selected power amplifiers. 

As you know, voltage amplifiers are used to increase signal levels. Once sufficient 
voltage levels are available, a power amplifier is employed to drive the actual 

load device. Thus, the power amplifier is the last stage of amplification in a typical 
amplifier system. 

Since the current and voltage swings in power amplifiers are quite large, power 
amplifiers are also called "large signal" amplifiers. Both voltage (small signal) 
and power (large signal) amplifiers may operate in the class A, class AB, class 

B, or class C modes. You will examine all four of these operating modes in 
this unit. 

In addition, examples illustrating the design of class A and class AB power 

amplifiers will be provided. 

Power Amplifiers I s-3 
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Analyze and design the following types of power amplifiers:

A. Class A RC coupled.
8. Class A transformer coupled.
C. Class AB push-pull, complementary-symmetry.

2. Sketch circuits for Darlington and quasi-complementary symmetry circuits.

3. Discuss the operation of a basic class C amplifier.

4. Perform a three-point distortion analysis.

5. Explain how harmonic and crossover distortion can be minimized in typical
power amplifiers.



� 

UNIT ACTIVITY GUIDE 

D Read the section on "Power Amplifier Fundamentals". 

D Answer Self-Test Review questions 1-15. 

□ Read the discussion of distortion in the section on "Distortion, class B, class

AB, and class C Amplifiers".

D Perform Experiment 8 in Unit 9. 

D Finish reading the section on "Distortion, class B, class AB, and class C 

Amplifiers". 

□ Answer Self-Test Review questions 16-25.

□ Perform Experiment 9 in Unit 9.

□ Study the Summary.

□ Complete the Unit Examination.

□ Check the Examination Answers.

Power Amplifiers I s-5 
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POWER AMPLIFIER FUNDAMENTALS 

Of the various types of amplifiers available, class A amplifiers are the least effi

cient. For this reason, class A amplifiers are usually limited to relatively low power 
applications. 

In this portion of the unit we will discuss essential power amplifier concepts. 
In addition, several examples illustrating the analysis and design of class A power 

amplifiers will be provided. 

Voltage Versus Power Amplifiers 

A typical amplifier system consists of a signal source, one or more voltage 
amplifiers, a power amplifier, and the load. This concept is illustrated by the 

simplified public address system shown in Figure 5-1 . Note that the amplifier 

chain between the signal source (microphone) and load (speaker) consists of 
three voltage amplifiers and one power amplifier. 

When several voltage amplifiers are cascaded, as in Figure 5-1, the first stage 

is usually referred to as a preamplifier. Similarly, the stage preceding the power 

amplifier is called the driver. In Figure 5-1, note that, as the signal moves through 

each stage, its power level increases. Compared to power amplifiers, the signal '-..__,,,' 

amplitudes and power levels in voltage amplifiers are relatively small. Therefore, 

voltage amplifiers are considered low-level stages, and power amplifiers high-level 

stages. 

The essential difference between voltage and power amplifiers is the amount 
of quiescent and signal power associated with each amplifier. Naturally, the tran
sistors used in power amplifiers (power transistors) will have current and voltage 

ratings considerably larger than their small-signal counterparts. 

VOLTAGE AMPLIFIERS 

MICROPHONE 

SPEAKER 

/ 

PREAMPLIFIER 

(uWI 

VOLTAGE 

AMPLIFIER 

(mW) 

Figure 5-1 

DR IVER 

An elementary public address system. 

POWER 

AMPLIFIER 

SEVERAL HUNDRED mW 

TO HUNDREDS OF W 



'-._/ Modes of Operation 

'-..._/ 

Power amplifiers are classified according to their mode of operation. The four 
fundamental modes include class A, class AB, class B, and class C. For a given 
amplifier, the particular mode of operation is determined by the quiescent condi
tions. The fundamental modes of operation are described in the next four para
graphs. 

Power Amplifiers I s-7 
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CLASS A 

In this mode, AC collector current flows during the entire cycle, 360°, of the AC 

input voltage as shown in Figure 5-2A. To achieve class A operation, the Q 

point is located in the middle of the AC load line. Class A operation assumes 
the amplitude of the AC input signal is small enough to avoid clipping. Also, 

since class A amplifiers operate in the linear region, distortion is minimum. 

CLASS AB 

Here, AC collector current flows for more than 180° but less than 360° of the 

AC input cycle. The collector current produced in a class AB amplifier is illustrated 

in Figure 5-2B. Class AB operation is achieved by locatin_g the Q point closer 

to either the saturation or cutoff end of the AC load line. 

CLASS B 

When AC collector current flows for 180°, or exactly one-half of the AC input 

cycle, you have class B operation as shown in Figure 5-2C. Class B operation 

is achieved by locating the Q point at cutoff. Consequently, a class B amplifier 

amplifies only one-half of the AC input voltage. 

CLASSC 

In this mode, AC collector current flows for less than 180° of the AC input cycle 

as shown in Figure 5-2D. To achieve class C operation, the Q point is located 

"beyond cutoff'. This means that the emitter-base junction is actually reversed 

biased. Hence, the AC input voltage must overcome the reverse-bias voltage 
before the transistor can conduct. For this reason, a class C amplifier amplifies 

only a small portion of the AC input signal. 

Clearly, the collector currents in class AB, class B, and class C amplifiers are 

distorted versions of the AC input signal. In the second part of this unit, you 

will see how these distorted waveforms can be processed to obtain output volt

ages that closely resemble the original AC input voltage. 



© 

@ 

0 
CLASS A 

i,c <tl 

------ ICQ 

0 
t 

CLASS AB 

i,c !tl 

}'\ (\ :.,, I 

CLASS B 

�C (IJ 

,h /\ >t

CLASS C 

FigureS-2 

Collector curre nt in a class A, class AB, class B, 

and class C amplifier. 

A. ClassA. 

8. ClassAB.
c. ClassB. 
D. ClassC.

ICQ = O
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Small and Large Signal Operation 

The class A voltage amplifiers discussed in Units 3 and 4 are examples of small 
signal amplifiers. 

In a small signal amplifier, the swings in collector current and collector-to-emitter 
voltage are limited to the middle portion of the AC load line, as shown in Figure 
5-3A. Naturally, a small signa4 amplifier can be overdriven by a large input signal.

However, assuming normal operation, the amplitude of the input signal is small

enough so that the swings in le and V cE appear as shown in Figure 5-3A.

Large signal, or power, amplifiers are specifically designed to obtain the largest 

possible changes in collector current and collector-to-emitter voltage. Con

sequently, the signal swings in class A power amplifiers normally appear as shown 

in Figure 5-3B. Here, the maximum possible peak values of the AC collector 
current, and AC collector-to-emitter voltage, equal lea and VcEa respectively. 

�------ ---:- Q ---- --- ___ , _i 
I I 
I I I 

-;;-t---+'-+'--+-
1
_...,__�V CE 

O I I '1 2V 

� 

CEQ 

SMALL-SIGNAL OPERATION 

FlgureS-3 

Small and large signal operation of a class A amplifier. 

A. Small signal operation.
B. Large signal operation.

Q 

I 
I 
I 

I 
--+---.:....1 -------�V CE 

I V CEQI 
0 

I 
I 

MAXIMUM POSSIBLE I 

5 IGNAL SWINGS I 

�j 

I 
I 

1
2V CEQ 

I 

LA RGE-5 I GNAL OPERATION 

'-.._/ 

.....___,, 



Power Calculations in Class A Amplifiers 

The formulas used to compute power in DC circuits, P = VI, P = 12R, and

P = V2/R, apply to AC circuits if the values of V and I are rms values.

By way of introduction, we will calculate the various powers associated with the 

class A voltage amplifier shown in Figure 5-4A. The AC load line for this amplifier 

is sketched in Figure 5-48. 

RI 
86.6kQ

15V 

R
C 

7.48 kQ 
47µF

_,. ____ +'-1 -

i,c (sat) = 2mA

R2 
41.9kQ

CLASS A VOLT AGE AMPLIFIER 

Ico=ImA ------- 0
I 

--4---+-----+--+-'-I --+-+----+-4-+---� V CE (v) 
0 

2 3r 4 5 6
1

7 

V CEQ = 3.33V V Cf(cul)= 6.66V 

AC LOAD LINE 

Figure5-4 

Class A voltage amplifier, and its AC load line.

A. Class A voltage amplifier.
B. AC load line.
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DC INPUT POWER 

In Figure 5-4A, DC power is dissipated by the biasing resistors, collector resistors, 

emitter resistor, and the transistor. These DC powers are calculated as follows: 

1. Biasing Resistors - Neglecting the small DC base current, 18,

resistors R1 and R2 are connected in series across the 15V supply
voltage. Thus:

P= 
(15V)2 

86.6kfi + 41.9kfi 
225V 

--- = 1.75mW 
128.Skfi

2. Collector Resistor - Since lea = 1 mA the power dissipated by

Reis:

P = (lco)2Ac = (1mA)2(7.48kfi) = 7.48mW

3. Emitter Resistor - Since lea = lea, the power dissipated by

Reis:

4. 

P = (lca)2Ae = (1mA)(4.19kfi) = 4.19mW

Transistor - Recall from Unit 2 that the power dissipated by a

transistor under quiescent conditions is:

Poo 
= Vcealca = 3.33V(1mA) = 3.33mW

The total DC power, supplied by the 15V source to the circuit, equals the sum 

of the powers computed in steps 1 through 4. Thus: 

Poe
= 1.75mW + 7.48mW + 4.19mW + 3.33mW 

Poe = 16. 75mW 

Since the DC current in the biasing resistors is small compared to lea, the total 

DC power supplied to the circuit is approximately equal to Vcclc a- Thus: 

Poe
= Vcclca 

For example, since V cc = 15V and lea = 1 mA, the total DC power approximately 

equals 15V (1mA), or 15mW. Since 15mW is 89.5 percent of 16.75mW, you 

can see that the approximate formula is reasonably accurate. 

....__/ 



"-----' 

'---.-/ 

AC OUTPUT POWER 

The AC equivalent circuit for the amplifier in Figure 5-4A is shown in Figure 

5-5. Here, maximum power is supplied to the AC load resistance, rL, when le

and vee are maximum.

In a class A amplifier, the maximum possible peak values of le and vee equal 

lea and Veea respectively. Also, when calculating AC power, rms values must 

be employed. Thus, the maximum possible AC output power is: 

P = (0.707 Vcea)(0.707 lca) 
P = [(0.707)(3.33V)][(0.707)(1 mA)] = 1.67mW 

Rs= 28.2kQ 
(R 111 R 2) 

FlgureS-5 

AC equivalent circuit of the amplifier in Figure 5-4A. 

rL=3.33kQ 
(Rell RL) 

Power Amplifiers I s-13 
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It is important to realize that only a portion of the AC output power is supplied 
to the actual load device, RL. The remaining portion is dissipated by the collector 
resistor, Re. Referring back to Figure 5-4, you can see that the AC power supplied 
to RL is: 

p = (0.707Vcea'J2 = [0.707(3.33V)]2 
= 0_924mW

RL 6k!l 

Similarly, the AC power supplied to Re is: 

P 
-- (0.707Vcea) 2 -- _[ _ 0_.7_07_(3_._33 _V_)]_2

= 0.741mW
Re 7.48k!l 

Note that the sum of the power dissipated by RL and Re equals the power dissi
pated by rL in Figure 5-5. If the amplifier employed a partially bypassed emitter 
resistor, the unbypassed portion of the emitter resistor, RE1, would also dissipate 
AC power. In this case, the portion of the AC output power supplied to RL would 
be even less than what it is in this example. 

AC INPUT POWER 

In Figure 5-5 the AC power supplied by the signal source to the circuit is: 

Where R1N equals RsllR1N(BASE)· 

For example, if v,N is 14.3mV rms and RIN is 1 kO, the AC input power equals 
(14.3mV)2/1kO or, approximately, 0.2µW. 

Clearly, when you are discussing the "power" associated with a particular 
amplifier, it is important to distinguish between the DC input power, the AC output 
power, the portion of the AC output power supplied to RL, and the AC input 
power. 



( 

'---' Useful Class A Power Formulas 

The DC input power equals the product of the supply voltage and the current 

drawn from the supply. Thus: 

Poe = Vcc[lca + IA,]= Vcclca (Eq. 5-1) 

The portion of the DC input power dissipated by the transistor under quiescent 

conditions is: 

Poo 
= Vcealca (Eq. 5-2) 

Recall that the remaining portion of the DC input power is dissipated in the biasing, 

collector, and emitter resistors. 

At different portions of the AC input cycle, the transistor will dissipate power 

less than, equal to, and greater than the quiescent value. However, for a symmetri

cal input voltage, the average power dissipated by the transistor equals the 

quiescent value. 

The AC output power equals vcEic, where vcE and ic are rms values. Usually, 

when the term AC output power is used, it refers to the maximum possible AC 

output power. Since the maximum possible peak values of vcE and ic are VcEa 

'--' and lea respectively, we have: 

PAc = (0.707Vcea)(0.7071ca) 
PAc = 0.SVcealca 

Since P00 = V cEalca, the maximum possible AC o Jtput power, P Ac, is: 

PAC = 0.5Poo (Eq. 5-3) 

Thus, in a class A amplifier, the maximum possible AC output power equals 

one-half the power dissipated by the transistor under quiescent conditions. For 

example, if the no signal power dissipated by the transistor is 10W, the maximum 

possible AC output power is SW. 

Power Amplifiers I s-15 
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Recall that only a portion of the AC output power is supplied to the load, RL. 
Assuming a fully bypassed emitter resistor, the AC output power divides between 
Re and RL as follows: 

(Eq. 5-4) 

(Eq. 5-5) 

Finally, recall that the AC input power supplied by the signal source to the circuit, 

PrN, is: 

(Eq. 5-6) 

Efficiency 

Efficiency is a measure of the ability of an amplifier to convert the DC input 
power to AC output power. The collector efficiency of a power amplifier is de

fined as follows: 

PAc 
11 = - x 100 (Eq. 5-7) 

Poe 

where: 11 = collector efficiency in percent. 

P Ac = AC output power in watts. 
Poe = DC input power in watts. 

For example, if PAc = 1W and Poe = 10W, the collector efficiency, 17, would 
be 10%. This means that 10% of the DC input power is converted into AC output 

power. 

Since PAc = 0.5, Poa = 0.5VcEalca, and Poe = Vcclco, Equation 5-7 can 
be written as follows: 

VcEa 
11 = -- x 100 (Eq. 5-8) 

2Vcc 



We are especially interested in how effective an amplifier is in supplying AC 

power to the load, RL. Consequently, we will define conversion efficiency, 11', 

as follows: 

l]' =
AC power supplied to AL 

DC input power 
X 100 

Thus: 

(VcEa)2 

l]' = 
X 100 (Eq. 5-9) 

2VcclcaRL 

Comparing Equation 5-9 with Equation 5-8 indicates: 

, TJVcEa 
l] = -lcaRL 

In a class A amplifier, VcEo = lcarL. Thus, by substituting lcarL for VcEo in the 

previous expression, you find: 

(Eq. 5-10) 
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Example5-1 

For the class A power amplifier in Figure 5-6, work out values 
for the following quantities: 

A. The power dissipated by the transistor under quies-
cent conditions.

B. The DC input power.
C. The AC output power.
D. The AC power supplied to RL.
E. The collector efficiency.
F. The conversion efficiency.

R
l 

2.38kQ 

60V 

470µF 

V I N �l-'+_...,.. __ -1 

Figure5-6 

Circuit for Example 5-1. 

lOµF 
+ .... -------< iV 0

'-.._-/ 



B. 

C. 

D. 

In order to calculate P00 you must first calculate values for VcEa and lea. 
Thus: 

60V(250!l) 
= S.7V 

2.38k!l + 250!l 

Ve = Ve - Vee = 5.7V - 0.7V = 5V 

Ve 5V 
le = - = - = 0.2A = lea Re 25!l 

Vee = Vee - lc(Rc + Re) 
Vee = 60V - 0.2A(150!l + 25n) = 25V = Vcea 

Poa = V cealca = 25V(0.2A) = SW 

Poe = Vcclca = 60V(0.2A) = 12W 

P Ac = 0.5P00 = 0.5(5W) = 2.5W 

(V a)2 (25V)2 

p = CE = --- = 0.417W F\ 2RL 2(750!l) 

Note that only a small portion of the "AC output power" is supplied to RL. 

E. 'TJ =
Vcea x 100
2Vcc 

25V 
'T] = -- X 100 = 20.8% 

2(60V) 

This indicates that 20.8% of the DC input power is converted to AC output 

power. Incidentally, the theoretical maximum value for the collector effi

ciency of a class A power amplifier is 25%. Therefore, the collector effi

ciency of the amplifier in Figure 5-6 is near the maximum possible value! 

rL 
= 750!lll150!l = 125!l 

20.8%(125!l) 
"1]

1 = ---- = 3.47% 7500 

The conversion efficiency, 11', indicates that only 3.47% of the DC input power 

is converted into useful AC load power! As you can see, class A amplifiers are 

not very efficient. 
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Maximum Dissipation Hyperbola 

Every transistor has maximum ratings that cannot be exceeded without damaging 
the transistor. For this reason, manufacturers specify the following quantities: 

1. Maximum continuous collector current- lccMAX)·
2. Maximum collector-to-emitter voltage - V CE(MAX) ·
3. Maximum power dissipation - Po(MAX)·

The value of PocMAX) is usually specified for an ambient temperature of 25°C.
For higher ambient temperatures, PoeMAX) must be derated as per the manufac
turer's specifications. In addition, even if the ambient temperature is 25°C, some
circuit designers will derate PocMAX> by approximately 10 to 20 percent. This is 
done so that the transistor operates slightly below its design limit. 

The various maximum ratings impose limits on the permissible, or safe, operating 
region of the transistor, as shown in Figure 5-7. Thus, to operate the transistor 
in the safe region, the Q point must lie on or below the PocMAX> curve, called 
the maximum dissipation hyperbola, shown in Figure 5-7. 

-----.+L-L----L..-L------L---''----...£_----<---L---�VCE
0 V C(maxl 

FlgureS-7 

Maximum dissipation hyperbola. 



Example5-2 

The data sheet for a power transistor lists the following values: 

lqMAX) = 1 .5A 
V eE(MAX) = 20V 

PoeMAX> = 1.875W 

Assuming PvrMAXJ is derated by 20%, sketch the transistor's 
dissipation hyperbola. 

The maximum dissipation hyperbola is simply a graph of the equation PocMAX> 
= Vcelc. In this example, PocMAX) is to be derated by 20%. Thus: 

PbcMAX> = 0.BPD(MAX) 

PbcMAXJ = 0.8(1.875W) = 1.5W 

By assuming values for V ce, you can calculate the corresponding values of le 
from: 

PbcMAX> le = -
Vee 

(Eq. 5-11) 

For example, when VeE = 20V, the corresponding value of le, which results 
in a power dissipation of 1.5W, is 1.5W/20V or 75mA. The results of similar 
calculations for additional values of VeE are provided in Table 5-1. 

Vee(V) le = 1.5WNee (mA) 

1 1500 

2 750 

3 500 

4 375 

5 300 

6 250 

7 214.3 

8 187.5 

9 166.7 

10 150 
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15 

20 

100 

75 
Values of VcE and le that result in a power 

dissipation of 1.5W. 
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Figures-a 

Maximum dissipation hyperbola for Example 5-2. 

The power dissipation hyperbola is obtained by graphing the data in Table 5-1 

as shown in Figure 5-8. 

With calculus, it is possible to prove the following important points: 

1. If the AC load line is tangent to the maximum dissipation hyperbola,

the maximum possible AC output power will be obtained.

2. At the tangent point, the slope of the maximum dissipation hyper

bola is the same as the slope of the AC load line, -1 /rL.

These concepts are graphically illustrated in Figure 5-9. Here, note that two AC 

load lines have been chosen so that the respective O points, 01 and 02, are 

tangent to the maximum dissipation hyperbola. Specifically: 



1400 

1200 

1000 

800 

600 

400 

200 

I 

I 

--------' -- -
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Figure5-9 

Any AC load line chosen so that it is tangent to the maximum 
dissipation hyperbola, at the Q point, results in the maximum 

possible AC output power. See text for details. 

At 01, V cEa = 3V and lea = 500mA. 

Thus: 

Poa = V cealca = 3V(500rnA) = 1.5W 

Poa 1.5W 
PAc = - =-- =0.75W 

2 2 

Similarly, at 02 VcEa = 5V and lea = 300mA. Thus: 

Poa = Vcealca = 5V(300mA) = 1.5W 

Poa 1.5W 
PAc = - = -- = 0.75W 

2 2 

In each case, the maximum possible AC output power, 0.75W, was obtained 

because both AC load lines were tangent to the maximum dissipation hyperbola. 

The AC load resistance, rL, corresponding to each load line in Figure 5-9, can 
be calculated from the Q point values as follows: 

Vcea 3V 
rt., =--' =60 

lea, 500mA 

Vcea. 5V 
ri...=-- = = 16.670 

lea, 
300mA 
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Transconductance Curves 

You can obtain the transconductance curve of a device by plotting output current 

versus input voltage. For this reason, a BJT's transconductance curve is rep

resented by a graph of collector current versus base-to-emitter voltage, as shown 

in Figure 5-10. 

I
C(maxJ• 1000 -----------------------

750 

500 

250 

-
0 
+---.----.----�-"T""""--"T""""--�-----4 V

B E 
IV J 

0.2 0.4 0.6 0.8 1.0 1.2 

FlgureS-10 

BJT transconductance curve. 

At each point on the curve in Figure 5-10, the value of the BJT's transconduct

ance equals the ratio of collector current to base-to-emitter voltage. It is useful 

to distinguish between two types of average transconductance values as follows: 

SMALL SIGNAL VALUE 

Where: 

(Eq. 5-12) 

.:ilc and .:iVsE represent small changes in the collector current and 

collector-to-emitter voltage respectively. 

'---" 



._____,. 

LARGE SIGNAL VALUE 

Where: die and d VsE represents large changes in the collector current and 

collector-to-emitter voltages respectively. 

Since IE = le, transconductance represents the AC conductance of the emitter 

diode. Also, since resistance is the reciprocal of conductance, the small-signal, 

re ', and large-signal, rE ', AC emitter diode resistances are approximately: 

For a given BJT, the values of gm and GM are different. For this reason, the 
values of re' and rE' are also different. 

In small-signal amplifiers, you can estimate re' without referring to the BJT's trans

conductance curve by using the formula re ' = 37mV/IE. Unfortunately, this formula 

is only valid for relatively small changes in le and VcE • For large changes in 
le and VcE, some circuit designers estimate the value of rE ' as shown in Figure 
5-11. Note that the changes in le and V CE are measured between the points

corresponding to 10% and 190% of 100 .

1000 

750 

500 

250 

o. 1 Ico

6,VBE f-
-l-------,c__.........:.-----'------➔V BE{V)

O 0. 2 o. 4 0. 6 o. 8 l. 0 l. 2

FigureS-11 

Estimating the large-signal, re', AC emitter diode resistance from 
the BJT transconductance curve. 
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ExampleS-3 

Estimate the value of rE' from the transconductance curve in 
Figure 5-11. Also estimate the value of the large-signal trans
conductance, GM. 

�le = 1.8Ica = 1 .8(500mA) = 900mA 

�VBE. = (VBE.at1.9Ica) - (V6eat0.1Ica) 
�VBE. = 0.94V - 0.7V = 0.24V 

GM is the reciprocal of rE'. Thus: 

0.24V 
-- = 0.270 
900mA 

1 1 
GM

= - = -- = 3.7S 
re' 0.270 

Large-Signal Parameters and Equations 

The equations for gains, input resistance, and output resistance developed in 

Units 3 and 4 were based upon small-signal BJT models. Therefore, these for

mulas are not directly applicable to power amplifiers, where the swings in cur
rent and voltage are quite large. For this reason, some circuit designers prefer 

graphical methods for the analysis and design of power amplifiers. 

Nevertheless, by employing large-signal BJT parameters in place of the small

signal BJT parameters, it is possible to convert the small-signal formulas to ap

proximate, but useful, large-signal formulas. 

The principle small-signal parameters discussed earlier included: hte, r8', rb', and 
re'. The analogous large-signal parameters will be denoted by the following sym
bols: hFE, rE', r8', and re'. Let's briefly examine each large-signal parameter. 



'-.._../ hFE - In a class A power amplifier, the maximum peak-to-peak value of the
collector current is, approximately, 1.9Ieo - 0.1 leo or 1.Bleo- For this
reason, we will assume the large-signal value of hFE corresponds to the
value of hFE at le = 1.8Ieo-

rE' - As demonstrated previously, rE' is estimated from the BJT's transcon
ductance curve between le = 0.1 leo, and le = 1.9Ica- Specifically,

, 1 !1VaE rE = -=---. GM 1.Blco 

re' - This is the large-signal base spreading resistance. For large values of

Is, the Iara' voltage drop may be neglected if r8' s h��E' . If r8' is

significant, the effective voltage gain will be decreased. Frequently,
values for r8 ' are best determined experimentally.

re' - In a typical power amplifier, re' is much larger than rL, Consequently,
re'llrL = rL, For this reason, re' can usually be neglected. 

Assuming rs' and re' are negligible, the small-signal formulas can be converted
to approximate large-signal formulas by:

1. Replacing r0 ' with rE'.

2. Replacing hte with hFE ·
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Example5-4 

The power amplifier in Figure 5-6 was partially analyzed in 
Example 5-1. Recall that lcQ = 0.2A, and IL = 125{l. Assuming 
r8 ' and re' are negligible, estimate the amplifier's voltage gain 
and input resistance. 

For a comparable small-signal amplifier: 

Thus, the analogous large-signal equations are: 

Values for the large-signal parameters, rE' and hFE, are obtained as follows: 

lea = 0.2A = 200mA 

0.1 lca = 0.1 (200mA) = 20mA 

1 .9100 = 1.9(200mA) = 380mA 

Ale = 1 .Sica = 1 .8(200mA) = 360mA 

Referring to the transconductance curve in Figure 5-12A: 

AVBE. 
re'=--

Ale 

0.82V - 0.68V 
= 0.390 

360mA 

From Figure 5-12B, we note that the value of hFE corresponding to 1.8Ico, 360mA, 

is 55. Thus: 

-rl -1250
Av= - = -- = -321

re' 0.390 

R1N = R,UR2'1hFEre' 
R,N = 2.38kO11250Oll55(0.39O) 
R1N = 226.2!lJl21.45!l = 19.60 

Note that the input resistance of a class A, common-emitter, power amplifier 
is quite low. 



@ 

380mA -----------

200mA 

20rnA -
o

+----_...£.__J_______j_l_.!.f __ o_.842v 
vBE

0. 76V

90 

55 

0.68V 

TRANSCONDUCTANCE CURVE 

-+------------'-------➔ IC (rnA l 
0 360rnA 

hFE VERSES IC CURVE

FlgureS-12 

Estimating the large-signal parameters, re' and hFe, 
for Example 5-4. 

A. Transconductance curve.
B. hFe versus le curve.
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CIRCUIT 

@ 

AC EQUIVALENT CIRCUIT 

Figure5-13 

Transformer-coupled, class A power amplifier. 

A. Circuit. 

B. AC equivalent circuit.

Transformer Coupled Amplifier 

Class A power amplifiers can be transformer coupled, as shown in Figure 5-13A. 

The AC equivalent circuit is provided in Figure 5-13B. Here, note that the effective

AC load resistance, rL', equals the square of the transformer turns ratio times 
the actual load resistance, rL. 

The principle advantage of a transformer-coupled class A amplifier is increased 
efficiency. In fact, the theoretical maximum value of the collector efficiency of 
such an amplifier approaches 50% - or double the value of a comparable RC 
coupled amplifier. The following example illustrates the analysis of a class A, 
transformer-coupled, power amplifier. 



':' 

ExampleS-5 

12V 

'ii 0 7500 R
I 

R
P 

l00Q 
3. 5Q

470µF 
+ 

R
2 R

E 
l00Q 

26. 5Q

':' ':' 

FlgureS-14 

Circuit for Example 5-5. 

+ 
r-47-0µf 

For the circuit in Figure 5-14, calculate the collector efficiency, 
conversion efficiency, and power supplied to the 750fl load. 
Assume the transformer has a primary resistance of 3.Sfl, and 
an efficiency of 69.5%. 

Begin by calculating the DC currents and voltages. 

V 
_ 12V(100O) = SVB - 1000 + 1000

Ve = Va - Vee = 6V - 0.7V = 5.3V 

Ve 5.3V 
le = - = -- = 0.2A = lea Re 26.50 

The DC collector-to-ground voltage, V c, equals the supply voltage minus the 

drop across the primary resistance of the transformer. Thus: 

Ve = Vee - leRp 
V c = 12V - 0.2A(3.50) = 11 .3V 

Vee = Ve - Ve 
Vee = 11.3V - 5.3V = 6V 
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The DC current in the biasing resistors, R1 and R2, is: 

Vee I ---- =
R, - R, + R2 

12V 
----- = 0.06A 
1000 + 1000 

Once the DC currents and voltages are known, you can compute the various 

powers as follows: 

Poe = V cc[lca + IR,] 
Poe = 12V[0.2A + 0.06A] = 3.12W 

Poo = Veealca 
Poo = 6V(0.2A) = 1.2W 

Recall that in a class A amplifier the maximum possible AC output power is 

one-half P00. Thus: 

Poo 1.2W 
PAe = - = -- = 0.6W 

2 2 

Since the maximum possible AC output power is 0.6W and the DC input power 

is 3.12W, the collector efficiency is: 

PAe 11 = - X 100 
Poe 

0.6W 
T] = --- X 100 = 19.2%

3.12W 

Similarly, since the transformer has an efficiency, TJt, of 69.5%, the portion of 

the AC output power supplied to the load is: 

P,L = TJtPAe 
P,

L 
= 69.5%(0.6W) (Eq. 5-14) 

P,
L 

= 0.417W 

Thus, the conversion efficiency, TJ' is: 

p 
T]' = _5a. X 100 

Poe 

0.417W 
Tl' = -- X 100 = 13.4% 3.12W 

Comparing the results of Example 5-5 with those obtained in Example 5-1, we 

note that the transformer-coupled design has a significantly larger conversion 

efficiency. Disadvantages of the transformer-coupled design include the size, cost, .,.,.. 

and bulk of the transformer. In addition, the frequency response of the ampiifier 

is limited by the frequency characteristics of the transformer. 



, Designing Class A Power Amplifiers 
'------" 

Class A power amplifiers are frequently designed so that the transistor operates 
near the limits of its capabilities. To ensure that these limits are not exceeded, 
the transistor selected for the design must satisfy the following conditions: 

1. P00 $; Po(MAX)· As a guide, Poa should not exceed approximately
80% to 90% of Po(MAX)·

2. 21ca $; lqMAX)· To satisfy this condition, lea should not exceed
45% of lc(MAX)·

3. 2VcEa $; VcE(MAX)· You can satisfy this condition by making sure

V cEa does not exceed 45% of V CE(MAX)·

For ambient temperatures higher than 25°C, Po(MAX) should be derated as per 
the manufacturer's instructions. Most data sheets for power transistors provide 
derating curves and/or formulas for this purpose. In high temperature environ
ments, heat sinks and/or cooling fans may be required to remove excessive heat. 

The following design guides and examples should help you in designing elemen
tary class A power amplifiers. 
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1. 
2. 

3. 

4. 

5. 

RC COUPLED CLASS A POWER AMPLIFIER 

= = 

Calculate V cea 
Calculate P00 

Calculate lea 

Calculate rL 

Calculate Re 

C
2 

>-------'-"
+ 

-

R
E 

f' = 

Vcea = V 2PRc AL 
P00 

= 8 to 12 times PRc 

lea = 
Poo
--

Vcea 

VcearL = 

lea 

Re = 
RLrL

AL - rL 

R
L 

= 

6. Calculate Vea Vea = Vee - [leaRc + Vceal 
VeaRe = 

-7. Calculate Re

8. Calculate R2 

9. Calculate R,

10. Select transistor, calculate resistor wattages.

11 . Select capacitors

lea 

R2 � 10Re 
R2 [Vee - Vsa] R, = ------

Voo 



�-

TRANSFORMER COUPLED CLASS A POWER AMPLIFIER 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Calculate P Ac 

Calculate Poo 

Select lea 

= 

Calculate Vcea 

Calculate rL 

N, 
Calculate -

N2 

Calculate Vea 

Calculate Re 

Select R2 

Calculate R, 

11. Select transistor, calculate resistor wattages.

12. Select capacitors

lea = 0.1A to 1A 
Poa 

Vcea = -lea 

Vcea 
lea 

Vea = Vee - [leaRp + VceaJ 
Vea Re = -lea 

R2 � 10Re 
R2[Vcc - Vso] R, = ------

3.18 
C,� -f R 1 IN 

Voo 
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Example5-6 

Design an RC coupled class A amplifier to supply 0.417W to 
a 750[1 foad. Assume Vee = 60V, and f1 = 500Hz. 

The following steps correspond to those in the design guide. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Vceo = V2PR,_RL = V2(0.417W)(750O) = 25V 

Poa = 12PI\. = 12(0.417W) = SW 

Poa SW 
lea = -- = -- = .2A 

Vcea 25V 

Vcea 25V 
rl = - - = 125!l 

lea 0.2A 

Re = 
RLrL 7500( 1250) -- = 

RL - rL 7500 - 1250 

Vea = Vee - [lcaRc + Vceal 
Vea = 60V - [0.2A(150O) + 25V] 
Vea = 60V - 55V = 5V 

Vea 5V 
Re = - = - = 250 

lea 0.2A 

= 1500 

Select R2 = 1 0Re = 10(25!l) = 2500 

Since Vea = sv, V80 
= sv + 0.7V or 5.7V. Thus: 

R1 = 
250O[60V - 5. 7V] = 2_3SkO

5.7V 

1 O. Assuming P00 is 80% of PocMAX) 

5W 
Po<MAXJ :2:: - :2:: 6.25W

0.8 

'--....../ 



( 

'---../ 

� 

Similarly, assuming lea and VcEa at 40% of IC(MAX) and VcE(MAX) 
respectively: 

lea 
0.4 

.2A 
IC<MAXJ � -- � 0.5A 

.4 

VcEa 
V CE(MAX) � --0.4 

25V 
V CE(MAX) � -- ;;;=:: 62.SV 

0.4 

Thus, the transistor selected for the design should have the follow
ing maximum ratings: 

Po<MAXJ � 6.25W 

lc<MAXJ ;;;=:: 0.5A 

V CE(MAX) � 62.SV 

You can compute the power dissipated by various resistors as 
follows: 

60V 
----- = 22.BmA
2.38kll + 250.U 

PR, = (22.8mA)2(2.38kll) = 1.24W
PR, = (22.8mA)2(250ll) = 0.13W 

I
Rc 

= IA,; = lea = 0.2A 

PF\: 
= (0.2A)2(150ll) = 6W 

PR,; 
= (0.2A)2(25ll) = 1W 

11. Once the transistor has been selected, you can estimate rE', hFE,
and R,N as shown in Example 5-4. Assuming R1N = 19.60, the
minimum capacitor values are:

3.18 3.18 
= 324.5µ.F C, = --=

f1R1N 500(19.6.U) 

3.18 3.18 
= 8.5µ.F C2 = --=

f1RL 500(750.U) 

3.18 3.18 
= 254.4µ.F C3·= --=

f1 RE 500(250) 
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ExampleS-7 

Design a transformer-coupled class A amplifier to supply 
0.417W to a 750fl load. Assume V cc = 12 V and f1 = 500Hz. 

Following the steps in the design guide, you proceed as follows: 

1. 

2. 

3. 

4. 

5. 

For this example, we will assume the transformer has an efficiency 
of 69.5% and a primary resistance of 3.50. Thus: 

PAc = 
0.417W 
--- =0.6W 

0.695 

Poo = 2P AC = 2(0.6W) = 1.2W 

As a guide, for relatively small class A power amplifiers we will 
select lea to be between 0.1A and 1A somewhat arbitrarily. Then 
we select lea= 0.2A. 

Poo 1.2W 
Vcea = - = -- = 6V 

lea 0.2A 

Vcea 6V - = --=300
lea 0.2A 

6. In order to "match" the 7500 load resistance to the 300 AC load
resistance seen by the transistor, the required turns ratio is:

7. 

8. 

9. 

N1 = A= fioo 
= v1D.o4 = 0.2

N2 ✓� • V750n 

N1 Thus, 
N2 =

0.2 
h' h. . I 1 5 -

1
- , w Ic Is equIva ent to a : turns ratio.

Vea = Vee - [leaRp + Vceal 
Vea = 12V - [0.2A(3.50) + 6V]

Vea = 12V - 6.7V = 5.3V

VEa 5.3V Re = - = - = 26.5!1 
lea 0.2A 

R2 � 1 0Re. A 1 oon resistor would be acceptable. Thus, R2 =
1000. 

-..__J 



10. 

Since Vea:;:::: 5.3V, V80 = 5.3V + 0.7V = 6V. Thus, 

1000[12V - 6V] 
R, = ----- = 1000 

6V 

11. Using the same guidelines provided earlier:

Poo 1.2W 
PD(MAX) � -- � -- � 1.5W 

0.8 0.8 

lea 0.2A 
lqMAX)� -- �-- �0.5A 

0.4 0.4 

VCE.a 6V 
VcecMAX) = -- = - = 15V 

0.4 0.4 

The powers dissipated by the various· resistors are obtained as 

before. Specifically: 

12V 
= 0.06A 

1000 + 1000 

PR, = (0.06A)2(1000) = 0.36W = PR, 

IAe = lea = 0.2A 

PRe = (0.2A)2(26.50) = 1.06W

12. To calculate R1N, you would first estimate the values of re' and

hFe from the transistor's data sheet. Assuming R1N = 250, the

minimum capacitor values are:

3.18 3.18 
C, = -- = --- = 254.4µF 

f,R,N 500(250) 

3.18 3.18 
C2 = -- = --- = 240µF 

f,Re 500(26.50) 
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Self-Test Review 

1. The large-signal value of hFE is measured at le = ____ 100.

2. To obtain rE', lf..VsE and lilc are measured between le = ____ lea
and le = ____ lca-

3. A transconductance curve is a plot of output _________ versus

4. 

5. 

input _________ ,

Conversion efficiency is ________ than the collector efficiency.
(larger/smaller)

A transformer coupled class A amplifier is _______ efficient than
an RC Coupled class A amplifier. 

40V 

C
l 

..----....j �+ _____ _ 

R
2 

-= -= 

(more/less)

p 
R
L

• 0. 75W

f
1
• lK Hr

c2
�----+-'-i1-----.-0 Vo 

R
E 

f' 
R

L 
•150Q

-= -=-

FlgureS-15 

Circuit for Self-Test Review questions 6 to 15. 

Refer to Figure 5-15 for questions 6 to 15. 

6. 

7. 

8. 

VcEa should equal _____ v.

The quiescent power dissipated by the transistor is ____ w.

Re should equal approximately -----�n.



'--..../ 

\,____,-, 

9. Re should equal approximately ______ ,fl.

10. If R2 = 100n, R1 should equal _____ �n.

11. Assuming 20% derating factors, the maximum transistor ratings should
equal or exceed the following values:

Po(MAX) = ______ w.

IC(MAX) = A. 

V Ce(MAX) = V. 

12. The collector efficiency is approximately ______ %.

13. The conversion efficiency is approximately ______ %.

14. Assuming tlVae obtained from the transistor's transconductance curve is
0.SV, re' is approximately _____ �n.

15. Assuming hFE at le = 1.08A equals 80, the minimum value of C1 is
______ µF.
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Answers 

1. 1.8Ica 9. 11.67!1

2. 0.1, and 1.9 10. 419.5!1

3. current, voltage 11. 11.25W, 1.5A, 37.SV

4. smaller 12. 18.75%

5. more 13. 3.125%

6. 15V 14. 0.463!1

7. 9W 15. 125.2µ,F

8. 30!1

The solutions to questions 6 through 15 follow. 

6. VcEa = V 2PF\. AL = V 2(0.75W)(150O) = 15V

7. Poo = 12P
F\. 

= 12(0.75W) = 9W 

8. First calculate lea and rL.

Poo 9W 
lea = = 0.6A 

VCEa 15V 

VcEa � = 250 rl = --
lea 0.6A 

1500(250) 
R = ---- = 300 C 1500 - 250 

9. VEa = Vee - [leaRc + VcEal
VEa = 40V - [0.6A(30O) + 15V]
VEa = 40V - 33V = 7V

7V 
=-- = 11.670 

0.6A 



\...___,/ 10. Since VEa == 7V, V80 == 7V + 0.7V == 7.7V. 

11. 

12. 

13. 

14. 

R, = 

Po<MAXJ � 

lqMAX) � 

VcE(MAXJ � 

VcEa 
11= --2Vcc 

'l'JrL 

100O[40V - 7.7V] 
= 419_50 

7.7V 

Poa 9W 
--> -- >11.25W 
0.8 - 0.8 -

lea 0.6A --> -- >1.5A 
0.4 - 0.4 -

VcEa �
15V � 37_5V

0.4 0.4 

15V 
X 100 = --

2(40V) 
X 100 = 18.75% 

18.75%(250) 
,,, = -= = 3.125% 

RL 

, ll.VaE rE = --�le 

1500 

t:.VaE 
--

1.8Ica 

Since� VsE == 0.5V and lea == 0.6A, 

0.5V 
rE' = ---- = 0.463,0, 

1.8(0.6A) 

15. Since rE' == 0.463.n and hFE

base is:

80, the input resistance looking into the 

Thus, the total input resistance is: 

R1N = R,IIR2IIR1N(BASE) 
R1N = 419.501110001137.040 
R1N = 80.7501137.040 = 25.40 

Hence, the minimum value of C1 is: 

3.18 
C, = -

f,R1N 

3·18 
= 125.2 F 

1 k(25.40) µ, 

Power Amplifiers I s-43



5-44 I UNIT FIVE

DISTORTION, CLASS B, CLASS AB, 
AND CLASS C AMPLIFIERS 

Distortion is present in an amplifier whenever the output signal is not a faithful 

reproduction of the input signal. In this section, we will discuss nonlinear distortion 

and crossover distortion. 

· In addition, we will discuss the characteristics of class B, class AB, and class

C power amplifiers. Due to its simplicity and popularity, the class AB complemen

tary-symmetry amplifier will be discussed in detail.



Nonlinear Distortion 

An amplifier exhibits nonlinear distortion whenever the shape of the output 
signal differs from the shape of the input signal. Due to the nonlinear characteris
tics of the amplifying device, some nonlinear distortion is present in all classes 
of amplifiers. 

The nonlinear characteristics inherent in a transistor are illustrated by the transis
tor's transconductance curve shown in Figure 5-16. Note that the nonlinear re

gions are most pronounced at the lower and upper ends of the curve. For this 
reason, nonlinear distortion is most evident for large signal swings in le and VaE-

0 

FigureS-16 

NONLINEAR 

REGIONS 

Nonlinear regions on a BJT's transconductance curve. 
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Flgure5-17 

Nonlinear distortion in a class A amplifier. 
A. Limiting the signal swings.
B. Excessive signal swings.



'----- This concept is illustrated in Figure 5-17. In a class A amplifier, nonlinear distortion 

is minimized by limiting the peak input voltage as shown in Figure 5-17 A. In 

this case, the instantaneous operating points 01 and 02 correspond approximately 

to collector current values of 0.1 lca and 1.9Ica respectively. This restricts the 
signal swings to the most linear region of the curve. Because of this, the AC 

collector current and AC output voltage have essentially the same shape as the 

AC input voltage. 

If the AC input voltage is excessively large, the signal swings extend into the 

nonlinear portions of the curve, as shown in Figure 5-17B. In this case, both 
the AC collector current and AC output voltage will be distorted. 

The disadvantage of limiting the signal swings, as in Figure 5-17 A, is that the 
maximum possible AC output power is reduced. Therefore, the actual limits im

posed upon the signal swings represent a power/distortion trade-off. 

Describing Nonlinear Distortion 

A complex wave is one that is periodic, and not sinusoidal. For this reason, 
a distorted sine wave represents a complex wave. Fourier's theorem states that 

complex waves can be described by the sum of a constant value and a harmonic 

series of sinusoids. Stated mathematically: 

Where: 

v(t) = V0 + V1 COS wt + V2 COS 2wt + .... Vn COS nwt (Eq. 5-15) 

v(t) = Equation of the complex wave, 

V 1, V 2, ... V n = peak values of the various harmonic components. 
V0 = Average DC value of the complex wave. 

Viewed in this manner, the output waveform in Figure 5-17B is distorted because 
the nonlinear characteristics of the transistor introduce frequency components 

in the output waveform that are not present in the input waveform. Naturally, 
the amount of nonlinear, or harmonic, distortion depends upon the relative 
amplitudes of the various harmonic components. Stated mathematically: 

D2 = I�: I x 100 (Eq. 5-16) 

D3 = I�: I x 100 (Eq. 5-17) 

Dn = I�� I X 100 (Eq. 5-18) 

Power Amplifiers I s-4 7 
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Where D2, D3, Dn represent the percent harmonic distortion of the various compo- '-..__/ 

nents. 

You can measure the amplitudes of the harmonic components with an instrument 

called a spectrum analyzer. Physically, a spectrum analyzer resembles an oscil

loscope. However, rather than plotting the measured waveform versus time, the 

display of a spectrum analyzer appears as shown in Figure 5-18. Here, the ''fre

quency spectrum" of the measured waveform tells you at a glance what frequen

cies are contained in the waveform, and the amplitude of each harmonic compo

nent. 

V 

VI 

V2 

V3 
V4 

V5 

0 2t 3f 4f 5f 

Figure5-18 

Frequency spectrum of a complex wave. 

Example5-8 

A 1kHz sinusoid is amplified by a power amplifier as shown 
in Figure 5-19A. The output voltage is an amplified, but dis
torted, version of the input voltage. 

To determine the amount of harmonic distortion, the output 
voltage is measured with a spectrum analyzer. The resulting 
frequency spectrum is shown in Figure 5-19B. Based on this 
information, calculate the percent of second, third, and fourth 
harmonic distortion contained in the output voltages. 

The frequency of the input signal is termed the fundamental frequency. If no 

harmonic distortion is present in the output signal, the only frequency component 
in the output signal will be the fundamental frequency, or 1 kHz in this example. 



\_____,, 
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FigureS-19 

Circuit and frequency spectrum for Example 5-8. 
A. Circuit.

B. Frequency spectrum.

Figure 5-19B indicates that, in addition to the 1 kHz fundamental component, the 

output signal contains 2kHz, 3kHz, and 4kHz harmonic components. The ratio 

of each harmonic component to the fundamental component determines the 

amount of harmonic distortion. Specifically: 

2V 
-- X 100 =10.5% 

19V 

1V 
-- X 100 = 5.3% 

19V 

0.4V 
-- X 100 = 2.1% 
19V 

Thus, the output voltage contains 10.5% second harmonic distortion, 5.3% third 

harmonic distortion, and 2.1 % fourth harmonic distortion. Generally speaking, 
the second harmonic distortion is the major contributor to the total harmonic distor

tion. 



5-50 I UNIT FIVE

Total Harmonic Distortion 

Total harmonic distortion is defined as follows: 

In example 5-8, we found D2 = 10.5%, D3 = 5.3%, and D4 = 2.1 %. Assuming 
the fifth and higher order harmonics are negligible, the total harmonic distortion 
in Example 5-8 is: 

DT = V (10.5)2 + (5.3)2 + (2.1 )2 

� = V 110.25 + 2a.os + 4.41 = v 142.75 = 11.95%

As you can see, the total harmonic distortion, 11.95%, is approximately equal 
to the amount of second harmonic distortion, 10.5%. In practice, instruments 
called distortion analyzers are used to measure the total harmonic distortion 
of a signal waveform. 

Three-Point Analysis 

Assuming a significant amount of second harmonic distortion, the collector voltage 
in a large-signal amplifier typically appears as shown in Figure 5-20A. Here, note 
that one-half of the waveform is peaked, while the other half appears rounded. 

If the third and higher order harmonic components are negligible, you can estimate 
the degree of harmonic distortion as follows: 

1. Record the values of voltage corresponding to points 1, 2, and
3 as shown in Figure 5-208.

2. Calculate the peak value of the fundamental, V1, and second, V2,
harmonic components from the following formulas.

3. 

Vw,:x + VM1N - 2Va 
V2=_;__;_ _ _;__;___: 

4 

Use Equation 5-16,· D2 = I �: I 
of second harmonic distortion. 

(Eq. 5-20) 

(Eq. 5-21) 

x 100, to determine the amount 



® 

0 

COLLECTOR VOLTAGE 

Veit) 

0 

JD -------------------V
MAX 

I 
I 
I 

I 
T 3T 

4 

(90° ) (270° ) 

G) 

POINTS FOR THREE-POINT ANALYSIS 

FigureS-20 

Three-point distortion analysis. 

A. Collector voltage.
B. Points for three-point analysis.
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FigureS-21 

Waveform for Example 5-9. 

ExampleS-9 

Estimate the degree of second harmonic distortion for the 
waveform in Figure 5-21.

Since f = 1 kHz: 

T = -- = 0.75ms 
1kHz 

T 3T 
Therefore, - = 0.25ms and - = 0.75ms 

4 4 

In Figure 5-21 note that: 

Va = 5V- measured at t = 0 

VMAX = 11 V - measured at t =
T 

= 0.25ms 
4 

3T 
VMIN = 1 V - measured at t = 

4 
= 0.75ms 



"----" 

Thus: 

11V-1V 
2 

= 5Vpeak 

11V + 1V - 2(5V) 
---

4
--- = 0.25V peak 

I
0.25V 

I02 = SV 
X 100 = 5% 

To obtain accurate values of the harmonic distortion content of a waveform, a 

spectrum, or distortion, analyzer is required. Since these instruments are expen

sive, the simple three-point method is especially useful for estimating the harmonic 

content of a waveform when approximate values are adequate. 

The amount of harmonic distortion that is tolerable depends upon the application. 

In audio systems, for example, the total harmonic distortion is usually limited 

to from 1 to 5 percent. High-fidelity systems normally have a total harmonic distor

tion content that is considerably less than 1 percent. 
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Class B Amplifiers 

The principle disadvantage of a class A amplifier is its inherent low efficiency. 
Recall that the quiescent power dissipated by the transistor in a class A amplifier 
is twice the maximum possible AC output power. 

A transistor in a class B amplifier is biased at cutoff. Consequently, under ideal 

conditions, the quiescent power dissipated by the transistor is zero. For this 

reason, the conversion efficiency of a class B amplifier is considerably higher 

than a comparable class A amplifier. The theoretical maximum value of the con

version efficiency for a class B amplifier is 78.5%. 

Remember, a single transistor biased for class B operation can only amplify one

half of the AC input voltage. In this case, the output voltage is severely distorted. 
Obviously, applications for a single transistor class B amplifier are quite limited. 

The Push-Pull Amplifier 

In order to approach the low distortion of a class A amplifier, coupled with the 

high efficiency of a class B amplifier, a two transistor circuit called a push-pull 

amplifier was developed. ...._____,; 

V 

-1\r 
Tl

SIGNAL 
INVERTER 

T2

+ 
V 

AC CURRENT 
CONTRIBUTED 

BY TI 

v 

V CC L1 -----11----
L2

--v 
AC CURRENT 

CONTRIBUTED 
BY Tz 

FigureS-22 

Simplified push-pull amplifier. 



...___/ A simplified push-pull arrangement is illustrated in Figure 5-22. Here, note that 

the circuit consists of three sections - a signal inverter, followed by two transis
tors connected in a push-pull configuration, and a center-tapped output trans
former. Briefly, the operation of the circuit in Figure 5-22 may be described as 
follows: 

1. The AC input voltage drives the signal inverter. The function of

the signal inverter is to provide two complementary output voltages.
This means that each output voltage has the same amplitude and

frequency, but they are 180° out of phase with respect to each
other. Frequently, a center-tapped transformer is employed as the

signal inverter.

2. Each output of the signal inverter is used to drive one of the two

push-pull transistors. In Figure 5-22, each transistor is biased at

cutoff by the DC supply voltage, V.

3. During the positive half-cycle of the AC input voltage, the signal

on the base of T1 is going positive and the signal on the base
of T 2 is going negative. This causes T 1 to conduct while T 2 remains
cut off. When T1 conducts, current i1 flows through the L1 section
of the transformer. This induces a voltage in the secondary of the
transformer, which appears across RL,

4. During the negative half-cycle of the AC input voltage, the action
described in step 3 is reversed. Thus, T 2 conducts and T 1 remains
cut off. In this case, current i2 flows through the L2 section of the
transformer. As shown in Figure 5-22, the currents i1 and i2 flow
through L1 and L2 respectively in opposite directions. For this

reason, the polarity of the output voltage is positive on one half
cycle and negative on the other half-cycle. In effect, each transistor

supplies one half of the AC output voltage.
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A practical version of a class B push-pull amplifier is illustrated in Figure 5-2$. '--J 

Here, the center-tapped input transformer functions as a signal inverter. The bias 

voltages for the transistors are provided by the voltage divider consisting of R1 

and R2. For class B operation, R2 would be small compared to R1 . 

R
l 

T
l 

,J IN 

'1 T
2 

FigureS-23 

Class B push-pull power amplifier. 

Harmonic Distortion In The Push-Pull Amplifier 

Assuming perfectly matched components, a Fourier analysis of the waveforms 

in a class B push-pull amplifier indicates that all even harmonic components 

in the AC output voltage cancel. Ideally, the third-harmonic component is the 

principle source of nonlinear distortion in a push-pull amplifier. 

In practice, components are rarely "perfectly matched". For this reason, some 

second-harmonic distortion is usually present in the output of a class B push-pull 

amplifier. 

I 

'-..__/ 



"--------· Crossover Distortion 

A significant disadvantage of class B operation in a push-pull amplifier is the 
resulting crossover distortion illustrated in Figure 5-24. 

0 

FigureS-24 

Crossover distortion. 

Since the transistors in a push-pull class B amplifier are biased at cutoff, the 
'-----" signals driving the base of each transistor must exceed approximately 0. 7V before 

the transistors can conduct. Consequently, when the signals driving the base 

of the transistors are less than 0.7V, the AC output voltage is OV, as shown 

in Figure 5-24. 

Since the "dead zone" regions occur between the time one transistor shuts off 

and the other transistor turns on, the resulting distortion is referred to as crossover 

distortion. To minimize crossover distortion, the transistors are biased for class 

AB operation rather than class B operation. In effect, each transistor is biased 

so that Vae is approximately 0.7V. In this way, the AC output voltage changes 

as soon as the AC base voltage changes. 
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Class AB Complementary-Symmetry Amplifiers 

The class B push-pull amplifier in Figure 5-23 represents the transistor counterpart 
of a circuit originally designed with vacuum tubes. In a general sense, vacuum 

tubes are analogous to NPN transistors. There is no vacuum tube counterpart 

of a PNP transistor. 

By employing complementary NPN and PNP transistors, it is possible to design 

transformerless class AB power amplifiers. This is significant, since the cost, 

bulk, and frequency limitations of the transformers are eliminated! In addition, 

the design process is simplified. This is obviously desirable. For these reasons, 

class AB complementary-symmetry amplifiers are often the preferred choice for 

those applications requiring moderate or large amounts of AC output power. 

._____,, 
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FigureS-25 

Class AB complementary-symmetry amplifier. 

A very popular push-pull, class AB circuit employing complementary output tran
sistors is illustrated in Figure 5-25. Note that: 

Vee, = Vo, + Vo
2 

- Vee,

Since Vo
2 
= V8�, we have: 

Vee, =Vo, (Eq. 5-22) 

Similarly: 

Vee, = -Vo
2 

- Vo, + Vee,

(Eq. 5-23) 

Equation 5-22 and Equation 5-23 indicate that the bias voltages for the transistors 

are provided by the two forward-biased diodes. 
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Neglecting the relatively small base currents, it is apparent that the current, I, 0 
flowing through R1 , R2, D1 , and D2 is the same current. Specifically: 

I = Vee - (Vo, + Vo) 
R1 + R2 

Assuming D1 and D2 are silicon diodes, and that Vee>> 0.7V, I is closely approxi
mated by: 

Vee - 1.4V 
l=----

R1 + R2 
(Eq. 5-24) 

Figure 5-26 illustrates an important concept. In Figure 5-26A we have qssumed 
that when the voltage across D1 is 0.72V, the current through D1 is 10mA. Assum
ing the transconductance curve of T 1 "matches" the IV curve of D1 , the collector 
current in T 1 also equals 1 0mA. This is the case because, from Equation 5-22, 
we know that V8E, is essentially equal to Vo,-

@ 

lOmA ------- lOmA -------

0 0. 72V 0 

IV CURVE FOR DIODE D
1 

TRANSCONDUCTANCE CURVE FOR 

TRANSISTOR T
1 

FlgureS-26 

An example of a matched diode IV curve and BJT 

transconductance curve. 

A. IV curve for diode 01 • 

B. Transconductance curve for transistor T,. 



'--._../ By a similar argument, lc
2 

must equal 10
2 

if the IV curve for D2 is a close match 

to the transconductance curve of T 2• 

For these reasons, assuming the diodes and transistors in Figure 5-25 are closely 

matched, it is apparent that: 

le, = le
2 
= I (Eq. 5-25) 

In a class AB amplifier, the value of I is small compared to the maximum possible 

peak collector current. The purpose of I is to provide a slight forward bias, through 

D1 and D2, for T 1 and T 2. In this way, crossover distortion is minimized. 

Since T 1 and T 2 are effectively connected in series, and have similar characteris

tics, the DC collector-to-emitter voltages essentially equal one-half the supply 

voltage. Thus: 

Vee 

IVee,I = IVeE,,I = 
2

(Eq. 5-26) 

By a combination of inspection, looking, and appropriate loop equations, the fol

lowing DC formulas may be obtained. 

Vee 
V8, = Vee - IR, = 

2 -
0.7V

Ve,= 0 

(Eq. 5-27) 

(Eq. 5-28) 

(Eq. 5-29) 

(Eq. 5-30) 

(Eq. 5-31) 
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Figure5-27 

Circuit for Example 5-10. 

c
2 
-

lOQ 

Example 5-10 

Thus: 

Similarly: 

Estimate the collector currrents and collector-to-emitter volt
ages for the transistors in Figure 5-27. Also calculate the quies
cent power dissipated by each transistor. 

20V - 1.4V 
1860 + 1860 

le, = le
2 
= 50mA 

Vee 
JVeE,I = JVeE,I = 

2 
20V 

2 

18.6V --=50mA
3720 

= 10V 

Therefore, the quiescent power dissipated by each transistor is: 

Poa = V eEalea 
Poa = 1 0V(50mA) = 0.5W 



@ 

AC EQUIVALENT CIRCUIT 

T 
1 

EQUIVALENT CIRCUIT DURING THE POSITIVE 

HALF-CYCLE OF THE AC INPUT VOLTAGE. 

FigureS-28 

Equivalent circuits for the complementary-symmetry amplifier 

in Figure 5-25. 

A. AC equivalent circuit. 

B. Equivalent circuit during the positive half-cycle of the AC input
voltage.

AC Analysis 

By reducing the DC source to zero and replacing the coupling capacitors with 

short circuits, in Figure 5-25, you obtain the AC equivalent circuit in Figure 5-28. 

Remember, on the positive half-cycle of the AC input voltage, that T 1 conducts 
and T 2 is cut off. Therefore, T 2 can be removed from the circuit as shown in 
Figure 5-28B. Since T1 is an NPN transistor and T2 is a PNP transistor, the 

circuit action is "complementary" during the negative half-cycle of the AC input 
voltage. Thus, the equivalent circuit during the negative half-cycle appears as 

shown in Figure 5-28B, with T 1 being replaced by T 2-
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The complementary nature of the circuit simplifies the AC analysis, since you 

need only analyze the circuit action during one half-cycle! The equivalent circuit 

in Figure 5-288 should look familiar. Specifically, Figure 5-288 is essentially the 

same as the emitter-follower AC equivalent circuit, Figure 4-15A, discussed 

in Unit 4! For this reason, you can convert the small-signal equations derived 

in Unit 4 into their approximate large-signal counterparts by replacing re' with 

rE' and hte with hFE· For example: 

(Eq. 5-32) 

In Figure 5-28, note that the AC load resistance is RL. This is why we used 
AL rather than rL in Equation 5-32. Also since AL, typically, is large compared 

to rE', Av = 1. 

Additional useful formulas include: 

Ap = AAv = 

(Eq. 5-33) 

(Eq. 5-34) 

(Eq. 5-35) 

-.__/ 



"-.___,,,-1 

Class Band Class AB Power Formulas 

When we discussed the AC load line of an emitter-follower in Unit 4 we found: 

. VcEa 
l.c(sat) = lea + -

rL 

vcE(cut) = V CEO + lcarL 

For class B operation, lea equals zero. Similarly, for class AB operation, lea 
is small compared to the value of iccsat)• Also recall that each complementary 

emitter-follower in Figure 5-25 has VcEa = 
Vee 

and rL 
= RL. For these reasons,

the values of iccsat) and veE(cut) are: 2 

, VcEa Vee 
t.c(satJ = -- = - (Eq. 5-36) 

rL 2RL 

Vee 
vcE(cut) = VcEa = - (Eq. 5-37) 

2 
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Flgure5-29 

AC load lines for a class B and class AB push-pull complementary 
symmetry amplifier. 

A. AC load line. 
8. Maximum signal swing.

� 



'------" Figure 5-29A illustrates the resulting AC load line. Here, the Q point for class 

AB operation is very close to the Q point for class B operation. For this reason, 

the equations that apply to class B operation are reasonable approximations for 

class AB operation. 

Figure 5-298 illustrates the maximum possible signal swings for each transistor 
in the class B push-pull amplifier. The maximum possible AC output power is: 

Vcea 
PAc = P

F\ = (0.707Vcea)(0.707 --) 
AL 

(Eq. 5-38) 

Substituting VeEa 
= Vee

into Equation 5-38 yields: 
2 

(Vcc)2 

PAc = 
-BAL 

(Eq. 5-39) 

In a class B amplifier, the power dissipated by each transistor increases when 
an AC signal is applied to the input terminals of the amplifier. With calculus, 

'----' it is possible to prove that the worst case power dissipated by each transistor
is: 

PD<MAXl
= ---= -- (Eq. 5-40) 

The ratio of the maximum power dissipated by each transistor to the maximum 
possible AC load power is obtained by dividing Equation 5-40 by Equation 5-39. 

Thus: 

Therefore: 

(Vcc)2 

40AL

(Vcc)2 

BAL 

1 
=-

PAc 
PD<MAX) 

= - (Eq. 5-41) 
5 

The significance of Equation 5-41 is best illustrated by an example. 
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Example 5-11 

What power ratings are required for the transistor in a push
pull class B amplifier in order to supply 10W of AC output 
power? What power rating would be required for a comparable 
class A amplifier? 

For the class B push-pull amplifier, each transistor must be able to dissipate 

one fifth of the AC output power. Thus: 

PAc 10W 
PocMAX) � - � -- � 2W 

5 5 

Recall that in a class A amplifier the worst case power dissipation occurs under 

quiescent conditions. In addition, Poa is double the maximum possible AC output 

power. Thus: 

Po(MAX) � 2P AC� 2(1 OW) � 20W 

Obviously, lower power transistors can be employed in the class B design as 

opposed to the class A design! 



-..___/ 

Example 5-12 

A. 

B. 

C. 

D. 

The circuit in Figure 5-27 was partially analyzed in Example 
5-10. Work out values for:

A. icrsatJ
B. The maximum possible AC output power.
C. The required power ratings for T1 and T2• 

D. The voltage gain.
E. The input resistance as seen by the signal source.

Assume hFE = 20 and rE' = 0.4l1. 

, Vee 20V 
Lc(sat) = - = -- = 1A 

2RL 2(100) 

(V cc)2 __ (20V)2 

PAc = --- =SW 
SAL 8(100) 

(Vcc)2 

Po(MAX) = ---40RL 
(20V)2 

40(100) 
= 1W 

Note that Po(MAX) equals one-fifth the maximum possible AC output power. 
Each transistor should have a Po(MAXl rating of at least 1 W. 

10n 
= 0.961 

10n + o.40 

E. R1N = R1IIR:dlhFe(RL + re')
R,N = 1 a60111 a601120(1 on+ o.40)
R1N = 930112080 = 64.30
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Dual Supply Circuit 

In those systems where both positive and negative supply voltages are employed, 

the circuit shown in Figure 5-30A is commonly used. Notice that the circuit does

not require an output coupling capacitor. This is because the DC emitter-to

ground voltages in Figure 5-30A, ideally, equal zero. 

The AC load line for the dual supply circuit is provided in Figure 5-30B. You 

will notice that Vcea equals Vee, not Vcc/2. For this reason, you have to modify 

some of the equations derived for the single supply circuit in order to apply them 

to the dual supply circuit. 
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FlgureS-30 

A dual-supply class AB complementary-symmetry amplifier. 
A. Circuit.
B. AC load line. 
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Appropriate formulas for both the single supply and dual supply circuits are pro

vided in Table 5-2. 

Parameter 

I 

Vee 

Va 

Ve 

Ve 

Av 

A,,Ap 

R1N 

PAe 

PDMAX 

Slngle Supply 

Vee -1.4V 
R1 + R2 

Vee Vee 
Vee, = 

2 
, Vee.,_ = -

2

Va,= Vee - IR1 
Va, = Vee - 0.7V 
Va.,

= IR2 

Vee Ve =Ve.,_= -, 2 

Ve, = Vee, Ve
2 

= OV 

Av= RL 1 
RL + re' 

A, = hFE, Ap = A,Av 

R1N = R1IIR2llhFe(RL + re')

(Vee
)2 

--

8RL 

(Vee)2 PAe --=--
40RL 5 

TABLES-2 

Dual Supply 

2Vee - 1.4V 
R1 + R2 

Vee, = Vee, Vee.,_ = -Vee 

Va, = Vee - IR1 
Va, = Vee - 0.7V 
Va, = IR2 - Vee 

Ve, = Ve.,_= OV 

Ve, = Vee, Ve
2 

= -Vee 

Av= 
RL =1 

RL + re' 

A = hFe, Ar, = AAv 

R1N = R1IIR2llhFE(RL + re')

(Vee
)2 

--

2RL 

(Vee
)2 PAe -- = --

10RL 5 

Summary of approximate formulas for the single and dual supply, 
complementary-symmetry push-pull class AB amplifiers. 
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Darlington Pairs 

The class AB amplifiers discussed previously consisted of two complementary 
emitter-followers. In order to increase the amplifier's input resistance and de
crease the amplifier's output resistance, Darlington pair packages can be employ
ed as shown in Figure 5-31. 

Counting the base-emitter junctions in Figure 5-31 between point 1 and point 
2, you find there are four; the junctions in T 1, T 2, T 3, and T 4· For this reason, 
four diodes must be connected between points 1 and 2 in order to properly bias 
the transistors. 

The Po(MAX) ratings of T 2 and T 3 should at least equal one-fifth the maximum 
possible AC output power. Since T 1 and T 4 provide the input signals for T 2 and 
T 3, the power ratings required for T 1, and T 4 are considerably lower than those 
required for T 2 and T 3. As a guide, T 1 and T 4 should have a Po(MAX) rating at 
least equal to: 

(Eq. 5-42) 

Where hFE is the large-signal current gain of T 2 and T 3. 

R
l 

CD T
l 

D
1 T

2 

D
2 

D
3 

R
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D
4 

T
3 

-= CV -= 

FigureS-31 

Complementary-symmetry amplifier with Darlington-pair packages 

T1, T2and T3, T4. 

V
o
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'--/ Quasi-Complementary Amplifiers 

For power dissipations greater than approximately 1 OW, the availability of suitable 

complementary transistors is quite limited. Moreoever, high power PNP transistors 

generally cost more than their NPN counterparts. 

In an attempt to manufacture inexpensive high power PNP transistors, the com

pound configuration illustrated in Figure 5-32A was developed. Here, a negative

going signal on the base of T 1 produces a positive going signal at the collector 

of T 1. Since the collector of T 1 is connected to the base of T 2, the signal at 

the collector of T 2 swings negative. The action just described indicates that the 

compound configuration in Figure 5-32A acts like a single PNP transistor. As 

was the case with the Darlington packages discussed earlier, the effective hFE

of the compound package approximately equals hFE1
hF�-

Figure 5-328 illustrates how an equivalent NPN transistor can be obtained with 

a suitable compound package. In practice, this configuration is rarely used due 

to the fact that a high power PNP transistor, T 4, is required in the output stage.

@ r---------- 7 

I 

I 

I 

I Tl N PN 
I T 2 
L---------

I 

I 
I 
I 
I 

I 
I 
I 

_J 

PNP BJT DRIVING A NPN BJT

® r--------- -,

I PNP I 
I T 

4 I 

I .------11 I 
I I 
I I u----..--

I 

: NPN : 
I T 3 I 
L __________ ..J 

NPN BJT DRIVING A PNP BJT

Figure5-32 

Compound BJT configurations. 
A. PNP BJT driving an NPN BJT.
8. NPN BJT driving a PNP BJT.

PN P

NPN
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Figure 5-33 

An example of a quasi-complementary-symmetry amplifier. Here, 

T,, T 2 form an NPN Darlington package while T 3, T 4 constitute 

a PNP compound package. 

A popular quasi-complementary-symmetry amplifier is illustrated in Figure 

5-33. Compared to the Darlington pair version, Figure 5-31, the quasi

complementary amplifier has the following advantages:

1. One less diode is required, since there are only three base-emitter

junctions between points 1 and 2.

2. The compound package consisting of T 3 and T 4 eliminates the

need for a high power PNP output transistor.

Many variations of the circuits employing Darlington and/or compound packages 

are possible. 



I' 

\_J Designing Class AB Power Amplifiers 

\_____.,' 

Due to nonideal component characteristics, the actual clipping levels in class 
AB amplifiers that utilize a single input coupling capacitor can be significantly 
less than ± V CEO·

A simple solution to this potential problem is illustrated in Figure 5-34. The input 
AC waveform is coupled to the bases of T1 and T2 simultaneously. The positive 
peak forward biases the p-type base of T 1, causing current to flow through T 1. 
At the same time, the positive peak applied to the base of T 2 is reverse bias 
and ensures that T 2 does NOT conduct. On the negative half cycle, the transistor's 
status is reversed, with T2 forward biased and conducting, and T1 cut off. Depend
ing upon the nature of the signal source and the actual component characteristics, 
either one or two input coupling capacitors may be required for satisfactory circuit 
operation. 

The following design guides for both single and dual supply circuits should help 
you design basic class AB power amplifiers. 

C
l 

R
l 

- + T
l 

c
2 

V
O + -

T
2 R

L 
C
l R

2

-= 
-

FigureS-34 

A coupling arrangement that employs two input capacitors. 
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SINGLE SUPPLY CLASS AB PUSH-PULL POWER AMPLIFIER 

R 

= 

1. Calculate Vcea

2. Calculate V cc

3. Calculate icsa1

4. Select I

5. Calculate A

6. Select transistors and diodes.

7. Select capacitors

= 

vee 

ti 

Vee = 2Vcea 
Vcea 

icsat = AL

I = 2 to 6% of icsat

A= Vee - 1.4V 
21 

Diode IV curves should match the 
transistor's transconductance curves. 

3.18 
c,�-

t,R,N 
A 

A1N = 2 II hFERL

3.18 
C2 >--

- f,RL 

'-..___/ 



\,.___.,

DUAL SUPPLY CLASS AB PUSH-PULL POWER AMPLIFIER 

R 

'::" 

1. Calculate Vee 

2. Calculate icsat

3. Select I

4. Calculate R

5. Select transistors and diodes.

6. SelectC

-V CC Vee = V 2PAeRL 
, Vee Lesat = -RL 

I = 2 to 6% of icsat 

R = 
2Vee - 1.4V 

21 

Diode IV curves should match the 
transistor's transconductance curves. 
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Example 5-13 

Design a class AB amplifier to supply 5W to a 100!1 load. A

single supply should be used for the design. Assume f1 = 50GHz. 

Referring to the single supply design guide: 

1. 

2. 

3. 

4. 

Vcea = v' 2PAcRL = v' 2(5W)(100fl) = 31.62V 

Vee = 2Vcea = 2(31.62V) = 63.24V 

. Vcea 31.62V 
Lc(sat) = -- = -- = 0.3162A 

RL 1000 

Selecting I = 2 to 6% of ic(sat) establishes a small quiescent current in 
the transistors. The purpose of doing this is to eliminate crossover distortion 
by providing class AB rather than class B operation. 

Ideally, lea = I. In practice however, lea is usually different from the value 
of I, since the diode IV curves and transistor transconductance curves rarely 
match exactly. The exact value of lea is not important as long as it is 
sufficient to provide class AB operation. Thus, selecting I equal to 5% of 
iqsat) we have: 

I = 5%(0.3162A) = 15.81 mA 

5. You can simplify the design process by choosing R1 = R2 = R. Thus:

R= 
Vee - 1.4V 

21 

63.24V - 1.4V 
----- = 1.95kfl 

2(15.81mA) 

'-.._.,/ 



"-..../ 6. The required transistor ratings are:

PAc SW 
PD<MAXJ;;;: S;;;: 

5
;;;: 1W

Vce(MAX) :2: Vcea :2: 31.62V 

lc<MAXJ :2: tc{sat> :2: 0.3162A 

Naturally, the transistors selected from the design should have maximum 

ratings somewhat larger than the values just calculated. 

In addition, it is desirable to select transistors whose hFE values, at 1.8Ico, 

are such that: 

Such a choice helps to ensure adequate base drive on the maximum peaks 

of the AC input signal. 

Ideally, the diode IV curves should match the transistor transconductance 

curves. If suitable diodes are not found, you can use transistors connected 
to act like diodes, as shown in Figure 5-35. 

R 

FigureS-35 

T1, T3 and T2, T4 are the same type transistors. By shorting the 
base�llector terminals of T 1 and T 2 the input transistors act like 
diodes. In this way, a "reasonable match" between the diode, T1 , 
T2 IV curves and transistor, T3, T4 transconductance curves is 

obtained. 
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7. Assuming hFE = 100:

R 
R1N = -llhFERL 

2 

1.95k!1 
R1N = -

2
-11100(100!1)

R1N = 0.975k!1111 0k!1 = 888.4!1 

C1 =
3.18 
f1R1N 

C _ 3.18
2- --

f1RL 

3.18 
500Hz(888.4n) 

3.18 
sooHz(1 oon) 

Class C Amplifiers 

= 7.2µF 

= 63.6µF 

A class C amplifier is illustrated by the circuit in Figure 5-36A. Here, the R8C1 

time constant is made large compared to the period of the AC input signal. The 

combination of C1 and the base-emitter diode of the transistor results in a negative 

clamping action at the base of the transistor. For this reason, conduction only 

occurs on the most positive peaks of the AC input voltage. '---./ 

As a result of the action just described, the collector current consists of a series 

of current pulses as shown in Figure 5-368. Assuming the current pulses drive 

a high Q tank circuit, the output voltage consists of a reasonably pure sine wave 

as shown in Figure 5-30C. 

By tuning the tank to one of the harmonic components of the collector current 

you obtain a frequency multiplier. In this case, the output frequency is a multiple 

of the input frequency. 

The principle advantage of a class C amplifier is its very high efficiency. In fact, 

class C amplifiers typically have efficiencies greater than 85%. To obtain such 

efficiencies, however, requires the use of high Q tank circuits. For this reason 

class C amplifiers can only amplify a narrow band of frequencies. Applications 

for class C amplifiers are primarily limited to radio frequency, RF, circuits. 
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FigureS-36 

A class C amplif 
A. Circuit 

ier. 

B. Collect 
C O 

or current 
. utput voltage. 

. 
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Self-Test Review 

16. Another name for nonlinear distortion is _________ distortion.

17. In many cases, the amount of second harmonic distortion is a reasonable

approximation for the _______ harmonic distortion.

18. Push-pull amplifiers tend to cancel _______ harmonic compo-

nents. 
(even/odd)

19. In addition to nonlinear distortion, class B amplifiers exhibit _____ _

distortion.

20. Crossover distortion is minimized by operating the transistors in the class

_____ mode.

21. To supply 20W of AC output power, each transistor in a class B or class

AB amplifier must have a collector dissipation capability of at least

_____ w.

22. By shorting the base and collector terminals of a BJT together, you can

use the BJT as a ________ _

23. Quasi-complementary amplifiers usually employ a Darlington pair and a

__________ pair of transistors.

24. Class _____ amplifiers can only amplify a narrow band of frequen-

cies.

25. Class _____ amplifiers typically have efficiencies in excess of 85

percent.



Answers 

16. harmonic

17. total

18. even

19. crossover

20. AB

21. Po(MAX) =

22. diode

23. compound

24. C

25. C

PAc 
-or4W
5
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SUMMARY 

Power amplifiers are classified according to their mode of operation. Descriptions 
of the four fundamental modes - class A, class AB, class B, and class C -
serve as an introduction to this unit. 

In power amplifiers, the signal swings in collector current and collector-to-emitter 
voltage represent the largest possible changes. Hence, several large-signal pa
rameters were introduced so that the small-signal formulas derived in Units 3 
and 4 could be converted into their approximate large-signal counterparts. 

Several examples illustrating the analysis and design of class A power amplifiers 
were provided in the unit. Since class A amplifiers are the least efficient, they 
are only used for low power applications. 

The nonlinear characteristics of transistors change the shape of the signal 
waveform. This type of distortion is called harmonic distortion. By measuring the 
output signal at three points, it is possible to estimate the amount of second 
harmonic distortion using the equations provided in this unit. Frequently, the 
amount of second harmonic distortion is a reasonable approximation of the total 
harmonic distortion. 

I 
� 

Class B amplifiers can have conversion efficiencies as high as 78.5%. However, J 
class B amplifiers introduce crossover distortion into the output waveform. To 
minimize crossover distortion the amplifier is designed to operate in the class 
AB mode rather than the class B mode. 

The analysis and design of push-pull, complementary-symmetry amplifiers were 
discussed in some detail. By referring to the examples and appropriate design 
guides, you should be able to design useful power amplifiers. Dual supply circuits 
are especially useful in portable equipment, where a battery power source is 
used. 

Although class C amplifiers have very high efficiencies, applications for these 
circuits are limited. This is because class C circuits require a resonant tank in 
the collector. Consequently, only a limited range of signal frequencies can be 
amplified in a class C amplifier. 



\______,) UNIT EXAMINATION 

The following multiple choice examination is designed to test your understanding 

of the material presented in this unit. Place a check beside the multiple choice 

answer (A, B, C, or D) that you feel is most correct. When you have completed 

the examination, compare your answers with the correct ones that appear after 

the exam. 
16V 

lOOµF 
lOOµF .___..,__ ___ --'+'-11-----1--lJV

O
,----...... I-'

+
--------
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I

_,oo,,, 
FlgureS-37 

Refer to Figure 5-37 for questions 1 through 5. 

1. The quiescent power dissipated by the transistor is:

A. 0.45W.

8. SW.

C. 18W.

D. 11.25W.

� Circuit for questions 1 to 5. 

2. The maximum possible power dissipated by the an load device is:

A. 2.25W.

B. SW.

C. 11.25W.

D. 18W.

3. The total DC input power, including the power dissipated by the biasing
resistors, is:

A. 18W.

B. 24.03W.

C. 54.45W.

D. 48W.
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4. The conversion efficiency of the circuit is:

A. 25%.

B. 16.5%.

C. 4.13%.

D. 0%.

5. The 2.670 collector resistor should have a power rating of at least:

A. 1W.

B. 2W.

C. 10W.

D. 24W.

6. In a class A, RC-coupled amplifier, appropriate transistor ratings are:

A. Po(MAX) � Poa, V CE(MAX) 2 2V cea, lccMAX> 2 21ca-
B. Po(MAX} 2 Poa, V ce(MAX) 2 V cea, lccMAX> 2 lca-
C. PD(MAX) 2 Pod5, Vce(MAX) � Vee, lccMAX> � lea.
D. PocMAX> 2 P Ad5, V CE(MAX> � 2V cea, lc(MAX) 2 21ca-

C 

FlgureS-38 

Circuit for questions 7 to 11 . 

--------------u
v
o
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Refer to Figure 5-38 for questions 7 through 11 . Here, the maximum possible 
AC load power is assumed to be 2.25W. 

., 

7. 

8. 

9. 

10. 

The supply voltage should equar: 

A. ±12V.
B. ±6V.
C. ±3V.
D. +6V, -3V.

The transistors should have an lccMAX> rating at least equal to: 

A. 0.75A.
B. 1.5A.
C. lea.
D. 2Ica-

Assuming I = 4% ic(sat)R should equal, approximately: 

A. 353.340.
B. 176.670.
C. 88.330.
D. 44.160 .

The transistors should have a Po(MAX) rating at least equal to: 

A. 4.5W.
B. 2.25W.
C. 1.12W.
D. 0.45W.

11. Assuming f 1 = 1 kHz, the required value for C2 is:

A. C2 not required.
B. 397.5µ.F.
C. 39.75µ.F.
D. 3.975µ.F.
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9V 

4V 

FigureS-39 

0 Waveform for questions 12 to 14. 

Refer to Figure 5-39 for questions 12 through 14. 

12. The peak value of the fundamental component of the voltage is approxi-

mately:

A. 9V.

B. 9V - 0.8V.

C. 9V - 4V.

D. 4.1V.

13. The peak value of the second harmonic component of the voltage is approx

imately:

A. 0.45V.

B. 9V - 0.8V/2.

C. OV.

D. Depends on frequency.

14. The percent second harmonic distortion approximately equals:

A. 0%.

B. 10.9%.

C. 7.3%.

D. 3.70%.

15. The most efficient type of amplifier discussed in this unit is:

A. Class A.

B. Class B.

c. Class AB.

D. ClassC.
) 



� EXAMINATION ANSWERS 

� 

1. C - To calculate Poa you must first calculate the values of lea and Vceo-
Thus: 

Ve= 16V(6.70)
= 2_7V 33n + 6.10 

Ve = 2.7V - 0.7V = 2V 

Ve 2V 
le = - = -- = 2.99A=3A= lea 

Re 0.670 

Vee = Vee - lc(Re + Re)
Vee = 16V - 3A(2.67O + 0.670) 
Vee = 16V - 10.02V = 6V = Veea 

Thus: 

Poa = Veealca 
Poa = 6V(3A) = 18W

2. A - The maximum possible power dissipated by RL is:

(V a)2 (6V)2 

P = � = -- = 2.25WF\. 2RL 2(80) 

3. C - The total DC input power, including the power dissipated by the biasing
resistors, is calculated using Equation 5-1. Here: 

Since Vs = 2.7V and R2 = 6.7.fl, I� equals 2.7V/6.7fl or 0.403A 
(neglecting the small base current, IA, = I�). Therefore:

Poe = 16V[3A + 0.403A] = 54.45W 

4. C - Conversion efficiency is a ratio of the maximum possible AC load
power to the DC input power. Thus: 

'TJ' = 
PAc x 100
Poe 

2.25W 
54.45W 

X 100 = 4.13%
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5. D - Since lea = 3A:

PF\: 
= (lca)2Rc

PF\: = (3A)2(2.670) = 24W

6. A - In a class A, RC coupled amplifier, the approximate transistor ratings
are: 

PD(MAX) 2'. Poo, Vce(MAX) 2'. 2Vcea, lc(MAX) 2'. 2Ica 

7. B - Referring to the dual supply design guide:

Vee
= V 2PAcRL 

= V 2(2.25W)(80) = 6V 

8. A - lqMAX) 2 iccsat)· For the dual supply circuit:

Vee 6V 
t'.C(satl = - = - = 0.75A 

RL an 

9. B - 4% ic(sat) = 4% (0.75A) = 30mA.

R = 2Vee - 1.4V
= 2(6V) - 1.4V

= 176_670 
21 2(30mA) 

10. D - In the push-pull amplifier, Po(MAX) = P AdS. Thus:

2.25W 
PD(MAX) 

= -- = 0.45W 
5 



11. A - The dual supply circuit does not require an output coupling capacitor!

12. D- In Figure 5-39, VMAX = 9V, VM1N = 0.8V, and Va = 4V. Thus:

V2 = 0.4
5

V peak 

9V - 0.8V 
2 

= 4.1V peak 

9V + 0.8V - 2(4V) 
4 

14. B - The percent second harmonic distortion is:

I 
0.4

5
V 

I D2 = -- x 100 = 10.9% 
4.1V 

15. D - The class C amplifier has the highest efficiency.
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Multiple-Transistor Circuits 16-3

INTRODUCTION 

With the exception of push-pull amplifiers, and single stage amplifiers employing 
Darlington and/or compound packages, the circuits examined previously were 
single transistor circuits. In this unit, some of the more frequently encountered 
multiple-transistor circuits will be examined. 

Generally speaking, amplifiers may be classified as being either direct-coupled 
or AC coupled. The differential amplifier i� a good example of the direct-coupled 
concept. Due to its versatility, the differential amplifier is employed extensively 
in both feedback systems and linear integrated circuits. Consequently, the opera
tion of this important circuit will be discussed in detail. 

Multistage amplifiers are necessary when gain, power, and/or impedance require
ments cannot adequately be met by a single stage of amplification. For this 
reason, examples illustrating the analysis and design of two-stage AC coupled 
amplifiers will also be provided in this unit. 
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Analyze and design a differential amplifier utilizing an Re, Vee current
source.

2. Analyze and design a differential amplifier that utilizes one of three BJT

constant current sources.

3. Analyze and design a two stage, common-emitter, RC coupled voltage

amplifier.

4. Select component values for a voltage divider feedback network.

5. State how voltage series negative feedback affects R1N, Ro, and Av in
a two-stage, common-emitter voltage amplifier.

.._,/ 



□ 

□ 

□ 

□ 

□ 

□ 

□ 

□ 

□ 

UNIT ACTIVITY GUIDE 

Read section on "Differential Amplifiers". 

Answer Self-Test Review Questions 1-14. 

Perform Experiment 1 O in Unit 9. 

Read section on "Cascaded Stages". 

Answer Self-Test Review Questions 15-24. 

Perform Experiment 11 in Unit 9. 

Study the Summary. 

Complete Unit Examination. 

Check Examination Answers. 

Multiple-Transistor Circuits I s-5 
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DIFFERENTIAL AMPLIFIERS 

Differential amplifiers are frequently used to obtain an output voltage that is di
rectly proportional to the difference between two input voltages. For this reason, 
differential amplifiers are also referred to as difference amplifiers. 

The input stage of many linear integrated circuits is a differential amplifier. Thus, 

the knowledge you acquire by examining a basic BJT differential amplifier will 

help you understand the terminology and operation of numerous linear IC's. 

Basic Circuit 

An elementary BJT differential amplifier is shown in Figure 6-1. Ideally, transistors 

T1 and T2 have identical characteristics. In addition, component values are 

selected so that Re = Re = Re and Rs = Rs = Ra. 
1 2 1 2 

In Figure 6-1, note that the circuit has two input terminals and two output terminals. 

An input can be applied to either or both bases. Similarly, outputs are available 
between either collector and ground. In addition, an output can also be taken 

between the two collector terminals. These various options make the differential 

amplifier a very versatile circuit. 

IN PUT 

1 

Figure 6-1 

Basic differential amplifier. 

IN PUT 

2 

L 

--------
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DC Analysis 

By removing the two signal sources, v1 and v2, you obtain the DC equivalent 

circuit shown in Figure 6-2A. To emphasize the symmetrical nature of the circuit, 
RE can be split into two components as shown in Figure 6-28. Since 2REll2RE 

= RE, it should be apparent that the circuit in Figure 6-2A is equivalent to the 
circuit in Figure 6-28. 

The symmetry of the differential amplifier can be employed to simplify the analysis 

process. The results obtained by analyzing one-half of the circuit are directly 

applicable to the remaining half. 

-VEE
ORIGINAL CIRCUIT 

@ 

LE FT-HALF 

-VEE

RIGHT-HALF 

EQUIVALENT CIRCUIT 

Figure6-2 

DC equivalent circuits for the BJT differential amplifier 

in Figure 6-1. 
A. Original circuit.
B. Equivalent circuit.
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@ 

Figure6-3 

-VEE

LEFT-HALF 

REDRAWN FOR CLARITY 

DC equivalent circuits for one-half of the differential amplifier 

in Figure 6-28. 
A. Left-half.

8. Redrawn for clarity.

L 
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\_____./ The DC equivalent circuit for the left half of the differential amplifier is provided 
in Figure 6-3A. By redrawing the circuit, you obtain the circuit shown in Figure 
6-3B. Here, the loop equation for the base-emitter portion of the circuit is:

- lsRs + Vee - 21eRe - Vse = 0

Substituting IE/hte for 18 and solving for IE yields: 

Vee - Vse 
le=---

Rs 2Re+ -hte 

Assuming component values are chosen so that 2Re > > �8 , the value of IE 

is approximated by: fe 

Vee - Vse 
le = --- (Eq.6-1) 2Re 

Due to the circuit's symmetry, IE = IE
1 

I�. Since the current in the emitter 
resistor, RE, equals IE

1 
+ IE

2
, we have: 

Once the value of IE is known, the other DC quantities are readily determined. 
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Example6-1 

For the circuit shown in Figure 6-4, work out values for the 
following DC quantities: 

(a) The emitter currents.

[b) The current flowing through RE, 

(c) The collector-to-ground voltages.

(d) The emitter-to-ground voltages.

(e) The collector-to-emitter voltages.

(f) The collector-to-collector voltage, V AB• 

7. 5k<:1

T
l 

lk<:1 

-= 

15V 

7. 5kQ

A B 

7. 15kQ

-15V

Figure6-4 

Circuit for Example 6-1. 

T
z 

l k<:1

·'-------',



\........../ (a) 
Vee - VBE. le = lo: = le = ' ... 2Re 

(b) IF\s 
= 2Ie = 2(1mA) = 2mA

15V - 0.7V 
---- = 1mA 

2(7.15k0) 

(c) Ve, = Ve
2 

= Vee - leRe = 15V - 1mA(7.5kO) = 7.5V

(d) Since IRe = 21e, the emitter-to-ground voltage, Ve, is:

Ve = 2IeRe - Vee
Ve= 2mA(7.15kO) - 15V
Ve= -0.7V

Multiple-Transistor Circuits I s-11 

Note that the DC emitter voltage is only slightly below ground potential. This 
is similar to the situation encountered in a single transistor emitter bias circuit, 
where Ve is typically -0.7V.

(e) Vee = Ve - Ve
Vee = 7.5V - (-0.7V)
Vee = 8.2V

(f) Since Ve, equals Ve
2

, the collector-to-collector voltage, Ve, - Ve
2

, is zero.
Specifically:

VAB = Ve, - Ve
2 

= 7.5V - 7.5V = OV



6-12 I UNIT SIX

Current Source Model 

The function of RE and VEE in the basic differential amplifier is to provide a con
stant current flow through RE. Ideally, the value of this current should not change 
when v1 and/or v2 are applied to the input terminals of the amplifier. As you 
will see, it is important to maintain a constant value of IRe in spite of variations 
in v1, v2, or both v1 and v2. 

Since RE and VEE function as a crude "constant current source," you can visualize 
the basic differential amplifier as shown in Figure 6-5. 

Figure6-5 

Current source representation of a differential amplifier. 

C 
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Example6-2 

Show how the circuit of Example 6-1, Figure 6-4, can be 
analyzed using the concept of a current source model. 

The original circuit is reproduced in Figure 6-6A. The value of the current flowing 

through RE equals the value of 15 in the current source model. Since, IR
e 

equals 
21E: 

Is = 
VEE - VBE 

(Eq. 6-3) 
RE 

Thus: 

15V - 0.7V 
Is = = 2mA 

7.1 Sk!l 

In this case, the current source model appears as shown in Figure 6-6B. There

fore, 

Is 2mA 
IE = - = -- = 1 mA 

2 2 

Once you know the value of IE, you can calculate the remaining DC currents 

and voltages as in Example 6-1. 

15V 15V 

® 

7.5k\1 7.5k\1 7.5k\1 

1 k\1 

1 k\1 

-15V 

0 RIG I NA L CIRCUIT CURRENT SOURCE MODEL 

Figure6-6 

Circuits for Example 6-2. 

A. Original circuit.
B. Current source model. 

I k\1 
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V
I "\.., R

B R
B 

'v 

v
2 

I rs
= -= -= 

R
l 

T
3 

-= + 
CONSTANT-CURRENT 

R
2 SOURCE 

R
E 

Flgure6-7 

A differential amplifier that utilizes current source bias. 

r 
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Current Source Bias 

Multiple-Transistor Circuits I 6-15 

If you analyze the differential amplifier from an AC point of view, you will find 

that large values of RE are desirable. Unfortunately, large values of RE also require 

relatively large supply voltages. In addition, for a given value of Is, large RE 

values dissipate more power than do small RE values. 

A circuit that overcomes the limitations of the RE, VEE biasing scheme is illustrated 
in Figure 6-7. Here, transistor T 3, resistors R1 , R2, and RE, and the voltage source, 

VEE, function as a much improved constant current source for the differential 

amplifier. 

The current source portion of the circuit in Figure 6-7 can be analyzed in this 
way: 

Using voltage division: 

By inspection, the voltage across RE equals the voltage across R2 minus the 

transistor base-to-emitter voltage. Thus: 

Since IRE equals Is, we have, using Ohm's law:
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Example&-3 

(a) 

(b) 

For the circuit shown in Figure 6-8 calculate the values of: 

(a] The source current, ls. 

(b] The emitter current of T1 • 

(c) The base voltage of T3.

VR, 
= 

VEER2 15V(10k0) 
= 7.5V 

R1 + R2 10k0 + 10k!l 

VR, - VBE 7.5V - 0.7V
Is = �-= ----- = 2mA 

Re 3.4k!l 

Is 2mA 
l
e, 

= - = -- = 1 mA 
2 2 

(c) The base voltage of T3 equals the voltage across R1. In Figure 6-8, note

that the base voltage is negative with respect to ground. Thus:

Figure6-8 

Circuit for Example 6-3. 

lOkQ 

Va = VR, = -7.5V 

vee 
15V 

-15V

\..._/ 
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Additional Constant Current Sources 

Two popular variations of the constant-current source, in Figure 6-7, are illustrated 
in Figure 6-9. 

In the zener diode circuit shown in Figure 6-9A: 

Since Is = IRe, we have: 

Vz - VsE ls = ---
Re 

(Eq. 6-5) Zener diode circuit 

Similarly, for the diode circuit in Figure 6-98: 

(Eq. 6-6) 

Since the diode voltage, V0, and the transistor's base-to-emitter voltage, V8E, 
are approximately equal, the voltage across RE essentially equals the voltage 
across R2. Thus: 

Therefore, the current produced by the constant-current source is: 

(Eq. 6-7) 

The zener diode circuit stabilizes Is against supply voltage and temperature varia

tions by providing a stable reference voltage. Similarly, the diode circuit minimizes 
the effects of variations in VsE since the voltage drop across the diode, V0, effec

tively cancels the transistor's b�se-to-emitter voltage, VsE-

ZENER DIODE CIRCUIT 
'j1s= IRE

DIODE CIRCUIT 

@ + R
T3 @- R 
+ 

+ l_ 

VBE - t IRE= VO+ = 

v
z 

RE R2

Figure6-9 

+ 

+ 

Improved constant-current sources for the differential amplifier. 

A. Zener diode circuit.
B. Diode circuit.

I 

T3 
jrs= IRE

+ 

V BE - i IRE

RE



6-1 a I UNIT SIX

Example6-4 

Calculate the source current, ls, zener current, lz, and emitter 
currents for the circuit shown in Figure 6-10. 

-= 

VEE - Vz 

R 

5.7V - 0.7V 

2.5kfl 
= 2mA 

15V - 5.7V 

9.3kfl 
=1mA 

Is 2mA 
IE = 

2 
= -

2
- = 1 mA = IE, = I

E, 

15V 

R
B 

- __. R
B lkQ !El 

Ii
:' lkQ 

-= -= 

R 
T3 

9. 3kQ 

5. 7V 

ZENER 
R

E 

2. 5kQ 

I
Z 

-15V

Figure6-10 

Circuit for Example 6-4. 

-..__/ 

-.___/ 
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What value of ls is produced by the constant-current source 
in Figure 6-11? 

Assuming V0 = 0.7V: 

(10V - 0.7V)6.8kfl 
Vp,, =

3.3kfl + 6.Bkfl 

Is
= Vp,, = 6.26V = 3.13mA

Re 2kfl 

3. 3kQ

9.3V(6.8kfl) 
----=6.26V

10.1kfl 

Flgure6-11 

Current source for Example 6-5. 

AC Analysis 

Multiple-Transistor Circuits I 6-19 

An "exact" AC analysis of the basic differential amplifier in Figure 6-1 is surpris
ingly complex. However, by employing a few new concepts and considering the 
symmetrical nature of the circuit, it is possible to derive a number of approximate, 
but useful, formulas. 
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DIFFERENTIAL-MODE VOLTAGE 

The output voltage taken between the two collectors in Figure 6-1 ideally depends 

upon the product of the amplifier's voltage gain, �. and the difference between 

the two input voltages (V1 - V2). This concept is illustrated in Figure 6-12, where 
the triangular symbol is used to represent the differential amplifier. Here, the 

difference voltage (V 1 - V 2) is referred to as the differential input voltage, 

vd. Stated mathematically: 

(Eq. 6-8) 
l 

(Eq. 6-9) )

Ideal differential 
amplifier. 

For example, if v1 = +0.25V, v2 = -0.25V, and� = 10, the output voltage 

in Figure 6-12 would be calculated as follows: 

Vd = v, - V2 = + 0.25V - ( - 0.25V) = 0.5V

v0 = �vd = 10(0.5V) = 5V 

Similarly, if v1 = v2 = 0.25V, the output voltage in Figure 6-12 would be zero 
volts since the differential input voltage (v1 - v2) is zero. 

Figure6-12 

The ideal differential amplifier. 

Example6-6 

In Figure 6-12, v1 = 1.25V, v2 = 0.75V, and Ad = 10. Calculate 
the output voltage, v

0
, assuming the amplifier is ideal. 

Vd = v, - V2 = 1.25V - 0.75V = 0.5V

v0 = �Vd = 10(0.5V) = 5V

Since the differential input voltage was the same as the previous example, the 
output voltage is also the same, 5V. 

\__J 
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By definition, the common-mode voltage, vcM, is the average value of the two 

input voltages to a differential amplifier. Stated mathematically: 

(Eq.6-10) 

By solving Equation 6-8 and Equation 6-10 for v1 and v2 in terms of vd and 

vcM, you obtain: 

(Eq.6-11) 

(Eq. 6-12) 

You can appreciate the significance of these equations by referring to Figure 

6-13. In Figure 6-13A, v1 and v2 are applied to the input terminals of the differential

amplifier. Here:

1. The voltage from terminal A to ground equals v1.

2. The voltage from terminal B to ground equals v2. 

3. The voltage between terminals A and B, the differential input volt-

age, equals v1 - v2.

Equation 6-11 and Equation 6-12 suggest the equivalent circuit shown in Figure 

6-13B. Here, each input voltage is thought of as containing both a differential

mode, vd/2, and common-mode, vcM, component. The following example verifies

the equivalence of the circuit in Figure 6-13A and Figure 6-13B.

+ 

® 

ORIGINAL CIRCUIT EQUIVALENT CIRCUIT 

Figure6-13 

The input voltages, v1 and v2, in A can be represented by differential 
and common-mode components as shown in B. 

A. Original circuit.
B. Equivalent circuit.
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@ 

+ 

© 

SOLVING FOR VA 

SOLVING FOR VB 

SOLVING FOR V AB 

Figure6-14 

Circuits for Example 6-7. 
A. Solving for VA-
8. Solving for va.

C. Solving for vAB.
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Example&-7 

In Figure 6-13A PA = P1, PB = 112, and IIAB = 111 - llz. Show 
that the same values are obtained for the circuit in Figure 
6-13B.

Multiple-Transistor Circuits I 6-23 

The circuit in Figure 6-138 is redrawn in Figure 6-14. By following the path indi
cated from terminal A to ground in Figure 6-14A, you obtain: 

Substituting v1 - v2 for vd and 
V1 + V2
--

2
-- for vcM yields: 

2v1 
2 = 2 =v, 

Similarly, through the path shown in Figure 6-148: 

ve = --
2-

-

Finally, referring to Figure 6-14C: 

Since the terminal-to-ground and terminal-to-terminal voltages in Figure 6-13A 
and Figure 6-138 are identical, we conclude that the voltage sources in Figure 

6-13A can be represented as shown in Figure 6-138.
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Practical Differential Amplifiers 

Due to the fact that real components cannot be matched exactly, the two halts 
of a practical differential amplifier are not exactly the same. For this reason, 
the output voltage depends upon both the differential and common-mode compo
nents of the input voltages. Specifically, the output voltage of a practical differential 
amplifier is described as follows: 

Where: vd = differential input voltage = v1 - v2 

vcM = common-mode input voltage =

Ao = differential voltage gain. 

AcM = common-mode voltage gain. 

It is important to remember that, in real differential amplifiers, equal differen
tial input voltages do not necessarily result in equal output voltages. 

The following example illustrates this concept. 

Example6-8 

A diHerential amplifier has a diHerential voltage gain, Ad, of 
1 0 and a common-mode voltage gain, ACM, of 0.1. Estimate 
the output voltage for_ the following input voltages: 

(a] 111 = + 0.25V, 112 = - 0.25V 

(b] 111 = 112 = 0.25V 

(c] 111 = 1.25V, 112 = 0.75V

(a) vd = V1 - V2 = +0.25V - (-0.25V) = 0.5V 

v, + V2 + 0.25V + ( - 0.25V)
vcM = --- = ------- = 0V 

2 2 

Note that when v1 = - v2, the common-mode component of the input volt
age is zero. 

Vo = Ac!vd + AcMVCM 
v0 = 10(0.5V) + 0.1 (0V) = 5V 

In this case, a differential input voltage of 0.5V results in a 5V output voltage. 

'---.,.../ 

'-._/ 



\._/ (b) Vd = v, - V2 = 0.25V - 0.25V = OV 

VCM = 
v, + V2 0.25V + 0.25V 

2 2 
= 0.25V

Multiple-Transistor Circuits I 6-25 

Note that when v1 = v2, the differential input voltage is zero. Ideally, the 
output voltage should also be zero. However, since a real differential 
amplifier responds to both the differential and common-mode input compo
nents, we have: 

Vo = A.:ivd + AcMVCM 
V0 = 1 0(0V) + 0.1 (0.25V) = 0.025V

(c) vd = v, - v2 = 1.2sv - o.75V = o.sv

VCM =
1.25V + 0.75V 

2 
=1V 

Note that the differential input voltage, 0.5V, is the same as in (a). In this 
case, however, the output voltage is: 

Vo = A.:ivd + AcMVCM 
v0 = 10(0.SV) + 0.1 (1V) = 5.1V

Common Mode Rejection Ratio 

Since the ideal differential amplifier is perfectly balanced, its common-mode volt
age gain is zero. Thus, the ideal differential amplifier only responds to differential 
input signals. Common-mode signals are completely rejected by the amplifier. 

Real differential amplifiers respond to both differential- and common-mode sig
nals. Clearly, a practical differential amplifier is one whose differential-mode volt
age gain is large compared to its common-mode voltage gain. 

A measure of how close the characteristics of a real differential amplifier are 
to those of the ideal differential amplifier is given by the ratio of the amplifier's 
differential- and common-mode voltage gains. This ratio is called the common 

mode rejection ratio, CMRR, and is defined as follows: 

CMRR = � (Eq. 6-14) 
AcM 

Obviously, large values of CMRR are desirable. Frequently, the CMRR of a diffe
rential amplifier is expressed in decibels rather than as a simple numeric ratio. 
Specifically: 

CMRRds = 20 log CMRR (Eq. 6-15) 
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Example6-9 

Calculate the CMRR for the amplifier in Example 6-8: 

Expressed in decibels: 

Noise 

� 10 
CMRR = - = - = 100 

AcM 0.1 

CMRRds = 20 log CMRR 
CMRRds = 20 log 100 = 40dB 

The common-mode component of the input voltages to a differential amplifier 

is effectively applied to both inputs of the amplifier, as illustrated previously in 

Figure 6-13B. For this reason, any signal that is simultaneously applied to both 
inputs will appear as a common-mode signal to the amplifier. As you know, diffe
rential amplifiers tend to reject common-mode signals. 

Sources of electrical noise are both varied and numerous. Typical noise sources 

include electric motors, lightning, incandescent light dimmers, fluorescent lights, 

and power supplies. Frequently, these and other noise sources induce unwanted 

voltages in leads connected between a signal source and the input terminals ._../ 

of an amplifier. 

Noise-induced voltages are amplified along with the signal voltage by most 

amplifiers. Thus, when the amplitude of the induced noise voltage is on the same 

order of magnitude or larger than the signal voltage, the output voltage from 

a conventional amplifier will be a highly distorted waveform. 

Differential amplifiers have excellent noise immunity. This is because the noise 

voltages induced in each of the two amplifier input leads are essentially equal. 

Consequently, the induced noise voltages appear as a common-mode signal to 

the differential amplifier and are rejected. 
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Useful Formulas 

The left half of the basic differential amplifier is reproduced in Figure 6-1 SA. 
Here, we are assuming that a common-mode voltage is applied to the input of 
the amplifier. The AC equivalent circuit is shown in Figure 6-15B. By following 
the path indicated by this dotted line you obtain: 

Solving for le: 

The ratio of vc to vcM, AcM, is therefore: 

-V
EE 

LEFT HALF OF FIGURE 6-1 

(Eq. 6-16) 

@ 
r-------------- - - _TI 
I 

I 

! v,/"' ,, '• t f + 

!

i �,
2R

E

I _ I 

L----�----�-----J 

AC EQUIVALENT CIRCUIT 

Figure 6-15 

Circuits for deriving an-expression for AcM -
A. Left-half of Figure 6-1. 

B. AC equivalent circuit. 

--=-
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Assuming component values are chosen so that 2RE >> r0', Equation 6-16 is 

closely approximated by: 
'-....../ 

Re 
AcM = - - (Eq. 6-17) 

2RE 

To obtain a small value of AcM, RE should be large. Increasing the value of 

RE, however, requires a larger VEE supply voltage. Thus, the values chosen for 

VEE and RE represent a common-mode voltage gain/supply voltage compromise. 

If current source bias is employed, the effective value of RE in Equation 6-17 

approximately equals the value of re'. Thus: 

-Re
AcM= -

2rc' 
(Eq. 6-18) Current source bias 

Since re' is usually very large compared to Re, the common-mode voltage gain 

of a differential amplifier employing current source bias is quite small - which 

of course is desirable. 

To calculate the differential voltage gain, veM is assumed to be zero. When v1 

= vJ2 and v2 = vJ2, the changes in i8
1 

and i82 
are complementary. Thus, if 

i81 
increases by 1 mA, i8

2 
will decrease by 1 mA and vice versa. For this reason, 

no signal current flows through emitter resistor RE. This fact permits us to replace ---./ 
RE by a short circuit as shown in Figure 6-16A. 

Referring to the AC equivalent circuit in Figure 6-16B, we note: 

The differential voltage gain, �. is therefore: 

(Eq. 6-19) 

----.._,/ 
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AC EQUIVALENT CIRCUIT 

Figure6-16 

Circuits for deriving an expression for�-

A. Original circuit.

B. AC equivalent circuit.

.. 
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lk<:l 

15V 

® 
7. 5kQ 7.5kQ 

lkQ l k<:l
7.15kQ 

-15V

BASIC DIFFERENTIAL AMPLIFIER 

Figure6-17 

Circuits for Example 6·10. 

A. Basic differential amplifier.
B. Current source bias.

lOkQ 

7. 5k<:l

lOkQ 

15V 

7. 5k<:l

r' = lM<:l 
C 

3.4kQ 

-15V

CURRENT SOURCE BIAS 

'-.._,,/ 

lkQ 
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'-._/ Example&-10 

___,I 

The circuits shown in Figure 6-17A and Figure 6-17B were 
partially analyzed in Example 6-1 and Example 6-3 respec
tively. Recall that in both circuits IE = IE = 1.mA. Based 

I 2 

on this fact, calculate the differential voltage gain, common-
mode voltage gain, and the common-mode rejection ratio of 
each circuit. 

For the basic differential amplifier: 

r I -e -
37mV 37mV 
-- =-- =370 

le 1mA 

7.5k0 
= -101.3 

2(370) 

Re 7.5k0 
AcM = - - = - --- = -0.524 

2Re 2(7.15k0) 

AcJ 101.3 
CMRR = - = -- = 193.3 

AcM 0.524 

CMRRdB = 20 log 193.3 = 45.7dB 

Since the current source bias circuit has the same values of Re and re' as the 
basic circuit, � = -101.3. Also, since re' for T 3 = 1 MO, the common-mode 
voltage gain, AcM, is: 

Thus: 

-Re -7.5k0
AcM 

= -- = --- = -0.00375
2re' 2(1MO) 

AcJ 101.3 
CMRR = - = --- = 27013.3 

AcM 0.00375 

CMRRds = 20 log 27013.3 = 86.67d8 

Obviously, the use of current source bias provides superior common-mode rejec
tion. 
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Mode of Operation 

Since the differential amplifier has two input and two output terminals, a number 
of operating modes are possible. The simplest mode is the single-input, single
output arrangement. In this mode, a single input voltage, v1, or v2, is applied 

to the base of either T1 or T2 in the "differential pair." The output voltage is 

then taken from the collector of either T 1 or T 2- To illustrate the various operating 
modes, let's examine the circuit shown in Figure 6-18. 

vee

/'\ 
Ve 

/\ ve
z1 V 

� 1/ 
V 

A B 

0� 
T
l 

T
z 

R
B R

B 

I
s 

-=- -=- -= -=-

Figure6-18 

Single-input signal waveforms. 

SINGLE-INPUT, SINGLE-OUTPUT MODE 

In Figure 6-18 a single input voltage, v1, is applied to the base of T 1- Since 

the base of T 2 is grounded, v2 equals 0. Therefore, the amplifier sees a differential 

input voltage of (v1 - 0), or v1. 

The signal at the collector of T 1 equals the differential voltage gain, - Rd2r e', 
times the differential input voltage, v1. Thus, the voltage appearing at the collector 
of T 1 is an amplified but inverted version of v1. 

'--' 

'--....../ 
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'-...J Changes in v1 produce changes in the emitter current in T1 . Since the emitter 
of T 1 is connected directly to the emitter of T 2 and since 15 is constant, the emitter 

current in T 2 must follow the changes in the emitter current in T 1. For this reason, 

T 2 acts like a common-base amplifier. Thus, the voltage appearing at the collector 
of T 2 is an amplified - in phase version of v1. The amplitude of vc

1 
and vc

2 

are, ideally, equal. Thus, in the single-input, single-output mode, you have a 
choice of selecting either an in-phase or inverted output voltage. In each case, 
the output voltage is approximately Rd2r8 ' times larger than the input voltage. 

SINGLE-INPUT, DIFFERENTIAL-OUTPUT MODE 

In Figure 6-18, the collector voltages are of equal amplitude but opposite phase. 
For this reason, the signal voltage between the collectors, vAB, will be double 

the value of either collector-to-ground voltage. Specifically: 

VAS
= Ve, -vc, 

Substituting -vc
1 
for vc

2 
yields: 

Therefore, by taking the output voltage between the two collector terminals, the 
voltage gain of the circuit is effectively doubled. Thus, for a differential output 
voltage: 

DUAL-INPUT, SINGLE-OUTPUT MODE 

When two voltages, v1 and v2, are applied to the inputs of a differential amplifier, 

the differential input voltage equals (v1 - v2). Consequently, the signal appearing 

at the collector of T 2 equals Rd2r 8
1 times (v1 - v2), 

Thus, as was the case with the single-input, single-output mode, you have a 

choice of selecting either an in-phase or inverted output voltage. In this case, 

however, the output voltage is an amplified version of the difference between 

the two input voltages. 

DUAL-INPUT, DIFFERENTIAL-OUTPUT MODE 

Once again, the effective voltage gain is doubled when the output voltage is 
taken between the two collector terminals. In this mode: 
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DIFFERENTIAL-INPUT, SINGLE- AND DIFFERENTIAL-OUTPUT MODES 

A single-ended voltage is a voltage between an ungrounded point and ground. 
Both v1 and v2 are examples of single-ended voltages. A differential voltage 
is a voltage that exists between two ungrounded points. The difference voltage 
(v1 - v2) is an example of a differential voltage. 

The output voltage from a Wheatstone bridge is another example of a differential 
voltage. Since measurement systems frequently employ bridge circuits, differen
tial amplifiers are normally used to amplify the system's differential output voltage. 
In addition, the large CMRR of the differential amplifier minimizes the problems 
encountered when the measurement system is in a noisy environment. 

A differential amplifier that can be used to directly amplify a differential input 
voltage is illustrated in Figure 6-19. Here, single-ended output signals are avail
able at either collector. Similarly, a differential output signal results when the 
output is taken between the two collector terminals. As you might expect, vc, 
equals - Rdre ' times v1N and vc

2 
equals Rd2re' times v1N• Consequently, the 

differential-output voltage equals (vc, - vc
2

) or Rdr e ' times v1N• 

Figure6-19 

Differential-input, differential-output mode. Note that single-output 

signals are available at each collector. 
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'--...J The various operating modes are summarized in Table 6-1. Here, the magnitude

of the output voltage(s) are provided in column four. Naturally, the phase of a 

particular output voltage depends upon the specific input and output terminals 

employed. 

Table&-1 

Differential Amplifier operating modes. 

(v1N) (vd) (vo) 
Mode Input Voltage(s) Dlfferentlal Voltage Output Voltage 

Single-Input, v1 orv2 v1 orv2 Re 

Single-Output 
-- VIN2re' 

Single-Input, v1 or v2 v1 or v2 Re 

Differential-Output 
-- VINre' 

Dual-Input, v1 and v2 (v1 - v2) Re -- (v1 - v2)
Single-Output 2re' 

Dual-Input, v1 and v2 (v1 - v2) Re -- (v1 - v2}
Differential-Output r , e 

Differential-Input, VIN VIN Re -- VIN
Single-Output 2re' 

Differential-Input, VIN VIN Re -- VIN
Differential-Output re' 

'-.___,,I 
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Input and Output Resistances 

The derivation of "exact" formulas for the input and output resistances of the 

differential amplifier is quite complex. In most cases, the following approximate 

formulas are adequate. 

The input resistances seen by v1 and v2 are approximately: 

The input resistance seen by a differential input signal, vd, is approximately: 

R1N. = 4h1er e'IIRs (Eq. 6-21) 

The approximate output resistance looking back into the circuit from either collec

tor terminal is: 

Ro, = Ro
2 

= Re (Eq. 6-22) 

Similarly, for a differential output connection, the resistance seen looking back 

into the two collector terminals is approximately: 

Example 6-11 

Ro. = 2Rc (Eq. 6-23) 

In many applications, the signals applied to the inputs of a 
differential amplifier are complementary, as shown in Figure 
6-20. For the given input signals, predict:

[a] The collector voltage at T1 ,

[b] The collector voltage at T2, 

(c) The voltage developed between the collectors of T1 

and Tz.

[d] The input resistance seen by v1 and Vz.

(e] The output resistance; assuming the output signal 
is taken between the two collector terminals. 



7.4V 

3. 7kQ 

A B 
!Orn V

,-f\r 
Tl 

-lOrnV
1 kQ 

2rnA 

Figure6-20 

Circuit for Example 6-11. 

3. 7kQ 

T2 

hfe = h te =1501 2 

lkQ 
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!Orn V

+, 
-lOrnV

(a,b) Since Is = 2mA, the DC emitter current in each transistor is 2mA/2 or 

1 mA. The DC collector-to-ground voltages are therefore: 

Ve = Vee - leRe 
Ve = 7.4V - 1mA(3.7k!1} = 3.7V 

Table 6-1 indicates that, for dual inputs, vd equals (v1 - v2). In this case, 

v2= -v1.Thus: 

vd = (v1 - v2} = 10mV - (-10mV) = 20mV peak 

Since IE = 1 mA, the values of r8 ' and� are calculated as follows: 

The magnitude of� equals Rd2r e'. Thus: 

Re 3.7k!1 
� =

2r0' 

= 

2(37!1) = SO

The peak values of the AC collector voltages are therefore: 

ve = �vd = 50(20mV) = 1 V peak
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8V 

0 

The AC components ride on the DC levels as shown in Figure 6-21. Here, 

note that vc
1 
and vc

2 
are 180° out of phase with each other. 

(c) Since vA(t) and v8(t) are equal in amplitude but 180° out of phase with

each other, the voltage between the collectors, vA - v8, appears as shown

in Figure 6-21 C.

( d} RtN, = R1N,, = 2h1er e'IIRs 
R1N = 2(150)(370)111 kil 
R,N = 11.1kn111kn = o.917kn

(e) Ro. = 2Rc = 2(3.7kO) = 7.4kO

?V 

COLLECTOR -TO-GROUND VOLTAGE AT T
1 

2V 

0 

-zv

9V 

8V 

7V 

0 

COLLECTOR-TO-GROUND VOLTAGE AT T 
z 

COLLECTOR-TO-COLLECTOR VOLTAGE BETWEEN T
l 

AND T
2 

Flgure6-21 

Waveforms for Example 6-11. 

A. Collector-to-ground voltage at T,.
B. Collector-to11round voltage at T 2• 
C. Collector-to-collector voltage between T, and T 2-

'--...__/ 

'--....../ 
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The design guides that follow, outline the steps necessary to design basic BJT 
differential amplifiers. The first step is to select a suitable value of 15. As a guide, 

choose Is to be between 2mA and 6mA. The value of Re is chosen so that 

V ca is approximately one-half of V cc- This choice permits reasonable signal 

swings in the output voltages. 

To obtain a large CMRR, it is necessary to utilize one of three BJT constant 

current sources discussed in this unit. The second design guide outlines the 

steps necessary to design a suitable constant current source. 

A given discrete transistor rarely has characteristics that closely match another 

discrete transistor. For example, variations in VsE of 0.1 V between two transistors 

is quite common. Unfortunately, the differential amplifier sees any mismatch in 

VsE as a differential voltage which it amplifies. Consequently, you should expect 

to find variations in the actual collector voltages and emitter currents in the two 

halves of the various BJT differential amplifier circuits. 

1. 

2. 

3. 

4. 

DIFFERENTIAL AMPLIFIER DESIGN GUIDE 

vee 

Select Is. 

Calculate Re. 

Calculate Re. 

Select R8. 

= 

Vee Rc = 
ls 

Vee - Vee 
Re = ----

1s 

R8 = 1 kil to 1 Okilis typical. 

To obtain a large CMRR, use a BJT constant current source in place of Re. In this case, 
step 3 is replaced by steps 1 through 3 in the constant current source design guide. 



RI

= 

R2

1. Calculate VA,.

I 
I 

T3 'I rs

R
E 

-V
EE 

Vee VA,. = 

2

2. Select R1 & R2. R1 = R2 
( 1 0kO to 4 7kO is typical.) 

1 

3. Calculate Re. Re = 
VA., - Vee

Is 

CONSTANT CURRENT SOURCE DESIGN GUIDE 

2 

I 
I 

R ,,. jj,s

� I 
T ! R

E I 

-V
EE 

1. SelectVz. Vz = 1/3 to 1/2 
Vee 

2. Calculate Re. Re = 
Vz - Vee 

Is 

3. Calculate R.
Vee - Vz R = --

lz 

RI

l 

1. Calculate VA.,.

2. Calculate Re.

{ R2

I 

,, . jf 's 

� R
E 

-V
EE 

V 
Re =

� Is 

3. Select R1 & R2. R1 = R2 
( 1 0kO to 4 7kO is typical.) 

3 

( 

� 
0 

C 
z 

=1 
C/) 
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For those applications requiring "near ideal" differential amplifiers, you will find 

numerous integrated circuit, IC, units available from various manufacturers. Most 

of the problems you would encounter with discrete differential amplifiers are great

ly minimized in the IC versions. 

Example 6-12 

Design a basic BJT differential amplifier assuming ls = 3mA, 
Vee= 15V, and VEE = -15V. 

Referring to the steps in the design guide: 

1. 

2. 

3. 

Is = 3mA 

Vee 15V 
Re = - = = 5k0 

Is 3mA 

15V - 0.7V ---- = 4.76k0 
3mA 

4. Select Rs= 1k0

Example 6-13 

Redesign the amplifier in Example 6-12 to include a BJT con
stant current source that utilizes a zener diode. Assume a zener 
current of 2.5mA is adequate to keep the diode operating in 
the zener region. 

1. Since VEE = -1 SV a 5.6V zener diode is a good choice.

2. 
Vz - Vse 5.6V - 0.7V 

= 1.63k0 Re = 

Is 3mA 

3.
Vee - Vz 15V - 5.6V 

= 3.76k0 R = 

lz 2.5mA 
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Self-Test Review 

1. The differential amplifier is sometimes called a difference amplifier since
it amplifies the _________ between the two input voltages.

2. In a well-designed differential amplifier, the differential-mode voltage gain
is _________ and the common-mode voltage gain is

3. For a differential output voltage, the effective differential voltage gain equals

Re divided by ____ _

4. For a single-ended output voltage, the differential voltage gain equals Re

divided by _____ _

5. The ratio of the differential- and common-mode voltage gain is called the

6. v1 = 1 OmV peak, and v2 = SmV peak. Assuming v1 and v2 are in phase 

with each other, the differential input voltage is _____ mV peak. 

� 

7. The common-mode component of the input voltages in question 6 is --.._/
_____ mv peak.

8. If v1 and v2 in question 6 are 180° out of phase with each other, the differen-
tial input voltage equals _____ mV peak.
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'--J Refer to Figure 6-22 for questions 9 through 14. 

'--._.,/ 

9. RE should equal approximately, -------�,n.

1 O. Re should equal approximately, _______ _.,.n.

11. The peak value, of the AC component, of the voltage between point A

and ground is ________ v.

12. The peak value of the voltage between points A and B is _____ V.

13. The circuits common-mode rejection ratio is approximately, _____ dB.

14. The DC voltage between points A and B, ideally, equals _____ v.

16V 

RC RC
A B 

12mV 8mV 

V
I 

Tl T2 v
2 (\ 

-8mV

-12mV

lkl1 

14mA

lkQ 

-= 
-:-

Rl
T3

lOkQ r� =6MQ 

R2
lOkQ RE

-16V

Figure6-22 

Circuit for Self-Test Review questions 9-14. 
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Answers 

1. difference

2. large, small

3. re'

4. 2r8 ' 

5. com mon-mode rejec tion ratio

6. 5 mV

7. 7.5mV

Solu tions to appropriate questions follow: 

6. Vd = V1 - V2 

vd = 10mV - 5mV = 5mV

7. VeM = --
2
-

10mV + 5mV
---- =7.5mV 

2 

8. Vd = V1 - V2 

9. 

10. 

vd = 10mV - (-5mV) = 15mV 

Vp,, - VeE
RE = --0..---

1s 

16V(1 0kfl) 
= av 

20kfl 

av - 0.1v 
= 1.a25kfl 

4mA 

Vee 16V 

Re = - = -- = 4kfl 
Is 4mA 

8. 15mV

9. 1.825kil

10. 4 kil

11. 0.432V

12. 0.864V

13. 110.2dB

14. zeroV

'---.__/ 
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11. The differential voltage gain has a magnitude of Rcf2r e'. Since Is = 4mA,
IE equals 2mA. Thus:

12. 

37mV 
re'= --

le 
37mV 
-- = 18.5.!1 
2mA 

Re 4k.!1A - - - --- = 108
� - 2r8' - 2(18.5.!1) 

vd = v, - v2 = 12mV - 8mV = 4mV peak 

The peak value of the AC component of each collector voltage is therefore: 

ve = �vd = 108(4mV) = 0.432V peak 

Naturally, ve, and ve
2 
are 180° out of phase with each other. 

ve = ve = 0.432V. However, ve and ve are 180° out of phase with 
1 2 1 2 

each other. Thus: 

ve, - ve
2 

= 0.432V - ( -0.432V) = 0.864V. Note that, by taking the 
output between the collectors, the effective voltage gain is doubled. 

13. CMRR = AdAeM
'"-.J Since a BJT constant source is employed, the magnitude of AcM equals

Ae12rc'. Thus:

Re 4k.!1 
AcM = 2rc' =

2(6M.!1) = 3.33 x 10-4

Since the magnitude of� is 108: 

� 108 
CMRR = -- = ---- = 324,000 

AeM 3.33 x 10-4 

In decibel notation: 

CMRRdB = 20 log CMRR 
CMRRdB = 20 log 324,000 = 110.2dB 

14. Ideally, Ve, = Ve
2

• Thus the DC voltage between the two collectors ideally,
equals zero.



6-46 I UNIT SIX

MULTISTAGE AMPLIFIERS 

When the requirements for a particular application cannot be satisfied by a single 
stage of amplification, several stages can be cascaded together to form a multi
stage amplifier. In this section, we will discuss the analysis and design of selected 
multistage RC-coupled amplifiers. 

Analysis By Blocks 

Before attempting to analyze an actual multistage amplifier, let's consider the 
general block diagram shown in Figure 6-23. Here, a number of single stage 
amplifiers have been cascaded together to form the multistage amplifier enclosed 
by the dashed lines. 

From your study of single stage amplifiers, you know that the voltage gain of 
a given stage depends upon the value of load resistance, AL, connected across 
the output terminals of the amplifier. In Figure 6-23 it is important to note that: 

The effective load resistance of each stage, except the last stage, is the 

input resistance of the following stage. 

Thus, in Figure 6-23, the effective load resistance of the first stage is R1�- Simi
larly, the effective load resistance of the second stage is R 1N3

, and so forth. For 
this reason, when you analyze a multistage amplifier, you should begin with the 
last stage and work backwards until you reach the first stage. Naturally, the load 
resistance of the last stage is the resistance of the actual load device. 

Obviously, the overall characteristics of a multistage amplifier depend upon the 
characteristics of the individual stages. Referring to Figure 6-23, let's examine 
how the characteristics of the individual stages effect the input resistance, output 
resistance, and various gains of the multistage amplifier. 

Vo 

1 
I 

--------- ---------- -------' 

Figure6-23 

Block diagram of n cascaded amplifier stages. 

'--------" 

....__,.,, 
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'----..-/' INPUT AND OUTPUT RESISTANCE

'--._/ 

The input resistance seen by the signal source is, by inspection, the input resis
tance of the first amplifier stage. Similarly, the output resistance seen by the 
actual load device is the output resistance of the last amplifier stage. Thus: 

VOLTAGE GAIN 

R,N = R,N, 
Ro = Ro. 

(Eq. 6-24) 
(Eq. 6-25) 

The total voltage gain of n cascaded stages equals the product of the individual 
stage gains. Thus: 

Av, = Av, · Av
2 

. . . . .  Av. (Eq. 6-26) 

Naturally, if the individual stage gains are given in decibels, the total dB gain 
of the system equals the sum of the individual stage gains. 

CURRENT GAIN 

As was the case with voltage gain, the total current gain equals the product 
of the individual stage gains. Thus: 

A more useful expression for the total current gain is obtained as follows: 

Since the ratio � is the total current gain of the multistage amplifier, we have: 
l!N 

Av,= 

Solving for A
i; 

yields: 

(Eq. 6-28) 
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POWER GAIN 

Once again, the total gain equals the product of the individual stage gains: 

As was the case with current gain, it is desirable to express the power gain 
in terms of the voltage gain. Thus: 

(vo)2/RL 
(v1N)2/R1N 

Substituting AvT for vdv,N, we have:

(Eq. 6-30) 

Example 6-14 

For the multistage amplifier in Figure 6-24, determine: 

(a) The voltage, current, and power gains.

(b) The input and output resistance.

(c) The power supplied to RL, assuming -,,IN = 10m V
rms.

-----------------1
I -----.

I-

-----_;--
-

� I 

I A A I 

I 
V1=20 V2=15

I 
I 

I-----+-� 
I 

- ---------------- � 

RI N =2 k QI RIN =5kQ2 

Figure6-24 

Circuit for Example 6-14. 

R o
2 

=6. SkQ 

IOkQ 

'--...__/ 



(a) Avr = Av,Av
2 

= 20(15) = 300

� = AvrRiN 
=

300(2k!l) 
= 60 

AL 10k!l 

(300)2(2k!l) 
= 18,000 

10k!l 
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Note that the product of the voltage and current gains equal the power 
gain. If you prefer, you can calculate the power gain as follows: 

Ar,T = AvTA" = 300(60) = 18,000 

Ro = Ro
2 

= 6.8k!l 

(c) Since ApT equals 18,000, the AC power supplied to the 1 0kil load will
be 18,000 times greater than the AC input power. Thus:

Po = ApTP1N = 18,000(.05µ,W) = .9mW 

Two-Stage Voltage Amplifiers 

The simplest multistage amplifiers consist of two stages of amplification. Since 
the common-emitter configuration provides relatively large voltage, current, and 
power gains, it is often the preferred configuration for two-stage voltage amplifiers. 
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A typical two-stage, RC coupled, voltage amplifier is illustrated in Figure 6-25. 

Note that the input resistance of the second stage, R1N
2

, is the effective load 

resistance of the first stage. This point is emphasized by the equivalent circuit 

in Figure 6-258. 

You analyze a two-stage amplifier by combining the results of the "block analysis" 

and the methods used to analyze single stage circuits. The following example 

illustrates this process. 

® 

ClVIN
�

RIN

® 

vcc

Rl

R3 R5 R7 
c2 C3 

Tl
T2

R2
R6

R
4 

C
4

I t 
-= -= -= -

RIN 
2

ORIGINAL CIRCUIT 

vcc

Cl
VIN 0-----,'---41------t

EQUIVALENT CIRCUIT FOR THE FIRST STAGE 

Figure6-25 

A multistage amplifier, composed of two common-emitter stages. 

A. Original circuit. 
B. Equivalent circuit for the first stage. 

V
O 

RL

-= 



'---.,/ Example 6-15 

For the circuit shown in Figure 6-26, calculate the voltage gain, 
current gain, power gain, input resistance, and output resis
tance. 

15V 

2.2kQ 27kQ 
2. 2kQ 
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27kQ 

__ +----11--------lJ vo 

V I N o--=,r-+.,;..._ ____ __ 

lOOkQ 
lOkQ 

lOOQ 

lOOkQ 

lOkQ 

Figure6-26 

Circuit for Example 6-15. 

You begin by analyzing the last stage. Thus: 

15V(1 00kD.) 
27kD. + 1 00kD. 

= 11.8V

Ve, = V62 - Vsc, = 11.8V - 0.7V = 11.1V 

V 11.1V 
le, = _§. = --- = 1.11mA 

Re, 10kD. 

37mV 
r '=--
e. 

I e,, 

37mV 
= 33.3D.1.11mA 

rL, = 2.2kD.ll1 0kD. = 1.8kD. 

ri.., 1.8k!l 
Av = - - = - --- = -54.05 

2 r� 33.3D. 

R1N(BASE 2) = hie
2
(r�) 

R1N(BASE 2) = 100(33.3D.) = 3.3kD. 

At� = 27kD.ll1 OOK!lll3.31c11 
R1N. 

= 21.2k11ll3.3k11 = 2.85k11 

lOkQ 
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Since R1N
2 

is the effective load resistance of the first stage, R� = 2.85kil. Thus, 
the analysis of the first stage proceeds as follows: 

Vs,= 
15V(100kO) 

__ ;______;� = 11.8V 
27kO + 100kO 

Ve,= Vs, - Vse, = 11.8V - 0.7V = 11.1V 

Av,= 

Ve, 
11.1V 

le = -= -- = 1.1mA ' Re, 10.1kO 

37mV 
re'= --

1 le, 

37mV 
= -- =33.60 

1.1mA 

rL, = Rc,IIR1N, 
rL, = 2.2kOll2.85kO = 1.24kO 

1.24kO 
-----= -9.28
1000 + 33.6 

Since the voltage gain of each stage is known, the overall voltage gain is: 

AvT = Av,Av
2 

AvT = ( - 9.28)( - 54.05) = 501.6 

Since each common emitter stage provides a 180° phase shift, the input and 
output voltages are in phase with each other. Consequently, the sign proceeding 
Av

T 
is positive. 

The input resistance of the amplifier is the input resistance of the first stage. 
Thus: 

RtN(BASe 1) = hie,(Re, + re;) 
R1N(SASe 1) = 100(1000 + 33.60) = 13.36kO 

R1N = 27kOll100kOll13.36kO 
R,N: = 21 .2kOll13.36kO = 8.19kO 

The output resistance of a common-emitter amplifier is approximately equal to 
the collector resistance, Re. Thus: 

Ro = Rc
2 
= 2.2kO 

..._____,-
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'-..__.,,I Since R,N, RL, and Av
T 

are known, the current and power gains can be obtained 
as follows: 

501.6(8.19k!l) 
10k!l 

= 410.8 

(501.6)2(8.19k!l) 
----- = 206,062 

10k!l 

Example 6-16 

Estimate the clipping levels for the second stage in Figure 6-26. 
Based upon these estimates, what is the largest value of VIN 

that produces an unclipped output voltage? 

Recall from Unit 3 that the clipping levels of a common-emitter amplifier are 
approximated by: 

Thus: 

SinceV� = 11.1V 

v- = Vcea

v + = 1.11mA(0 + 1.8k!l) = 2Vpeak
Ve, = Vee - lc

2
Rc

2 

Ve,= 15V - 1.11mA(2.2k!l} = 12.56V 

v- = Vcea = 12.56V - 11.1V = 1.46V peak

Thus, the maximum possible unclipped output voltage from the amplifier is approx
imately 1.46V peak. 

Since the total voltage gain, AvT, is approximately 501.6, the value of v1N that
produces a 4V peak output voltage is: 

ViN(MAX) =
VO(MAXJ 

AvT 

1.46V 
-- = 2.91 mV peak 
501.6 
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Noise 

The largest input voltage that produces an unclipped output voltage, in Figure 

6-26, was estimated to be 2.91 mV peak. Obviously, this is a small input signal.

Since the amplifier in Figure 6-26 is single ended, any noise present at the input 

will be amplified along with the signal voltages. Thus, if the noise voltage is 

in the mV range, or larger, the output voltage in Figure 6-26 will be distorted. 

For these reasons, induced noise voltages are especially bothersome in amplifiers 

that have large voltage gains. Some of the steps you can take to minimize the 

amplification of noise voltage include: 

1. Keep the lead lengths of components as short as possible.

2. Connect components that go to ground to a single point.

3. Use coaxial cable for the input and output leads.

4. Enclose the entire circuit in a metal box. This helps to shield the

circuit from potential noise sources.

If the previous steps do not solve the problem, you should consider employing 

differential stages before the single-ended voltage amplifier. For example, by cas

cading a differential-input, differential-output stage with a differential-input, single

output stage, you obtain a single-ended output voltage that contains very little 

noise. 

Design Considerations 

Clearly, it is not possible to provide a concise series of design steps that apply 

equally well to virtually any set of specifications. Above a certain order of complex

ity, the persistence, experience, and creativity of the circuit designer become 

major components of the actual design process. 
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Nevertheless, by employing the various design guides, in conjunction with the 

block approach, it is possible to design numerous useful multistage amplifiers. 

To illustrate some of the steps in an elementary multistage design problem, let's 

assume we are to design a voltage amplifier according to the following specifica
tions: 

1. Vee = 15V
2. AL = 10kfi

3. Av should have a typical value of approximately 500.

To begin, the relatively large voltage gain suggests two stages of amplification. 

As mentioned previously, common-emitter stages are a reasonable choice for 

multistage amplifiers. Therefore, the common-emitter configuration will be used 

for each stage. 

The design of a multistage amplifier may be reduced to the design of two or 

more compatible stages. Since a total voltage gain of 500 is desired, the product 

of the individual stage gains should equal 500. Somewhat arbitrarily then, we 
select Av = 10 and Av = 50, as shown in Figure 6-27. 

1 2 

X 500 

XIO X50 

Figure6-27 

Block diagram for the design problem discussed in the text. 
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Due to its inherent stability, voltage divider bias will be used for both stages. 

Thus, referring to the common-emitter, voltage divider design guide in Unit 3, 

you proceed as follows: 

2NDSTAGE 

1. lea= 1mA

2. r0' = 37mV/1mA = 370

4. rL = Av(r8' +RE,)= 50(370) = 1.85k0

5. 
10k0(1.85k0) 

1 OkO - 1 .85k0 
= 2.27k0 

6. VcEa = lca(RE, + rJ = 1 mA (0 + 1.85k0) = 1.85V

7. VEa = Vee - [lcaRc + VcEal
VEa = 15V - [1 mA(2.27kO) + 1.85V] = 10.88V

8. RE
= VEdlca = 10.88V/1mA = 10.88k0

9. R1:, 
= 10.88k0

10. R2 = 100k0

11. R,= 
100k0(15V - 11.58V) 

= 29_SkO 
11.58V 

12. R1N(BASE ) = h1e(RE, + r 8') 

R1N(BASE) 
= 100(0 + 370) = 3.7k0

R1N = 29.5k011100k0113.7k0
R1N = 22.8k0113. 7k0 = 3.18k0

The minimum capacitor values are:

3.18 
C,=-

f1R1N 

3.18 

C2 = -
f1RL 
3.18 

C3 = --
f1R1:, 

3.18 
----=2µ,F 
500(3.1 SkO) 

3" 18 
= 0.636µ,F 

500(10k0) 
3.18 

----- = 0.585µ,F 
500(10.88k0) 
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In order to provide a reasonable input resistance for the first stage, we opt for 
a partially bypassed emitter resistor. Thus: 

1STSTAGE 

1. lea= 1mA

2. re' = 37mV/1mA = 370 

3. Initially, you might select RE, = 5r8' = 1850. In this case, however, you
will find in step 7 that such a choice requires a larger supply voltage than
15V. For this reason, we choose RE = 1000.

1 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

rL = Av(r8' +RE,)= 10(370 + 1000) = 1.37k0

3.18k0(1.37k0) 
= 2_4kO 

3.1 SkO - 1 .37k0 

VcEO = lca(RE, + rJ = 1mA(1000 + 1.37k0) = 1.47V 

VEa = Vee - [lcaRc + VcEaJ 
VEa = 15V - [1mA(2.4k0 + 1.47V)) = 11.13V 

RE
= VEdlca = 11.13V/1mA = 11.13k0 

RE:! 
= RE - RE, = 11.13kn - 1 oon = 11.03kn 

Select R2 = 1 OOkO 

R2(V cc - Vea) 1 OOkO( 15V - 11 .83V) 
R1 = ----- = ------- = 26.SkO 

Vea 11.83V 

12. R1N(BASE) = h18(RE, + r 8 1
) = 100(1000 + 370) = 13. 7k0

R,N = 26.8k0111 OOkOll13. 7k0
R,N = 21.1 k0ll13. 7k0 = 8.31 kO

The minimum capacitor values are:

C1 = 
3.18 = 3.18 

= 0.765 F
f1 R1N 500(8.31k0) µ 

C2 for the first stage is C1 of the second stage, or 2.13µF 

3.18 3.18 
C3 = -- = ----- = 0.576µ.F

f1R1:, 500(11.03k0) 

Employing standard value components, you obtain the circuit shown in Figure 
6-26.
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Negative Feedback 

The term feedback refers to the process of obtaining a portion of a system's 

output, and literally feeding back the sampled signal to the system's input. In 

a negative feedback system, the difference between the input and feedback 

signals are amplified by the feedback amplifier. 

In a system composed of amplifier blocks, both voltage and current can be fed 

back to the input. In addition, the feedback signal can be connected in either 

series or parallel with the signal source. For these reasons, there are four funda

mental feedback configurations. 

VOLTAGE-SERIES NEGATIVE FEEDBACK 

Figure 6-28A illustrates a non-inverting amplifier block. Typically, this block would 

consist of two cascaded common-emitter stages. The voltage gain of the basic 

amplifier block is referred to as the open loop gain, AoL- Thus, in Figure_6-28A: 

vo 
AoL = -

VtN 
(Eq. 6-31) 

® ---------------
+ + '+ I 

~ 
I 

IN Ve 
AOL I 

I 
� (BLOCK 1) 

V 

- -

,-

I 

I- � 

I 
Vt B 

I 

(BLOCK 2) 

L--------------_J 

-v 

V 0

~ 

BASIC AMPLIFIER BLOCK 
INCORPORATING THE AMPLIFIER BLOCK IN 

AN ELEMENTARY FEEDBACK SYSTEM 

Figure6-28 

Constructing a voltage-series, negative feedback amplifier. 

A. Basic amplifier block.

B. Incorporating the amplifier block in an elementary feedback

system.
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The system illustrated in Figure 6-28B is an example of a voltage - series nega

tive feedback system. Here, the voltage gain of the system enclosed by the 

dotted lines is referred to as the closed loop gain, AcL- Therefore, in Figure 

6-28B:

In Figure 6-28B, note that the feedback amplifier basically consists of two parts. 

These are: 

1. Block number 1, which represents the noninverting amplifier shown

in Figure 6-28A.

2. Block number 2, which represents the feedback network. The
purpose of the feedback network is to sample the output voltage
in order to produce the desired feedback signal, v1• The actual
network in block number 2 is often nothing more than a simple

voltage divider. Since the input to the feedback network is v0, the

voltage gain, B', of the feedback network is:

B' = � (Eq. 6-33) 
Vo 

Typically, the value of B' is less than unity since it is only a sample of the output. 

Referring to Figure 6-288, you can obtain an expression for the system's closed 
loop voltage gain as follows: 

Looking at block number 1 we note: v8 is the effective input voltage with feedback. 

vo = Aot.Ye 

Writing a loop equation at the input to block number 1 yields: 

Since v1 = B'vo: 
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Substituting (v1N - B'vo) for v8 in the expression vo = AoLve, we obtain: 

vo = Aot_(v1N - B'vo) 
vo = Aot.v1N - Aot_B'vo 
vo + AoLB'vo = Aot.v1N 
vo(1 + Aot.B') = Aot.V1N 

Finally, since the ratio of v0 to v1N is the closed loop voltage gain, we have: 

(Eq. 6-34) 

Incidentally, the term AoLB' appearing in the denominator of Equation 6-34 is 

called the loop gain. 

You can appreciate the significance of Equation 6-34 by considering how the 

gain of the feedback amplifier is affected by changes in the gain of the noninverting 

amplifier block. 

Example 6-17 

A noninverting amplifier has an open loop voltage gain of 
1000. This amplifier is employed as one block of a voltage
series feedback amplifier as shown in Figure 6-29. Here, note 
that the details of the feedback network contained in block 
2 are provided. 

(a] Calculate the gain of the feedback network. 

(b] Calculate-the voltage gain of the feedback amplifier. 

(c] Due to temperature changes, component aging, etc., 
the voltage gain of the noninverting amplifier in
creases from 1000 to 2000. What is the new value 
for the voltage gain of the feedback amplifier? 



VIN
I 

+ 

Vt

AOL =1000

BLOCK 1 

9kQ 

Rz
lkQ R1

BLOCK 2 

Figure6-29 

+ 

Vo

Circuit for Example 6-17. 

(a) In Figure 6-29, v1 as determined using voltage division, is:

Vf = VO ( 
R, 

)R, + R2 

Thus:

B' = -2'.!._ = R, 1kfi 
= 0.1

VO R, + R2 1kfi + 9kfi 
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(b) Since the gain of the noninverting amplifier and feedback network are
known, you can calculate the gain of the feedback amplifier as follows:

Ao._ 
AcL = 1 + Aoi._B' 

1000 
-----=9.9

1 + 1000(0.1) 

(c) In this case, AoL = 2000. Thus:

Ao._ 
AcL = 1 + Aoi._B'

2000 
-----=9.95

1 + 2000(0.1) 

Note that a 100% change in the gain of the amplifier block produces very little 
change in the gain of the feedback amplifier. 
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In a well designed feedback amplifier, component values are chosen so that 

the loop gain, AoLB', is large compared to unity. Assuming this is the case, Equa- '-.._/ 

tion 6-34 can be simplified as follows: 

If AoLB' >> 1, then: 

� 1 
AcL =

�B' = B' 
(Eq. 6-35) 

Equation 6-35 indicates that, in a well designed voltage-series negative feedback 

amplifier, the voltage gain depends only upon the value of B'! Consequently, 

variations in the gain of the noninverting amplifier block have little effect on the 

actual voltage gain of the feedback amplifier. 

By employing a voltage divider that utilizes precision resistors, the Value of B' 

is fixed. Since AcL = 1 /B', the resulting closed loop gain is largely independent 
of both individual unit and unit-to-unit parameter variations. 

Input and Output Resistances 

The introduction of voltage-series feedback to an amplifier produces a higher 

input resistance and a lower output resistance. An analysis of the feedback system 

indicates that the change in resistance-levels equals (1 + AoLB'). Specifically: 

Where: 

(Eq. 6-36) 

(Eq. 6-37) 

R,N and Ro are the input resistance and output resistance of the nonin

verting amplifier. 

R,N' and Ro' are the input resistance and output resistance of the 
feedback amplifier. 

'--..../ 



"-----" Example 6-18 

The noninverting amplifier in Figure 6-29 has an input resis
tance of 2kn and output resistance of skn. Calculate the input 
resistance and output resistance of the feedback amplifier. 

SinceAoL = 1000andB' = 0.1: 

1 + Aoi_B' = 1 + 1000(0.1) = 101 

Thus: 

Distortion 

R1N' = R1N(1 + Aoi.B') 
R1N' = 2k0(101) = 202k0 

Ro 5k0 
Ro = 

1 + Aoi.B' = 
101 

= 49.50
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Nonlinear distortion is evident in an amplifier when the changes in collector current 
and collector-to-emitter voltage are large. As the instantaneous operating point 
approaches the saturation and cutoff regions, the current gain of the transistor 
decreases. A large decrease in the transistor's current gain produces a corres
ponding decrease in the voltage gain of the amplifier . This results in nonlinear 
distortion. 

With sufficient negative feedback, the closed loop gain of the feedback amplifier 
is largely immune to variations in the open loop gain of the noninverting amplifier. 
Hence, the nonlinear distortion is greatly reduced. As was the case with resis
tance-levels, the factor by which the distortion is changed, ideally, equals (1 + 

AoLB'). Thus: 

D' = 
D 

1 + Aoi_B' 
(Eq. 6-38) 

Where: D = amount of nonlinear distortion without negative feedback. 
D' = amount of nonlinear distortion with negative feedback. 

For example, if 10% nonlinear distortion is present without feedback and (1 + 
AoLB') = 99, the nonlinear distortion with negative feedback is only 1 %.



6-64 I UNIT SIX

Practical Voltage-Series, Negative Feedback Amplifier 

An example of a popular voltage-series, negative feedback circuit is provided 

in Figure 6-30. Here, the common-emitter stages composed of T 1 and T 2 provide 

a reasonably large open loop voltage gain. As you can see, the feedback network 

consists of the voltage divider formed by R1 _and R2. 

In Figure 6-30, note that the feedback voltage, Vt, is fed back from the output 

of the second stage to the emitter of the first stage. For this reason, the AC 

base-to-emitter voltage of T 1 equals the difference between v1N and Vf. 

AMPLIFIER r-------------v---------------7
I cc I 
I I I I I ,--------------- I 
l I 

I 
I 

----11----;-I 
---<J

V
O 

I 
I 

I T 1 T 2

: 

V +Ii --- •--- \ 

'"! i _ ___. I l 
: - - - -=- : 
L __________ __________________ __ _j 

I R
2 

7 

I
I 

I + 

I R l V f 
I 
I -J_
I I 
L ___________ J 

FEEDBACK NETWORK 

Figure6-30 

A practical voltage-series negative feedback amplifier. 

'-...../ 

"--..,/ 
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, In example 6-17, the voltage gain of the voltage divider feedback network was 
_,/ 

shown to be: 

'--._..,,' 

B'= 

If the loop gain, AOLB', is large compared to unity, the closed loop gain approxi

mately equals 1/B'. Assuming this is the case: 

Example 6-19 

Thus: 

The amplifier in Figure 6-30 has an open loop gain of 1000. 
In addition, R1 = 150il and R2 = 4.5kf1. What is the value 
of the closed loop gain predicted by Equation 6-34? Equation 
6-39?

AcL = 

B' = 

Ao.. 
(Eq. 6-34) 

1 + Aa_B' 

R1 1500 
= 0.0322 

R1 + R2 1 son + 4.Sk!l 

1000 ---=30.12
1 + 32.2 

4.Sk!l
AcL = 1 + -- = 31

1500 
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Self-Test Review 

Refer to Figure 6-31 for questions 15 through 19. 

,----------------1
I 

-----� I 

I Av 
1 

= -2 s Av 
2 

= -16

1----+--_J 
R L = 8 k Q 

1 
L ----------------- I 

Figure6-31 

Circuit for Self-Test Review questions 15-19. 

15. The total voltage gain is ________ .dB.

16. The total current gain is _______ _

17. The total power gain is ________ _

18. Assuming both stages are common-emitter amplifiers, v0 and v,N will be

______ degrees out of phase with each other.

19. The effective load resistance of the first stage is approximately --�k!l.
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'-.__./ Refer to Figure 6-32 for questions 20 through 24. Assume the loop gain, AoLB',
is large compared to unity. 

V 

1,--/--t ..

RIN

� AOL
= 5000 

-;i RIN
- � 

R2
IOOQ � 

Figure6-32 

Circuit for Self-Test Review questions 20-24. 

20. The value of R2 required to obtain a closed loop gain of 50 is ___ kn.

21. Assuming R 1N = 1 kn, the value of R1N' is approximately __ _,kn.

22. Assuming Ro = 1 Okn, the value of Ro' is approximately __ _

23. Without feedback, the output voltage contains 10% harmonic distortion.
With feedback, the harmonic distortion is reduced to approximately
_______ %,

24. If R2 is changed to 124.9kn, AoLB' is no longer large compared to unity.
In this case, the closed loop gain equals _______ _
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Answers 

15. 52.04 20. 

16 . 300 21. 

17. 120 000 22. 

18. 360 ° or0 ° 23. 

19. 3k!l 24. 

Solutions to questions 15 through 24 follow. 

15. AvT = Av,Av
2 

AvT = ( - 25)( - 16) = 400

Converting to decibels:
AvTdB = 20 log AvT = 20 log 400 = 52.04dB

16. A
i..,

= 
AvTR 1N, 400(6k!l) 

= 300 
RL 8k!l 

4.9kfl 

101kfl 

99.fl 

0 .099% 

1000 

17. ApT =
(AvT)

2
R 1N, (400)2(6k!l) 

= 120,000 
RL 8k!l 

18 . Since each common-emitter stage provides a 180 ° phase shift, the total 

phase shift is 360 °. This is equivalent to a 0 ° phase shift. Thus, the input 

and output signals are in phase with each other. 

19 . The effective load resistance of the first stage is the input resistance of 

the second stage, or 3kfl in this case. 

'--..__., 

'-.___,,I 



\____/ 20. 

21. 

22. 

\____,/ 

23. 

24. 

Thus: 

R2 
1+- = 50 

R1 

R2 -=50-1=49
R1 
R2 = 49R1 

Since R1 = 1000: 

R2 = 49(1 oon) = 4.9kn 

100.n
----- =0.02 

1 oon + 4.9k.n 

R1N' = R1N(1 + Aot_B') 
R1N' = 1 kil[1 + 5000(0.02)] = 101 kil 

Ro 10kil 
= 99.n Ro'= 1 + Aot_B' 1 + 5000(0.02) 

D 10% 
= 0.099% D' = 

1 + Aot_B' 1 + 5000(0.02) 

AcL = 
1 + Aot_B' 

R1 100.n 
= 0.0008 B' = 

R1 + R2 1 oon + , 24.9kn 

Thus: 

5000
AcL = ------

1 + 5000(0.0008) 

5000 
-- = 1000 

5 
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SUMMARY 

Differential amplifiers have two input leads and two output leads. Therefore, 
numerous operating modes are possible. This makes the differential amplifier 
a very versatile circuit which is suitable for a wide range of applications. A sum
mary of the most frequently encountered operating modes is provided in Table 
6-1.

Differential amplifiers are also referred to as difference amplifiers because they 
are often used to obtain an output voltage that is directly proportional to the 
difference between two input voltages. It is useful to think of each input voltage 
as containing a differential-mode and a common-mode component. 

A well designed differential amplifier has a large differential-mode gain and a 
small common-mode gain. The ratio of the differential- and common-mode gains 
is called the common-mode rejection ratio, CMRR. The larger the CMRR, the 
more ideal the amplifier. 

The value of the CMRR is largely determined by the quality of the constant current 
source used to bias the transistors in the differential amplifier. To obtain large 
CMRRs, it is necessary to utilize a BJT constant current source. Examples illus
trating the analysis and design of three typical constant current sources were 

'-..._,/ 

provided in this unit. '----../ 

Differential amplifiers exhibit outstanding noise immunity. This is because most 
noise appears as a common-mode signal and is therefore rejected by the 
amplifier. 

Multistage amplifiers frequently consist of two or more RC coupled common
emitter stages. When you are analyzing or designing multistage amplifiers, it 
is important to realize that the input resistance of the following stage is the effec
tive load resistance of the previous stage. 

By employing a block approach, formulas for the various gains and resistance 
levels were obtained. In addition, examples illustrating the analysis and design 
of a two-stage circuit were provided in the unit. 

Many practical amplifiers utilize some form of negative feedback to obtain stable 
voltage gains. In this unit, the voltage-series negative feedback configuration was 
discussed in some detail. 

The addition of voltage-series, negative feedback to a two-stage common-emitter 
amplifier results in increased input resistance, decreased output resistance, less 
distortion, and a voltage gain that is largely independent of parameter variations. 
The price paid for these improvements is a lower value of voltage gain. '-..._/ 
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UNIT EXAMINATION 
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The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 

answer (A, B, C, or D) that you feel is most correct. When you have completed 

the examination, compare your answers with the correct ones that appear after 

the exam. 

Refer to Figure 6-33 for questions 1 through 6. 

12V 

R
C R

C 

3. 09mV
T
l 

T
2 

-3. 09mV

lkQ 

Ir,= JmA

R
l 

T
3 

33kQ 

= 

R
2 

33kQ 
R

E 

-12V

Figure6-33 

Circuit for questions 1 to 6. 

1. Re should equal approximately:

A. 8k!l.

B. 4k!l.

c. 33k!l.

D. RE.

3.09mV 

-3.09mV

lkQ 

-=-
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2. Re should equal approximately:

A. 3.53kfi.

B. Re.

C. 1.77kfi.
D. 10kfi.

3. The differential input voltage is:

A. 3.09mV peak.

B. 6.18mV peak.

c. ov.

D. 1.545mV peak.

4. The peak value of the AC component of the voltage between the collector

5. 

of T 1 and ground is approximately:

A. 0.5V peak.

B. 1V peak.

C. OVpeak.

D. 2Vpeak.

The peak value of the voltage between the collector terminals is approxi

mately: 

A. OV peak.

B. 1V peak.

C. 2Vpeak.

D. 4Vpeak.

6. Assuming re' = 2Mfi for all transistors, the CMRR is approximately:

A. Depends on the value of vcM•
B. OdB.

C. 60dB.
D. 98.2dB.

� 



\_____..., Refer to Figure 6-34 for questions 7 through 11.

15V 

2.2kQ 82kQ 
22kQ lµF 

8.2kQ 
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+ -
+ lµF _ V 

.,___.--tt----4--U 0 

V 10µ! 
IN� + 

68kQ 

-= 

T
l 

lOkQ 

-= 

22kQ 
+lµF

I
_ 

Figure 6-34 

180Q 

--..... + 
lOµF 

-=
2.2kQ r-

Circuit for questions 7 to 11. 

7. The voltage gain of the second stage is approximately:

A. -20.9.

B. -126.4.

C. + 126.4.

D. -210.

8. The voltage gain of the first stage is approximately:

A. -22.

B. -124.6.

C. -60.

D. -51.3.

lOkQ 

9. The total current gain provided by both stages is approximately:

A. 276.

B. -276.

c. 308.8.

D. O'.. 
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10. The amplifier's output resistance approximately equals:

A. 

B. 
C. 

D. 

8.2kO. 
10kO. 
2.2kO. 
R1N + R1N · 

1 2 

11. The amplifier input resistance approximately equals:

A. 

B. 

C. 

D. 

hte re'· 
1 1 

22kfill68kO. 
2.88kfi. 

16kO. 

12. In a voltage-series feedback system, AcL = 1 /B' if:

A. AoL is large.
B. B' is large.
C. AoLB' << 1.
D. AoLB' >> 1.

13. Negative voltage-series feedback:

A. Increases R,N-
B. Decreases R,N-
C. Increases Ro. 
D. Increases the amount of harmonic distortion.

14. The term loop gain refers to:

A. AoL/(1 + AoLB').
B. Vf.
C. 1 + AoLB'.
D. AoLB'.



'-.__,,/ 

1. 

2. 

EXAMINATION ANSWERS 

Vee 12V 
B - Re = - = - = 4k!l

Is 3mA 

C - Using the constant current source design guide number 1 : 

Vee 12V 
VA-, = - = - = 6V 

2 2 

VA-, - Vse 6V - 0.7V 
Re = ------ = ---- = 1.TTk!l 

Is 3mA 

3. B - vd = (v, - v2)
vd = 3.09mV - ( - 3.09mV) 
vd = 6.18mVpeak 
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4. A - Referring to Table 6-1 for dual-input single-output operation, we find:

Since IE = ls/2 or 1.SmA: 

37mV 
re'= -- =

le 

Thus: 

4k!l 

37mV 
1.SmA

= 24.7.n 

vo = --- (6.18mV) = 0.5V peak 
2(24.?!l) 

5. B - The output obtained between the collectors is double the output ob-

tained from either collector to ground. Thus, v0 = 2(0.SV) or 1 V peak. 
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6. D - First calculate the values of the differential- and common-mode voltage
gains. 

-Re 4k0 
A.J - - --- = -81- -

2-r8
-, 

- 2(24.70) 
-Re -4k!1

AcM = -- = = -0.001
2rc' 2(2MO)

Now: 

CMRR = A.J 
AcM 

-81
-- = 81000 
-0.001

' 

Finally, converting to dB notation: 

CMRRdB = 20 log 81,000 = 98.2 

7. A - First calculate the values of re; and r½:

15V(22k!1) 
Va, = 82kO + 22k!1 = 3· 17V

VE = Va2 
- VeE = 3.17V - 0.7V = 2.47V

Thus: 

Av2 
=

180!1 + 2.2kO 

37mV 37mV 

1.04mA 

1800 + 35.60 

2.47V 
-- = 1.04mA 
2.38kO 

= 35.60

4.5k!1 

215.6!1 
= -20.9



L a. 

9. 

D - Since RL, = R1N
2
, you begin by calculating R1N

2
• 

R1N(BASe 2) = h1e,{1 son + 35.60) 
R1N(BASe 2) = 100(215.60) = 21.6k0 

R1N, = 82kOll22kOll21 .6k0 
R1N, = 17.3k0ll21.6k0 = 9.6k0 

rL = Re IIR1N 
< = 2.2

,
k0119.6k0 = 1 . 79k0 

Now: 

Vs,= 
15V(68k0) 

= 11 _3V 
22k0 + 68k0 

Ve,= Vs, - Vse = 11.3V - 0.7V = 10.6V 

le,= 

re� = 

Ve __ , =
10k0 
37mV --=

le, 

Thus: 

10.6V 
= 1.06mA10k0 

37mV = 34.90
1.06mA 

� ___ 1.79k0 
Av,= - --- = -51.3 

re; 34.90 

C - First calculate R,N, and Av
T
• 

R1N(BASe 1) = hte/e' 
R1N(BASE 1) = 100(34.90) =3.49k0 

R1N, = 22k01168k0113.49k0 
R1N, = 16.6k0113.49k0 = 2.88k0 

Av = Av Av 
Av: = ( -

1

51.3)( -20.9) = 1 ,072.17 

Thus: 

= (1,072.17)(2.88k0) 
= 30S.B

10k0 
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10. A - Ro::::: Rc
2 

= 8.2k0

11 . C - R1N = R1N, = 2.88k0

. AoL 12. D- Smee AcL = ---- , AcL will approximately equal 1/B' when
AoLB' >> 1. 1 + AoLB' 

13. A - Negative voltage-series feedback, ideally, increases A 1N by
(1 +AoLB'). 

14. D- AoLB' is called the loop gain.

'\._..-' 
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INTRODUCTION 

Field Effect Transistors I 7-3 

Like the bipolar transistor, or BJT, the field-effect transistor, or FET, is an example 
of a three-terminal amplifying device. However, since the FET only requires major
ity carriers for proper operation, it is referred to as a unipolar device. 

Basically there are two types of field-effect transistors. One type is known as 
a junction field effect transistor, or JFET. The second type is called an insulated 
gate field effect transistor, or IGFET. This type transistor is also referred to as 
a metal-oxide semiconductor field effect transistor or MOSFET. 

In this unit, you will examine both types of field-effect transistors. In addition, 
you will learn why FETs are superior to BJTs in certain applications. Finally, 
you will examine typical FET small-signal amplifier circuits, and compare the char
acteristics of these circuits with the BJT circuits discussed previously. 
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Describe the basic structure and operation of JFETs and IGFETs.

2. Define the following FET parameters: loss, VGs(off), gmo, K, BVGss, and

9os•

3. Construct bias curves for self-bias and voltage-divider JFET circuits.

4. Analyze self-bias, voltage-divider bias, and current-source bias common
source voltage amplifiers.

5. Use simplified design procedures to design JFET common-source voltage
amplifiers.
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UNIT ACTIVITY GUIDE 

D Read section on "FET Basics." 

D Answer Self-Test Review Questions 1-10. 

D Read section on "FET Circuit Analysis and Design." 

D Answer Self-Test Review Questions 11-20. 

D Perform Experiment 12 in Unit 9. 

D Study Summary. 

D Complete Unit Examination. 

D Check Examination Answers. 

Field Effect Transistors 17-5
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FETBASICS 

BJTs are current-controlled, low input resistance devices. Internally, in both NPN 

and PNP BJTs, the flow of electrons and holes is necessary for proper BJT 

operation. 

FETs on the other hand are voltage-controlled high input resistance devices. 

Internally, FET operation depends only on the flow of majority carriers; electrons 

in N-channel devices and holes in P-channel devices. For this reason, FETs 

are considered unipolar devices. 

A basic knowledge of FET construction is useful in order to understand how 

the device operates. Therefore, we will first consider the physical aspects of 

selected FETs prior to discussing their electrical characteristics. 

JFET Construction 

The construction of a JFET begins with a lightly doped, semiconductor slab of 

silicon, called the substrate. The substrate serves as a chassis on which the 

remaining electrodes are formed. This substrate can be either a P-type or an 

N-type material. Through the use of diffusion and epitaxial growth techniques,

'--..._.../ 

an oppositely doped region is formed within the substrate, thus creating a PN � 
junction. However, it is the shape of this PN junction that provides the JFET

with its unique characteristics.

The device created by the process just described is shown in Figure 7-1. Here, 

the U-shaped region embedded in the substrate forms a channel of oppositely 

doped semiconductor material through the substrate. When this channel is made 

from N-type material and embedded in a P-type substrate, the entire structure 

forms an N-channel JFET. Similarly, a P-channel JFET consists of a P-type chan

nel embedded in an N-type substrate. 
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GATE 

Figure7-1 

Basic construction of a JFET. 
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A JFET is similar to a BJT in that it can be constructed in two ways. The JFET 

is either an N-channel or a P-channel device, while the BJT is either an NPN 

or a PNP device. For this reason, the current directions and voltage polarities 

of N-channel JFETs are just the opposite of those for P-channel JFETs. 

The construction of the JFET in Figure 7-1 is completed by attaching three leads 

to the device. The leads attached to each end of the channel are referred to 

as the source and drain, and the lead attached to the substrate is called the 

gate. 

The schematic symbols used to represent JFETs are shown in Figure 7-2. Note 

that the only difference between the two symbols is the direction of the arrow 

on the gate lead, G. The N-channel JFET symbol has an arrow that points inward, 

while the P-channel JFET symbol has an arrow that points outward. 

D 

s 

N-CHANNEL

Figure7-2 

@ 
D 

Gt>-----

s 

P-CHANNEL 

JFET schematic symbols. 

A. N-channel.

B. P-channel. 
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Flgure7-3 

Cross section view of an N-channel JFET with VGS = OV. For 
this "shorted gate" condition, 10 is maximum and is designated 

as loss-
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JFET Operation 

Like a conventional BJT, a JFET requires two bias voltages for proper operation. 
One voltage source is connected between the source and drain leads to establish 
a current flow through the channel within the JFET. The second voltage source 
is connected between the gate and source leads and is used to control the amount 
of current flowing through the channel. 

A cross section view of an N-channel JFET is shown in Figure 7-3. Here, an 

external voltage source, V00, is connected between the drain, D, and the source, 
S, leads. Note that the gate, G, and source, S, leads are also connected together. 

For this reason, the gate-to-source voltage, V Gs, equals zero. 

In Figure 7-3, V00 establishes a current flow through the N-type channel because 

of the majority carriers, free electrons, within the N-type material. This source-to

drain current is simply referred to as the FET's drain current, lo. The maximum 
possible drain current is obtained when VGs equals zero. For a given FET, man
ufacturers specify this maximum value as loss- Since VGs = OV in Figure 7-3 
it is clear that lo = loss-
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Gate-To-Source Cutoff Voltage 

In Figure 7-4A a second voltage source, VGG, has been added to the circuit 

of Figure 7-3. The polarity of VGG is such that the gate, G, is negative with respect 
to the source, S. Therefore, VGG reverse biases the PN junction formed by the 

P-type gate and the N-type channel. Since the resistance of a reversed biased
PN junction is quite large, the gate current is very small. For this reason, the

input resistance of the JFET is very large - typically in excess of 1 OMO.

Most importantly, the reverse bias gate-to-source voltage causes a depletion 

region (an area devoid of majority carriers) to form within the vicinity of the 

PN junction. As indicated in Figure 7-4A, by the diagonal lines, the depletion 

region spreads inward along the length of the channel. 

The formation of the depletion region effectively reduces the cross sectional area 

of the channel that is available for current flow. When this occurs, the effective 

resistance of the channel is increased. This, in turn, results in a value of drain 

current, 10, that is less than the value of loss-

Increasing the value of VGG increases the size of the depletion region. This further 

reduces the effective width of the conducting channel. Thus, for a given value 

of V00, increases in VGG produce smaller values of drain current, lo. 

If VGG is sufficiently large, the conducting channel is effectively "pinched off' as 
shown in Figure 7-4B. For all practical purposes, when this happens, the drain 

current is zero. The gate-to-source voltage required to reduce 10 to zero, regard

less of the value of V00, is referred to as the gate-to-source cutoff voltage and 

is represented by the symbol V GS(off)· 
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V//,J--��-----b DEPLETION 

D 

REGION 

DEPLETION 
REGION 

Flgure7-4 

Formation of the depletion region. Although two depletion regions 
appear to exist, only one is formed. This depletion region extends 
around the wall of the N-type channel since all sides of the channel 
are in contact with the P-type substrate. Furthermore, the depletion 
region will be wider at the drain end of the channel. This is because 
V00 effectively adds to Vaa so that the voltage across the drain 
end of the PN junction is higher than the voltage across the source 

end of the junction. 
A. Small value of IVool-
B. Large value of IVaal-
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Pinch-Off Voltage 

As explained earlier, for a given drain supply voltage, the amount of drain current 

is primarily determined by the value of the gate supply voltage. 

However, the drain supply voltage also has a certain amount of control over 

the value of the drain current. Specifically, if V00 is slowly increased from zero 

to higher values, 10 also increases. A point is soon reached, however, where 

10 levels off and then increases only slightly as Voo continues to increase. The 

value of the drain-to-source voltage, Vos, corresponding to this point is called 

the pinch-off voltage, VP· 

For values of Vos less than Vp, the width of the conducting channel is large 
and 10 is proportional to V0s. When Vos = Vp, the depletion region restricts 

the width of the conducting channel in a manner similar to Figure 7-4A. If Vos 
is increased further, the width of the conducting channel decreases sufficiently 

to counteract the tendency of 10 to increase with Vos• 

..____,/ 

� 
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A graph of drain current versus drain-to-source voltage for a typical JFET appears 
as shown in Figure 7-5. Note the following: 

1. For values of Vos < VP, 3V in this case, 10 is proportional to Vos-

2. For values of Vos between 3V and 30V, 10 is essentially constant
and equal to 8mA.

3. The maximum safe drain-to-source voltage, Vos{MAX), is 30V. If
Vos exceeds this value, breakdown occurs and the JFET can be
damaged.

8mA 

V = -IV 
GS 

_ __,__ _ ____. _______ ..__ ___ VDS 
0 V =3v 

p V = 30V DS (max} 

Figure7-5 

Typical drain current versus drain-to-source voltage curve. 
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Typical drain characteristic curves for an N-channel JFET. 

A. Test circuit.

B. Drain curves.
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Drain Characteristic Curves 
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In a manner similar to obtaining the collector curves for a BJT, the test circuit 
shown in Figure 7-6A can be used to obtain the drain curves for an N-channel 
JFET. Typically, the procedure is as follows: 

1. V Gs is set to zero.

2. Vos is increased from zero to some maximum value, less than

Vos(MAX), while observing the change in 10.

3. V Gs is adjusted to various negative values, and step 2 is repeated

for each value.

The resulting family of drain characteristic curves is provided in Figure 7-6B. 

Notice that when VGs = 0V, lo increases rapidly with increases in Vos- However, 
lo quickly levels off as indicated by point A. At point A, the corresponding values 

of lo and Vos are: 

lo = loss = 10.8mA 

Vos = Vp = SV 

The remaining curves in Figure 7-6B are plotted for high values of V GS· Notice 

that for each higher value of V Gs, 10 levels off at a lower value so that the corres

ponding pinch-off voltage, Vp, must also be lower. In Figure 7-6B, the dashed 

line that goes upward and to the right crosses each curve at the approximate 
point where 10 is pinched off. The region to the left of the dashed line is referred 
to as the ohmic region. On the other hand, the region to the right of the dashed 
line is referred to as the pinch-off region. 

In most applications, the FET is biased so that: 

Vp <Vos< VoS(MAX) 

In Figure 7-6B note that: 

1. When VGs = 0V, Vp = 5V

2. V GS(off) = - 5V

In practice, the value of Vp will always be close to the absolute value of VGs(off)· 
Consequently, operation within the pinch-off region is assured simply by making 

Vos higher than Vp or VGs(off)· In addition, since the operation of the JFET is 
controlled by varying the depletion region within the device, the JFET is said 

to operate in the depletion mode. 
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Transconductance Curve 

Recall that a device's transconductance curve is obtained by plotting output cur
rent versus input voltage. For this reason, the transconductance curve for a JFET 
consists of a plot of drain current, 10, versus gate-to-source voltage, V Gs, as 
shown in Figure 7-7. Note that: 

1. The vertical intercept of the transconductance curve equals loss-

2. The horizontal intercept of the transconductance curve equals
VGS(off)·

3. Mathematically, the equation that describes the transconductance
curve is:

lo = loss [1 - JVGsl ]2 (Eq. 7-2) 
JVGS(off}I 

Assuming the values of loss and VGs(off) are known, Equation 7-2 can be used 
to estimate the drain current, 10, for different values of gate-to-source voltage, 
VGS· 

Example7-1 

An N-channel JFET has an lvss of 20mA, and a V csroffJ of - 2 V.
Estimate the drain current if Vcs = -1 V.

Flgure7-7 

JFET transconductance curve. 

lo= loss [1 - jVGsl ]2 

JVGS(off)J 
1V 10 = 20mA[1 - -]2 

2V 
lo = 20mA(0.5)2 = 5mA 

VGS __ 
V-...,:::::_ ______ -+-0-

GS(off) 

'-..__/ 



"------' Normalized Transconductance Curve 
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A JFET's drain current is described by Equation 7-2. If you divide both sides 
of Equation 7-2 by loss you obtain: 

By substituting values between 0.05 and 1 into Equation 7-3 for the 
IVGsl!IVGs(off)I ratio, you obtain the data provided in Table 7-1. 

IV GSIIIV GS(off)I ID"loss 

1 0 

0.9 0.01 

0.8 0.04 

0.7 0.09 

0.6 0.16 

0.5 0.25 

0.4 0.36 

0.3 0.49 

0.2 0.64 

0.1 0.81 

0.05 0.90 

TABLE 7-1 

Normalized JFET transconductance curve data 
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Similarly, by graphing the data in Table 7-1, you obtain the normalized JFET 

transconductance curve shown in Figure 7-8. Since this curve applies to virtually 
any JFET, it will prove useful for the analysis and design of JFET circuits. 

V GS 

VGS(offl 
� 

Example7-2 
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0.9 0.8 0. 7 0.6 0.5 0.4 0.3 0.2 0.1 

Figure7-8 

Normalized JFET transconductance curve. 

1 

0.9 

0.8 

0. 7

0.6

0.5

0.4

0.3

0.2

0.1

0 

A JFET has an Inss of BmA and a VGsfoffJ of -4V. What is 
the value of VGsiftheJFETis biased at In = 4.4mA? 

10 4.4mA 

loss SmA 
= 0.55 

'---._..,.,, 

--......../ 
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Referring to Figure 7-8, you can see that for lo/loss = 0.55, the corresponding 
'-._/ 

value of V GsfV GS(off) is approximately, 0.26. 

Thus: 

VGs --- =0.26
VGS(off) 

Since VGs(off) = -4V: 

VGs = 0.26(-4V) = -1.04V 

Transconductance 

Transconductance, gm, is measured in Siemens and is an important JFET param
eter. Specifically, gm is a measure of the ability of gate-to-source voltage to control 
drain current. Stated mathematically: 

Where: 

6.lo 
9m = --, Vos = CONSTANT (Eq. 7-4) 

6.VGs 

�lo and � V GS represent small changes in the drain current, and 
gate-to-source voltages respectively. 

On a data sheet, transconductance is usually indicated by one of the following 
symbols: gm, gfs, or Yts• In addition, most data sheets list the value of gm for 
V GS = 0. This particular value of gm, is denoted by 9mo-

The value of gmo is related to the values of loss and VGss(off) as follows: 

2Ioss 
Qmo

= ---
jVGS(off)j 

(Eq. 7-5)

Alternately, you can estimate IVGs(off)I if the values of gmo and loss are known 
through the equation: 

2Ioss 
IV GS(off)I = --9mo 

(Eq. 7-6) 

Graphically, the transconductance parameter, 9m, represents the slope between 
two adjacent points on the JFET's transconductance curve. The following formula 
lets you estimate the value of gm for V Gs values between O and V GS(off)· 
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As with Equation 7-2, it is useful to normalize Equation 7-7 and plot the results. 

Dividing both sides of Equation 7-7 by Qmo yields: 

� = [1 - IVGsl l (Eq
. 7-8)

9mo !VGS(off)I

Figure 7-9 is the graph of Equation 7-8 for values of the IVGsl!IVGs(off)I ratio be
tween 0.1 and 1. 

Example7-3 

(a) 

A JFET has an Inss of 4mA and a gmo of 2,000µS. Determine: 

(a) VcsroffJ
(b) The values of In, Vcs, and gm, assuming the JFET

is biased at In = 0.6Inss•

21oss 
9mo 

2(4mA) 
2,000µ$ 

= 4V 

Assuming the JFET is an N-channel device VGs(off) = -4V. 

(b) 10 = 0.610ss = 0.6(4mA) = 2.4mA

Referring to Figure 7-8 we note that an lo/loss ratio of 0.6 corresponds 
to a VGsfVGs(off) ratio of, approximately, 0.225. 

Thus: 

VGS = 0.225(-4V) = -0.9V 

Referring to Figure 7-9 we see that a VGsfVGS(off) ratio of 0.225 corresponds 
to a grr/gmo ratio of, approximately, 0.775. 

Thus: 

9m = o.n5gmo = o.n5(2,000µS) = 1,550µS 
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A normalized curve for the Qm/Qmo ratio. 
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The following is a summary of the major JFET parameters. Some of these param
eters were introduced previously. In such cases, additional information is provided 
to complement and supplement the earlier material. 

loss 
This is the value of 10 when VGs = 0V. On some data sheets, loss is listed 
as lo(on), for Vos > V p. 

VGS(off) 
Ideally, VGs(off) is the value of the gate-to-source voltage that results in zero drain 
current. However, since a JFET's transconductance curve exhibits significant cur
vature in the vicinity of the knee, it is difficult to define the exact point where 
10 = 0. For this reason, data sheets usually specify VGs(off) as the value of gate-to
source voltage that produces a drain current of 1 % loss, or less. 
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9mo, 9ta, Yta 

These symbols represent the JFET's transconductance value for VGs = 0V. Like 
loss and V GS(off), there are wide unit-to-unit variations in the value of 9mo• Typical 
values for gmo are between 1,000 and 8,000µS. Some data sheets use units 
of mhos rather than siemens for gmo. 

IGss 
This is the gate-to-source current with the drain and source terminals connected 
together. Since the PN junction between the gate and source terminals is normally 
reverse biased, IGss is very small: usually in the nA range. In most cases IGss 
is negligible. 

BVGss 
This is the gate-to-source breakdown voltage with the drain and source terminals 
connected together. BVGss is specified for a specific value of drain current. 

9os, Yos 

These symbols represent the JFET's common-source output conductance. The 
reciprocal of g05 provides the value of the JFET's drain resistance, rd which is 
analogous to re' for BJTs. 

IGFETs (MOSFETs) 

The gate and channel regions within a JFET form a conventional PN junction. 
This PN junction is reverse biased by an external voltage source. The reverse 
bias voltage causes the JFET to operate in the depletion mode and allows the 
device to have a large input resistance. However, there is another type of FET 
which does not have a conventional PN junction that has to be reversed-biased. 
This device uses a metal gate which is electrically insulated from its semiconduc
tor channel by a thin layer of silicon dioxide, SiO2. Consequently, the device 
is referred to as an insulated gate FET, IGFET, or a metal-oxide semiconductor 
FET, MOSFET. 

Unlike the JFET, which can only operate in the depletion mode, the IGFET may 
be either a depletion-mode device or an enhancement-mode device. 

Depletion-Mode IGFET 

The basic structure of a depletion-mode IGFET is shown in Figure 7-10A. Here, 
note that the metal gate is insulated from the channel by the layer of silicon 
dioxide. Note that. an additional lead is connected to the substrate. In many 
IGFETs, this additional (substrate) lead is internally connected to the source; 
some IGFETs make the connection to the substrate available as a fourth external 

lead. For simplicity, we will concentrate on those applications where the substrate 
lead is either internally or externally connected to the source. 

"-----,../ 
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Figure7-10 

The N-channel depletion-mode IGFET (MOSFET). 
A. Construction.
B. Schematic symbol.

Field EffectTransistors 17-23

DRAIN 

The schematic symbol of an N-channel depletion-mode IGFET is shown in Figure 

7-108. Here, the drain, source, gate, and substrate leads are identified respec

tively by the letters D, S, G, and either SS or B. Furthermore, the arrow on

the substrate lead points inward. As you might suppose, the arrow on the sub

strate lead of a P-channel depletion-mode IGFET would point outward as shown

in Figure 7-11.

GO----

D 

s 

Figure 7-11 

Schematic symbol of a P-channel depletion-mode 
IGFET (MOSFET) 
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Transconductance and drain curves for an N-channel depletion
mode IGFET. Note that this normally-on device operates in the 

enhancement-mode for positive VGs values. 
A. Transconductance curve. 

B. Drain curves.



./ Negative and Positive V Gs Values
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Due to the insulating layer, the gate and channel do not form a conventional 
PN junction. However, a voltage applied between the insulated metal gate and 
source still controls the conductivity of the channel. Therefore, this voltage also 
controls the amount of drain current. Furthermore, both negative and positive 
VGs values are permitted since the insulating layer of silicon dioxide prevents 
current from flowing through the gate lead. 

For negative values of VGs, the IGFET operates in a manner that is similar to 
a conventional JFET. This is apparent from an examination of the device's trans

conductance and drain curves shown in Figure 7-12. For negative V Gs values, 
the curves are essentially identical to those of an N-channel JFET. The term 
depletion-mode device arises from the fact that a negative gate-to-source voltage 
is required to "deplete" the conducting channel of electrons, and therefore reduce 
the value of the drain current. 

Like the depletion mode JFET described earlier, the depletion-mode IGFET con
ducts a substantial amount of current, 10ss, when VGs = 0. For this reason, 
all depletion-mode devices, whether junction or insulated gate types, are said 
to be normally-conducting or normally-on when their gate-to-source voltages 
are zero. 

Positive values of VGs increase, or enhance, the number of electrons in the con
ducting channel of an N-channel IGFET. As shown in Figure 7-12, positive values 
of V Gs produce drain currents larger than loss- This is quite different from the 
operation of a JFET, where positive values of VGs are not permitted because 
the PN junction formed by the gate and channel would become forward biased. 

The essential difference between a JFET and a depletion-mode IGFET is that 
the JFET can only operate in the depletion mode. An IGFET, on the other hand, 
can be biased to operate in either the depletion or enhancement mode. 
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Drain Current Formulas 

The equation for the transconductance curve in Figure 7-12A is: 

lo = loss[1 - VGs 12 (Eq. 7-9) VGS(off) 

Since VGs can be positive or negative, the expression VGs!VGs(off) will be positive 
when V Gs is negative, and negative when V Gs is positive. Since this can be 
confusing, it is advisable to divide Equation 7-9 into two parts as follows: 

When V05 is negative: 

Similarly, when Vos is positive: 

Example7-4 

lo = loss[1 + IVGsl 12 (Eq. 7-9(b)) 
IVGS(off)I 

An N-channel depletion-mode IGFET has an lvss of 6mA, and 
a V GS(affJ of - 4 V. Estimate the drain current for V GS = 0, -1 V, 
and +1V. 

When VGs = 0, lo = loss or 6mA. 

When VGs is negative, 10 is calculated using Equation 7-9(a). Thus, for VGs = 
-1V:

lo = loss[1 -

1V 10 = 6mA[1 - -12 = 6mA(0.5625) = 3.375mA 
4V 

When VGs is positive, Equation 7-9(b) is used to calculate the drain current. 
Thus, forVGs = 1V: 

lo= loss[1 + \VGsl 12
JVGS(off)I 

1V 10 = 6mA[1 + -12 = 6mA(1.5625) = 9.375mA 
4V 
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'----'' Enhancement-Mode IGFET 

An IGFET which functions as a normally-off device is shown in Figure 7-13A. 
This device is similar to the depletion-mode IGFET in Figure 7-10A, but it does 
not have a conducting channel that is imbedded in the substrate material. Instead, 
the device has source and drain regions that are diffused separately into the 
substrate. 

In Figure 7-13A, the drain current is zero when VGs = 0. This is because no 
conducting channel exists between the source and drain regions. For this reason, 
loss = 0 in an enhancement-mode IGFET. Similarly, 10 = O for negative values 
of VGs• 

If the gate-to-source voltage is sufficiently positive, a conducting channel is in
duced between the source and drain regions. The action that takes place is similar 
to the action that takes place in a charging capacitor. In this case, the metal 
gate and substrate function as the upper and lower plates of a capacitor and 
the insulating layer functions as the dielectric. When the positive gate voltage 
charges the "capacitor" so that a negative charge builds up on the substrate 
plate, an induced N-type channel is formed. Furthermore, an increase in gate 
voltage tends to increase or enhance the conductivity of the induced channel. 
For this reason, the device in Figure 7-13A is referred to as an N-channel 

'----' enhancement-mode IGFET. 
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Flgure7-13 

The N-channel enhancement-mode IGFET (MOSFET). 

A. Construction.

B. Schematic symbol.



7-28 I UNIT SEVEN

The schematic symbol for an N-channel, enhancement-mode IGFET is shown 

in Figure 7-12B. Notice that this symbol is similar to the symbol for the N-channel 
depletion-mode IGFET. The only difference is the use of a broken line instead 

of a solid line to interconnect the source, drain, and substrate regions. The solid 
line identifies the normally-on condition of the depletion-mode device, while the 
broken line is used to identify the normally-off condition of the enhancement-mode 
device. Once again, the schematic symbol for the P-channel device has the sub
strate arrow pointing outwards, as shown in Figure 7-14. 
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s 

Figure7-14 

Schematic symbol of a P-channel enhancement-mode 

IGFET (MOSFET). 

Characteristic Curves 

The transconductance and drain curves for an N-channel enhancement-mode 
IGFET are shown in Figures 7-1 SA and 7-15B respectively. 

The drain curves in Figure 7-15B have the same general shape as those for 
an N-channel JFET or an N-channel depletion-mode IGFET. The basic difference 
is that only positive VGs values are plotted in Figure 7-158, since the device 
can only operate in the enhancement region. 

'---..__.,, 
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In Figure 7-1 SA note that, for drain current to flow, the gate-to-source voltage 
must exceed the value of the gate-to-source threshold voltage, VGsT- VGsT is 
usually one volt or more. With appropriate biasing, the enhancement-mode device 
makes an excellent switch. It can be turned on by a sufficiently high gate voltage. 
The inherent threshold of the device provides a highly desirable region of noise 
immunity that prevents low or intermediate noise voltages, less than VGsT, from 
falsely triggering the device on. This characteristic makes the enhancement-mode 
device ideal for digital applications. 

As shown in Figure 7-1 SA, the drain current corresponding to a value of V Gs> V GST 
is also indicated on the device's transconductance curve. Data sheets often pro
vide the value of VGs(on) required to produce a drain current, locon), that approxi
mately equals the maximum value given on the family of drain curves . 

.... ENHANCEMENT 
.... REGION 

I O1onl --------------
I 

I 

I 

I 

I 1oss * o � 1 

-;;;+,-.-...,.-=-------'-' -----� VGS 

® 

0 V V GST GS{on)

TRANSCONDUCTANCE CURVE 

VGs==+5V 

------------------ Vos 
0 

DRAIN CURV ES 

Figure7-15 

Transconductance and drain curves for an N-channel enhancement
mode IGFET. Note that this normally-off device only operates in 

the enhancement region. 
A. Transconductance curve. 
B. Drain curves. 
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Drain Current Formula 

The transconductance curve of an enhancement-mode IGFET is described by: 

Where: K = constant for a particular type enhancement-mode IGFET. 
V GST = gate-to-source threshold voltage. 

Obviously, Equation 7-10 is only valid for values of VGs � VGsT- Values of VGs 

< VGsT result in a drain current, lo, of essentially zero. 

Example7-5 

The transconductance curve for an N-channel enhancement
mode IGFET is shown in Figure 7-16. Estimate the value of 
K for the device. Also, estimate the drain current if Vcs 
3V. 

In Figure 7-16, VGsT = 2V. Also, when VGs =4V, lo = 10mA. Thus, the only 

unknown in Equation 7-1 O is the value of the constant K. Solving for K in Equation 
7-10 yields:

Thus: 

K= 
lo 

10mA 10mA 
K = ----= -- = 2.5 X 10-3 

(4V - 2V)2 4V 

Now, when VGs = 3V, lo is: 

lo = K(VGs - VGsT)2
10 = 2.5 x 10-3[3V - 2V]2 = 2.5mA 

r 



lOmA -----------

--+------=---�--------,➔ V
GS

0 2V 4V 

Figure7-16 

Transconductance curve for Example 7-5. 

Safety Precautions 
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When you are using any IGFET, you must observe certain precautions. As with 

any solid-state component, it is necessary to check the manufacturer's maximum 

ratings so that the device is not damaged by excessively high operating voltages 

or currents. However, it is particularly important to observe the FET's maximum 

allowable gate-to-source voltages (VGs). An IGFET (MOSFET) can accept only 

a limited range of V GS values because of the extremely thin silicon dioxide insulat

ing layer that separates it's gate and channel. If V Gs is increased too much, 

the thin insulating layer will be punctured and the device will be ruined. In fact, 

the insulating layer is so sensitive that it can even be damaged by static charges 

that build up on the FET's leads. For example, the electrostatic charges on your 

fingers can be transferred to the FET's leads while you are handling the device 

or when you are mounting it in a circuit. The device could therefore be ruined 

before it is used. To avoid this type of damage, manufacturers usually ship these 

devices with their leads shorted together so that static charges cannot build up 

between the leads. The leads may be wrapped with a shorting wire, inserted 
within a shorting ring, pressed into a conducting foam material, or simply taped 
together. These shorting devices should not be removed until the FET is com
pletely installed in it's respective circuit. 
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Most modern IGFETS are protected by zener diodes which are electrically con

nected between each insulated gate and the transistor's source inside the device. 

These diodes offer protection against static discharge and in-circuit transients 
without the need for external shorting mechanisms. 

You can handle devices that do not include gate-protection diodes safely if you 

observe the following basic precautions: 

1. Before you connect it into a circuit, keep all of the leads shorted

together. Use the metal shorting rings attached to the device by

the manufacturers, or insert them into some kind of conductive

material. Aluminum foil is sometimes used since it can be readily
tom away after the device is installed.

2. When you remove a device from its carrier, ground the hand you

are using by any suitable means, for example, with a metallic
wristband.

3. Ground the tip of your soldering iron before you solder the device.

4. Never insert the device into a circuit or remove it with the power

on.

These precautions apply to both depletion and enhancement-mode IGFETS 

(MOSFETs). 

VMOS and CMOS 

Until recently, commercially available FETs were relatively low power devices. 

For a given power rating, the chip area required to fabricate an FET was consider
ably larger than a comparable BJT. Consequently, even medium power FETs 
were very expensive. 

Vertical MOS, or VMOS, is a relatively new FET technology that has provided 
economical high power FETs. The basic structure of the device is illustrated in 

Figure 7-17. In most applications, the two sources are connected together. In 
any event, current flow follows a vertical path, rather than a horizontal path as 
in a conventional enhancement-mode IGFET. Due to the reduced channel length 
and the fact that the V groove creates two channels, the current density and 
power handling ability of the device is increased significantly. 
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Flgure7-17 

Structure of a VMOS FET. 
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Complementary MOS or CMOS circuits use both P-channel and N-channel 

enhancement-mode MOSFETs. The principle advantages of CMOS circuits are 

high noise immunity and low .power consumption. These characteristics make 

CMOS very popular for digital applications. 

A CMOS logic inverter is shown in Figure 7-18. Here, the input signal, A, drives 

the gates of each enhancement-mode MOSFET simultaneously. When the input 

., goes positive, the P-channel MOSFET is cut off and the N-channel MOSFET 

conducts. In this case, v0 is essentially zero since the voltage across the N

channel MOSFET is essentially zero. Similarly, when the input is low, the P

channel MOSFET turns on and the N-channel MOSFET is cut off. In this instance, 

the output is connected to + 5V through the P-channel MOSFET. Since the on 

resistance of the conducting MOSFET is small compared to AL, v0 essentially 

equals the supply voltage or 5V in this example. 

5V II A
ov _J L 

+5V 

P-CHANNEL

Flgure7-18 

A CMOS logic inverter. 

l__f sv

v0 = A ov 
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FET/BJT Comparisons 

Compared to BJTs, FETs offer the following advantages. 

1. Large input resistance.

2. Less internally generated noise.

3. Largely immune to radiation.

4. Less sensitive to temperature variations.

5. Easier to fabricate. This makes IGFETs especially suitable for LSI
integrated circuits.

Generally speaking, FET circuits provide less voltage gain than comparable BJT 
circuits. In addition, for a specified output voltage, FET circuits usually require 
larger supply voltages than BJT circuits. Furthermore, conventional FET large
signal amplifiers exhibit more nonlinear distortion than comparable BJT amplifiers. 
For these reasons, FETs are not always superior to BJTs. As always, the specific 
application dictates which device is preferable. 



Self-Test Review 

1. The value of lo, when V05 = 0 is _____ _

2. A JFET can only operate in the ________ -mode.
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3 . A device that can operate in the depletion- or enhancement-mode is the
_________ -mode IGFET.

4. loss = 
_______ for an enhancement-mode IGFET.

5. Another name for an IGFET is a _______ _

6. An enhancement-mode MOSFET is an example of a normally-____ _
device.

7. A depletion-mode MOSFET is an example of a normally-_____ de-
vice.

8. An enhancement-mode IGFET has V0sT = 3V, loss = 0, lo(on) = 10mA,
and VGs(on> = 5V. The value of K, therefore is ________ _

9. When IGFETs are not installed in a circuit the leads should be shorted
together to prevent damage from

10. A depletion-mode IGFET has V0s(off) = -4V, and loss = 2 .5 mA.

(a) 10 = ________ whenV0s = OV.

(b) 10 = 
________ whenV0s = +2V.

(c) 10 = 
________ whenV0s = -2V.
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Answers 

1. loss 7. on

2. depletion 8. 2.5 X 10-3

3. depletion 9. electrostatic charges

4. zero 10. (a) 2.5mA

5. MOSFET (b) 5.625mA

6. off (c) 0.625mA



-...._,/ The solution to questions 8 and 1 0 follow: 

Thus: 

K= 
lo 

Since lo = lo(on) = 1 0mA, and V GS = V GS(on) = 5V we have: 

K= 
lo 10mA 

= 2.5 X 10-3
(SV - 3V)2 

10. (a) When V Gs = 0, lo = loss or 2.5mA in this case.

(b) For positive VGs values:

Thus, forVGs = +2V: 

2V 
10 = 2.5mA[1 + -]2 

= 2.5mA(1.5)2 
= 5.625mA 

4V 

(c) For negative VGs values:

Thus, forVGs = -2V: 

2V 
10 = 2.5mA[1 - -]2 

= 2.SmA(0.5)2 
= 0.625mA 

4V 

Field Effect Transistors 17-37



7-38 I UNIT SEVEN

FET CIRCUIT ANALYSIS AND DESIGN 

In this portion of the unit we will discuss the analysis and design of selected 
FET circuits. In discrete circuits, JFETs are used more frequently than IGFETs. 
For this reason, our discussion will emphasize the analysis and design of several 
popular JFET circuits. 

Small signal FET amplifiers are classified as common-source, common-drain, 
or common-gate circuits. This system of classification is directly analogous to 
the BJT common-emitter, common-collector, and common-base circuits dis
cussed previously. Consequently, common-source circuits are w�dely used as 

voltage amplifiers. Similarly, common-drain circuits are used as buffers to match 
impedances. The common-gate circuit is less frequently encountered since, like 
a common-base BJT circuit, its input resistance is quite small. 

JFET Biasing Schemes 

A JFET biasing scheme especially useful for small-signal amplifiers is the self

bias circuit shown in Figure 7-19. Here, the loop equation for the gate circuit 
is: 

Due to the JFETs large input resistance, the gate current, IG, is essentially zero. 
Consequently, IGRG = 0. Thus: 

Equation 7-11 indicates that the Q point is established by applying the voltage 
dropped across Rs to the gate. Since an external bias voltage is not required, 
the term self-bias is used to describe the circuit action. 
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'--------" Frequently, graphical methods are employed for the analysis and design of JFET 

circuits. The following example serves to introduce the appropriate procedure 

for a self-bias JFET circuit. 

Figure7-19 

Self-bias. 

Example7-6 

Calculate the values of InQ and VcsQ for the circuit shown 
in Figure 7-20. 

Regardless of the value of le, in most BJT circuits VaE is approximately 0.7V. 

In FET circuits, however, VGs varies significantly with changes in lo. BecausEl 

of this, the analysis of many JFET circuits requires graphical, or a combination 

of graphical and analytical, methods. 

18V 

3kQ 

lMQ 

Ioss = 6mA 

9mo = 3mS

Flgure7-20 

Circuit for Example 7-6. 
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In the case of a self-bias circuit, you can use the following procedure to determine 
the quiescent values of drain current and gate-to-source voltage. 

1 . Assuming loss and gmo are known, calculate IV GS(off)I from Equation 

7-6. 

21oss 
IV GS(oll)I =

9mo 

2. If the JFET's transconductance curve is available, proceed to step
3. If the JFET's transconductance curve is not available, use Equa
tion 7-3 to obtain the data necessary to plot the curve.

lo = lossl1 -

Once you have the necessary data, plot the curve. 

3. Since IG = 0, 10 = 15. Therefore, Equation 7-11 is equivalent to:

The graph of this equation provides the self-bias curve. The inter
section of the self-bias curve and the transconductance curve indi
cate the DC operating point. Furthermore, since the graph of Equa
tion 7-11 is a straight line, only two data points are necessary 
to plot the curve. These points occur when: 

VGs = 0, lo = 0. 

Thus one point on the self-bias curve is the origin. And when: 

-(-1V) 
VGS 

= -1V, lo = 

Rs 

1V 

Rs 

'-.._./ 



Thus, a second point, point P, on the self-bias curve is: 

1V 
Vas = -1V, lo = F½ (Point P) 
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Step 3 consists of plotting the self-bias curve, by drawing a 

line through point P and the origin. 

4. Locate the point corresponding to the intersection of the two
curves. This point, point Q,. is the DC operating point. Read the
values of 100 and V Gsa,

Applying the procedure to the problem at hand: 

1. 
21oss

9mo 

2(6mA) 
= 4V 

3mS 

2. From Equation (7-3), the following data is obtained.

VGs(V) loss[1 - IVGsl
J
2 

IVGS(off)I 
lo(mA) 

4 
-4 6mA[1 -

-

12 

= 
0 

4 

-3.5
3.5 

2 6mA[1 - -1 
= 

4 
0.094 

-3 6mA[1 -
3 -]2

= 
0.375 

4 

-2.5
2.5 

2 6mA[1 - -1 = 
4 

0.844 

-2 6mA[1 -

-

12

= 

1.5 
4 

-1.5
1.5 

2 
2.34 6mA[1 - -1 

= 

4 

-1 6mA[1 -
1 

-

12
= 

3.38 
4 

-0.5
0.5 2 4.6 6mA[1 - -1 = 
4 

0 6mA[1 -

-

1
2 

= 
6 

4 
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By plotting the various V GS, 10 points the transconductance curve 

shown in Figure 7-21 was obtained. 

3. The coordinates of point Pare V Gs = -1 V and:

1V 1V 
10 = - = -- = 2.5mA 

Rs 4000 

Drawing a line through point P and the origin produces the 

Rs = 400 bias line shown in Figure 7-21. 

4. The intersection of the bias line and the transconductance curve

provide a Q point at:

loo= 3mA

VGsa = -1.2V

6 

4 

-------- -Ioo=3mA 
pX------- 2. 5mA 

TRANSCONDUCTANCE 
CURVE

� 

VGS?------=�-�-�---.--�--+-+---...--'1---
(V) -4 -3 -2 1- 0 

V 
Gso

= -1. 2V

Flgure7-21 

Graphical solution for Example 7-6. 



\..___/ Example 7-7 

Calculate the terminal-to-ground voltage for the circuit in Fig
ure 7-20. Also calculate values for VnsQ, PnQ, and the approxi
mate transconductance under quiescent conditions. 
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In BJT circuits, the various DC voltages can be calculated once the value of 
le is known. Similarly, in FET circuits the analogous DC voltages are easily calcu
lated once the value of lo is known. 

Referring to Figure 7-20: 

Since IG = 0, the voltage drop across the 1 MO gate resistor is essentially zero. 
Thus, VG

= 0. 

Vs = lsRs 
Vs = 3mA(4000) = 1.2V 

Vo = Voo - loRo 
V0 = 18V - 3mA(3KO) = 9V 

Vos = Vo - Vs 
Vos = 9V - 1.2V = 7.8V = Vosa 

P00 
= Vosaloo 

P00 = 7.8V(3mA) = 23.4mW 

gmo is the value of gm, when V Gs = 0. 

By employing Equation 7-7, or the normalized curve in Figure 7-9, you can esti
mate the value of gm corresponding to any value of V Gs between O and V GS(off)• 
Thus: 

9m = 9mo(1 -

9m 
= 3mS[1 -

IVGsl 
] 

IVGS(off)I 
1.2V 
--] = 3mS(0.7) = 2.1mS = 9mo 

4V 

If you prefer, you can calculate Qm from the normalized curve in Figure 7-9 as 
follows: 

VGs 
VGS(off) 

-1.2V
= -- =0.3 

-4V

In Figure 7-9, the value of grr/gmo corresponding to VGsfVGs(off) = 0.3 is 0.7. Thus: 

9m = 0.7gmo 
Qm = 0.7 (3mS) = 2.1 mS = 9mo 
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Voltage Divider Bias 

A second JFET biasing scheme is the voltage divider circuit shown in Figure 

7-22A. By Thevenizing the voltage divider portion of the circuit, you obtain the

equivalent circuit in Figure 7-228. Here:

(Eq. 7-12) 

(Eq. 7-13) 

In Figure 7-228, the loop equation in the gate circuit is: 

Since IG = O and 10 = Is we have: 

VGS = Voo - loRs (Eq. 7-14) 

Equation 7-14 is the equation of the circuit's bias line. Solving for 10 yields: 

Voo - VGS 
lo=---

Rs 

ORIGINAL CIRCUIT 

(Eq. 7-15) 

® 

Figure7-22 

Voltage-divider bias. 
A. Original circuit. 
B. Thevenin equivalent. 

V
TH

=V
GG

THEV ENIN EQUIVALENT 

'---..../ 
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In a self-bias circuit, lo varies directly with the value of VGs- Equation 7-15 indi
cates that with voltage-divider bias, the value of 10 depends upon the value of 
Vos, and V00 - which is essentially constant. For this reason, the Q point with 
voltage divider bias is somewhat more stable than with self-bias. 

The procedure for analyzing a voltage-divider FET biasing scheme is similar to 
the one employed for the self-bias circuit. The essential difference is in the con
struction of the bias line on the JFET's transconductance curve. Specifically, the 
following procedure can be employed to determine 100 and V osa for the voltage
divider circuit. 

1. Calculate IV GS(off)I

21oss 
IVGS(off)I = --

9mo 

2. Obtain the JFET's transconductance curve from the data sheet
or Equation 7-3.

lo = loss[1 -

3. For the voltage-divider circuit, the equation of the bias line is:

Vas = Vaa - loRs 

When Vos = 0, 10 = V0o/Rs. This defines one point on the bias 
line, P1 , as shown in Figure 7-23. 

V V ' - 1
0

=_GG_-_GS_
RS 

Figure7-23 

Constructing the bias line for the voltage-divider biasing scheme. 
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By selecting some convenient, non-zero, value of V Gs, V Gs, the 
coordinates of a second point, P2, on the bias line can be deter
mined. Specifically, when: 

VGs = VGS, lo = 

For example, if VGs = -1V is selected, the corresponding value 
of lo is: 

Voo - (-1V) V00 + 1V
lo= ----- = ---

Rs Rs 

As shown in Figure 7-23, the voltage-divider bias line is constructed 
by drawing a line through points P1 and P2. 

4. The intersection of the bias line and transconductance curve define
the operating point, Q. Thus, once the bias line h·as been con
structed, you simply note the values of 100 and VGsa in the same
manner as you did with the self-bias circuit.

Example7-8 

The circuit shown in Figure 7-24 uses the JFET of Example 
7-6. Thus lvss = 6mA, gmo = 3mS, and VGS(off) = -4V. Work
out values of lDQ, VGsQ, and VvsQ•

22V 

I. 44MQ 3kQ 

IMQ 3. 4kQ

Figure 7-24 

Circuit for Example 7-8. 

'-.__../ 
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Since the JFET is the same as in Example 7-6, steps 1 and 2 of the analysis 
are identical to steps 1 and 2 in Example 7-6. 

Proceeding to step 3 we have: 

3. 
__ 22_V(.;_1_M_!l

.;_
) _ = gv1.44M!l + 1 M!l 

P1 is located at VGs = 0 and: 

VGG 9V 
10 = -- = -- = 2.65mA

Rs 3.4k!l 

To determine the coordinates of P2, we arbitrarily select VGs =

-1V. Thus:

lo = _v_GG_-_Vas_'_ = _9_V_-_( -_1V).;_ = 2.94mA
Rs 3.4k!l 

By drawing a line that passes through points P1 and P2, you can 
obtain the bias line shown in Figure 7-25. 

�-==========:::,- ID Q = 3 m A

-r�- 2.65mA I 
2.94mA 

VGS'----...---===---�-----.------........,.-----+-
(V) -4 -3 -2

Figure 7-25 

Graphical solution for Example 7-8. 
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4. In Figure 7-25, the intersection of the transconductance curve and
bias line provide a Q point at:

100 = 3mA 
VGsa = -1.2V 

Since 100 = 3mA: 

Vs= lsRs = 3mA(3.4k11) = 10.2V 

Vo = Voo - loRo 
V0 = 22V - 3mA(3k11) = 13V 

Vos = V0 -
Vs = 13V - 10.2V = 2.8V = Vosa 

Parameter Variations 

The basic JFET parameters include loss, VGs(off), and gmo, Unfortunately, for a 
given type JFET, there is considerable unit-to-unit variations in the values of 
these parameters. 

For example, let's assume the data sheet for a certain JFET lists the following 
values: 

Since IV GS(off)I = 

loss 

gmo 

Minimum 

3.SmA

3.SmS

Maximum 

10mA 

SmS 

210ss 
, the minimum and maximum values of IVGs(off)I are: 

gmo 

IVGS<off)I = 
2(

3.
5mA) 

= 2V
3.5mS 

2(10mA)
IVGS(off)I = --- = 4V

5mS 

(Minimum) 

(Maximum) 

Based on the minimum and maximum values of loss of V GS(off), you would expect 
the actual transconductance curve of a particular unit to lie within the range indi
cated by the "worst-case", or limiting, transconductance curves as shown in Figure 
7-26.



l0-1oss =lOmA (max) 

8 

6 

_ rDSS . : 3. SmA 
(min) 

-2

VGS'-_...,,:::::::::. __ ....-___ _.,.c:::...__ _, __ �-,--

(Vl 

[ 
-3 

t -1 
VGS(offl(minl=-2V

0 

V GS (maxi= -4V
(off I 

Figure7-26 

Parameter variations. 
The indicated parameter variations result in an actual operating point 

that is between the limits established by 01 and 02. 
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For purposes of comparison, a 2390 self-bias line has been included in Figure 
7-26. Note that, if a particular unit has loss and Vas(off) values that are maximum,
the operating point, Q, is:

100
= 4.75mA 

VGsa
= -1.2V 

a, 

Similarly, if a particular unit has loss and Vas(ott) values that are minimum, the 
operating point, Q, is: 

loa
= 2mA 

VGsa
= -0.5V 

In some applications, the spread in 100 values illustrated by the preceeding exam
'-.___/ pie are unacceptable. For such applications, a third type of biasing scheme, called 

current-source bias, is often employed. 
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Current-Source Bias 

In this biasing scheme, the value of the source and drain currents are fixed by 

employing a constant-source that is effectively connected in series with the source 
lead. An example of current-source bias is provided in Figure 7-27. Here, the 
BJT, T 2, is used to provide a constant source current for the FET, T 1. 

In Figure 7-27 the voltage developed across R2 is: 

The voltage across the emitter resistor of the BJT is therefore: 

From Ohm's law, the emitter current is: 

Since IE = Is = 10, we have: 

(Eq. 7-16) 

Equation 7-16 indicates that the JFET's drain current, lo, is essentially constant, 
and therefore independent of variations in the JFET's parameters. 

RD

Rl Tl i 10

RG I Is 
T2

\+ 
Rz

VBE_..;;. RE Flgure7-27 

-:- i 1E-=-
Current-source bias. 



..___,,; Example 7-9 

Calculate the quiescent drain current for the circuit shown in 
Figure 7-28.

lo = IE = 

40V(33k0) 

100k0 + 33k0 
= 9.92V

9.92V - 0.7V
= 1.96mA 

4.7k0 
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To see how variations in 10ss and V0scoff) affect the operation of a current-source
bias circuit, let's assume the JFET in Figure 7-28 has the following specifications. 

3.SmA � loss � 1 OmA

40V 

lOkQ 

lOOkQ 

lMQ 

33kQ 
4. 7kQ 

Figure 7-28 

Circuit for Example 7-9. 
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Furthermore, let's assume the JFET's worst case transconductance curves are 
available, and appear as shown in Figure 7-29. 

8 

6 

I -- DSS(min)- 3.5mA

IDQ = 1. 96mA

_\,__ _ _...., _____ 4-_-12

VGS4c---1_,,,,=----+----'--i�----+--J..._--+
(V) -4 -3

Figure7-29 

Worst case transconductance curves for the JFET in Figure 7-28. 

'-._____,,-

'--..___,/ 
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\___,., Referring to Figure 7-28 and Figure 7-29, the following points should be noted. 

1. Since the BJT acts like a constant current source, 100 = IE, or
1.96mA in this case.

2. For the minimum curve, an 100 of 1.96mA results in VGsa =
-0.6V. Similarly, for the maximum curve, an 100 of 1.96mA produc
es a VGsa of -2.3V.

3. To ensure that the gate is reverse biased, component values must

be selected so that loo < loss(MIN)·

Based on the previous observations, it is clear that current-source bias stabilizes 
loo against large variations in the JFET's parameters. However, for a given JFET, 
the value of VGsa depends upon the specific values of loss and VGs(off), since 
these parameters determine the endpoints of the actual transconductance curve. 

Example 7-10 

(a) 

In Figure 7-28, the JFET has the following specifications: 

loSS(MtN) = 3.SmA 

loSS(MAX) = 10mA 

IV GS(off)i(MIN) = 2V

IVGS(off)l(MAX) = 4V

(a) Calculate the average Inss and /VGsfoffJf values for a typical
JFET.

(b) Using the values obtained in (a), estimate the value of
VGSQ·

(c) Based on the value of VGsQ obtained in (b), calculate the
various terminal-to-ground voltages. Also calculate the
value of VnsQ and VCEQ·

loSS(avgl = 

loSS(avg) =

IDSS(MIN) + loSS(MAX)
2 

3.5mA + 10mA 

2 
= 

6.75mA 

IVGS(off)l(MIN) + IVGS(off)l(MAX) 

2 

2V + 4V 
IVGS(off)l(avg) = 2 = 3V 
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(b) 
10 1.96mA 

-- = --- = 0.29 
loss 6.75mA 

Referring to Figure 7-8, you find that an lo/loss ratio of 0.29 corresponds 
to a VGsfVGs(off) ratio of approximately 0.46. Thus, in Figure 7-30: 

V GS = 0.46V GS(off) 
VGs = 0.46(-3V) = -1.38V = VGsa 

lOOkQ

40V 
0 

� 
...,;....-� 

- \ 

lOkQ

lMQ l.38V+ - -�
� 

@-.__ ___ .. + ........... --I 

0.7V��
33kQ 4. 7kQ

-=-

Figure7-30 

Approximate terminal-to-ground voltages for Example 7-1 O. 

"--../



� (c) 
40V(33k0) 

= 9_92V 
100k0 + 33k0 

Ve = Vs - Vse = 9.92V - 0.7V = 9.22V 
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Since 10 = 0, the voltage drop across the 1 Mn gate resistor is approximately 
OV. Thus: 

VG 
= Vs = 9.92V 

Since the collector and source leads are connected together, Ve Vs. 
Therefore: 

Vs = VGs + VRG + VA, 

Vs= 1.38V + 0 + 9.92V
Vs= 11.3V = Ve 

Vo = Voo = loRo 
Vo = 40V - 1.96mA(10kO) = 20.4V 

Vos = Vos - Vs 
Vos = 20.4V - 11.3V = 9.1V = V0sa 

Vee = Ve - Ve 
Vee= 11.3V - 9.22V = 2.08V = Veea 

Biasing MOSFETs 

For negative values of V 05, the operation of an N-channel depletion-mode 
MOSFET is essentially the same as the operation of an N-channel JFET. There
fore, the JFET biasing schemes discussed previously can be used with depletion
mode MOSFETs, assuming the MOSFET operates in the depletion region. 
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As an example, consider the self-bias circuit shown in Figure 7-31 A. To determine 
the values of 100 and V GSO, an Rs = 3000 self-bias line is constructed as shown 
in Figure 7-31 B. Obviously, the intersection of the self-bias line and transconduc
tance curve provide the desired Q-point values. 

® 

@ 

26V 

I. 95kQ 

lMQ 

CIRCUIT 

IDss=l3mA 

----- 6.67mA 

V
GS

�_..-::,=:_ ___ _J_ __ -"l_ 

-4V -2V 0 

GS(off)

TRANSCONDUCTANCE CURVE AND 300Q BIAS LINE 

Flgure7-31 

Self-bias of a depletion-mode MOSFET. 
A. Circuit. 
B. Transconductance curve and 300.0 bias line. 
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A special case of self-bias, called zero bias, occurs when V GS = 0, as shown 
in Figure 7-32. Here, Vs = 0, Rs = 0, VG = 0, and IG = 0. For this reason, 
VGs also equals 0. As you know, lo = loss when VGs = 0. Hence, the operating 
point appears as shown in Figure 7-328. Zero bias is a popular biasing scheme 
for depletion-mode MOSFETs due to its inherent simplicity. Unfortunately, zero 
bias cannot be used with JFETs or enhancement-mode MOSFETs. 

® 

@ 

26V 

lkQ 

lMQ 

CIRCUIT 

VGS __ ...-,:: _______ 4--_-4V 0 

GS(off) 

TRANSCONDUCTANCE CURVE 

Figure 7-32 _ 

Zero-bias of a depletion-mode MOSFET. 
A. Circuit. 
B. Transconductance curve. 
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A popular biasing scheme for enhancement-mode MOSFETs is shown in the 
drain feedback circuit shown in Figure 7-33A. Here, Vos = VGs, since the voltage 
drop across RG is essentially zero. In Figure 7-33A, the drain-to-source voltage, 
Vos, is: 

Vos = Voo - loRo 

When Vos = 0, lo = locsat) = Voo/Ro. Similarly, when lo = 0, Vos = Vosccut) 
= Voo- The circuit's operating point is obtained by constructing the DC load 
line on the transconductance curve as shown in Figure 7-338. In this case, the 
intersection of the DC load line and transconductance curve establish an operating 
point at 100 = 2mA and VGs = Voo at 6V. 

0 2V 4V 

� 

\ 
�_;

DS 

VGs--_[ 

CIRCUIT 

6V 8V lOV 12V

Lvos !offl

TRANSCONDUCTANCE CURVE AND DC LOAD LINE 

Figure 7-33 

Drain-feedback bias of an enhancement-mode MOSFET. 

A. Circuit. 

B. Transconductance curve and DC load line.
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Common-Source Voltage Amplifiers 

An examination of transconductance and drain curves suggests the small-signal 

JFET model shown in Figure 7-34. Here, r
9 

represents the input resistance looking 

into the gate-source terminals of the JFET. Similarly, rd represents the output 

resistance between the drain and source terminals. Typically, r
9 

2:'.. 100MO. For 

this reason, we will assume r
9 

acts like an open circuit. The reciprocal of g08, 

given on the JFET's data sheet, provides the approximate value of rd . Typically, 

rd 2:'.. 100kO. Consequently, rd can also be assumed to approximate an open 

circuit when rd >> R0. As a guide, we will neglect rd when Ro is equal to or 

less than 1 0kO. 

G 

D 

s 

D 

• G

r 
g 

s 

Figure7-34 

Small-signal JFET model. 

9m vgs 

In most circuits, r
9 

and rd are approximated by open circuits. 

r - 1/c 
d - g OS 
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VDD 

@ 

C l V
o 

Cl 

VIN I'\.,
RG 

RS I RL 

I

C

3 

� -= -= -=- -=- -= 

SELF BIAS 

G 

AC EQUIVALENT CIRCUIT 

Figure7-35 

Common-source voltage amplifiers. 
A. Self-bias.

B. Voltage-divider bias. 
C. AC equivalent circuit.

VDD 

RI 
RD 

R2 

- -= 

VOLTAGE-DIV !DER 

r L =Roil R L 11 rd 
+ 

c
2 

RL 

-I

C

3 
-=-

BIAS 

......___, 
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By adding coupling and bypass capacitors to the self-bias and voltage-divider 

bias circuits, you obtain the common-source amplifiers shown in Figure 7-35A 

and Figure 7-358 respectively. The AC equivalent circuit in Figure 7-35C is ob

tained by reducing V00 to zero, shorting the coupling and bypass capacitors, 
and replacing the JFET with its small-signal model. 

With reference to Figure 7-35C, a number of useful expressions can be derived 
as follows: 

By inspection v0 = - idrL. Since � = gmv
g_s

, we have: 

Starting at the gate terminal, G, and selecting a counterclockwise path we note 

that: 

Solving (2) for v1N yields: 

vgs = v,N - iciRs, 
Vgs = V1N - 9mVgsRs, (2) 

V1N = Vgs + QmvgsRs, 
V1N = v95(1 + 9mRs,) (3) 

'----J By definition, Av = vdviN- Thus, dividing equation (1) by equation (3) yields: 

Dividing numerator and denominator by gm. 

Av = - 1 
Rs +-' 9m 
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Finally, defining the term 1 /gm to be rs' we have: 

(Eq. 7-17) 

Where: rs' = 1/gm 

Equation 7-17 is in a form that is very similar to the formula derived in Unit 
3 for the voltage gain of a BJT common-emitter amplifier. Specifically: 

Common-Source Amplifiers Common-Emitter Amplifiers 

-rl 

Av = --
Rs,+ rs' 

-rl
Av = --

Re
!

+ re' 

As you can see, Rs replaces RE, and rs' replaces r0'. In each case, the negative 
1 1 

sign simply indicates that the output voltage is 180° out of phase with the input 
voltage. 

If the source resistor is fully bypassed, R81 = 0. For this special case, Equation
7-17 reduces to:

Equation 7-18 is analogous to the BJT formula: 

In Figure 7-35C, the input resistance seen by the signal source equals RG. Natur
ally, in the voltage-divider circuit, RG = R1IIR2. Thus: 

R,N = RG (Eq. 7-19) 

The output resistance is described by: 

Where: 

In many circuits rd > > Ro, consequently, Ro = Ro. 
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\._,., Example 7-11 

'-.__..,, 

A DC analysis of the amplifier in Figure 7-36 was provided 
in Example 7-6. Recall that IvQ = 3mA and VcsQ = -1.2V.
Assuming rd>> 3kfl, calculate the peak output voltage. Also 
estimate the input and output resistance of the amplifier. 

rL = RollRL 
rl = 3k0111 OOkO = 2.91 kn

In order to calculate the voltage gain, the value of gm at 10 = 100 must first 
be determined. Since VGs = -1.2V and VGs(off) = -4V, the ratio of VasfVGs(off) 
is: 

IOmV 
PEAK rv 
lkH� 

VGs 

VGS(off) 

-1.2V
= 0.3 

-4V

18V 

3kQ 

IOµF 

1oss = 6mA
9mo = 3mS

V GS = -4V
(off) 

lOµF 
+ -

ir--____ ____._+ ....... -__ ..... .....nvo 

IMQ lOOkQ 

= 

Figure7-36 

Circuit for Example 7-11. 
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Flgure7-37 

Circuit for Example 7-12. 

Referring to Figure 7-9, note that a VGsfVGs(off) ratio of 0.3 corresponds to a -,_./ 
gn/gmo ratio of approximately, 0.7. Thus: 

Now: 

9m = 0.7Qmo = 0.7(3mS) = 2.1mS 

1 1 
rs'= - = --- =476.20 

9m 2.1mS 

2.91k!l 
= -6.11

476.20 

Since v,N = 1 0mV peak, the magnitude of the peak output voltage is: 

v0 
= 6.11(10mV) = 61.1mVpeak 

And: 

R,N =AG = 1M!l 
Ro = Ro = 3k!l 

The manner in which coupling and bypass capacitors are connected to a common
source amplifier that utilizes current-source bias is illustrated in Figure 7-37. An 
AC analysis of such a circuit results in the following approximate formulas: 

The following example illustrates how to analyze the amplifier in Figure 7-37. 
40V 

lOmV 
PEAK rv 
lkHZ 

IOOkQ 

lOµF 
+ -

33kQ 

lMQ 

1
055=6.75mA

VGS =-3V (off) 

lOkQ 

50KQ 

4. 7KQ 

'-..._/' 
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A DC analysis of the amplifier in Figure 7-37 was provided 
in Example 7-10. Recall that IDQ = 1.96mA and VcsQ =

-1.38V. Also, recall that "average values" were used in the
calculations due to the large unit-to-unit parameter variations.
Using the given information, estimate the expected voltage gain
of the circuit. For simplicity, assume rd is large enough to ne
glect.

rL = 1 0kOll50kO = 8.33kO 
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The average values of loss and VGs(off} are 6.75mA and -3V respectively. Con
sequently, the average 9mo is: 

2I0ss 
= 

2(6. 75mA) 
= 4_5mS 

Qmo = IVGS(ofl)I 3V 

For the known bias conditions, the approximate value of 9m is obtained as follows: 

Vas 
VaS(off) 

-1.38V 

-3V 
= 0.46

Referring to Figure 7-9, the value of gn/gmo corresponding to VGsfVGs(off} = 0.46 
is approximately 0.54. Thus: 

9m = 0.54gmo
9m 

= 0.54(4.5mS) = 2.43mS 

1 1 
rs' = - = --- = 411.50 

9m 2.43mS 

-rL 8.33kO 
Av = -- = - --- = -20.2 

rs' 411.50 

Common-Drain Amplifiers 

The common-drain amplifier is the FET counterpart of the BJT common-collector 
amplifier. Whereas common-collector amplifiers are referred to as emitter
followers, common-drain amplifiers are called source-followers. 
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Two typical source-follower circuits are illustrated in Figure 7-38. Note that Ro 
= 0, and that the output is taken from the source terminal. As you might suppose, 
source-followers have voltage gains less than 1, large values of R1N, and small 
values of R0. The following equations can be used to analyze typical source
follower circuits: 

Where: 

And: 

SELF-BIAS 

rL = RsllRL 
1 

rs'= 
9m 

(Eq. 7-21) 

Ro= Rsllrs' (Eq. 7-23) 

@ 

VOLTAGE-DIVIDER BIAS 

Figure 7-38 

Typical common-drain, source-follower circuits. 

-____./ 
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\.___.,, 

Figure 7-39 illustrates .a two-stage amplifier that utilizes an 
FET "front end" to obtain a large input resistance. The first 
stage is a modified version of the circuit analyzed in Example 
7-6. You can assume InQ = 3.mA and gm = 2.1mS for the 
first stage. Assuming that hie for the second stage is 100, esti
mate the voltage gain, input resistance, and output resistance 
of the two-stage amplifier. 

IOµF 
VI N o-±-i 1----+-----,H 

15MQ 

-=-

18V 

IOµF 
- +

400Q 

68kQ 

68kQ 

Figure 7-39 

Circuit for Example 7-13. 

-=-
8. 2kQ I_!OOµF -=-

Starting with the second stage: 

Ve = 
18V(68kfl) 

68kfl + 68kfl 
= 9V 

Ve = 9V - 0.7V = 8.3V 

Ve 8.3V 
le = - = --- = 1.01mA 

Re 8.2kfl 

37mV 37mV 
r8' 

= --- = --- = 36.Sfl 
le 1.01mA 

rL = 5.6kflll1 0kfl = 3.59kfl 

-rL 3.59kfl 
Av = -- = ---- = -98.1 

2 re' 36.60 

Field Effect Transistors 17-67
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The input resistance of the second stage is: 

R1N = R1IIR:dlh1e(re') 
R1N = 68kflll68kflll100(36.6il) 
R1N = 34kfljl3.66kfl 
R1N = 3.3kfl 

The input resistance of the second stage is the effective load resistance of the 
first stage. Thus: 

Since gm = 2.1 mS: 

rL = RsllRL 
rL = 400fllJ3.3kfl = 356. 7fl 

I 
1 

rs = - = 

9m 
-- = 476.2fl 
2.1mS 

Thus, the voltage gain of the first stage is: 

Consequently, the total voltage gain is: 

356.7fl 
= 0.43 

356.7fl + 476.2fl 

AvT = Av,Av
2 

AvT = (0.43)( - 98.1) = - 42.2

By inspection, R1N = AG = 15Mn. Similarly, Ro = Ac or 5.6kfl.

Design Considerations 

A combination of graphical and analytical methods are normally employed for 
the design of JFET circuits. Ideally, graphs of 10 vs VGs, gm vs VGs, and 10 vs 
V0 are available for the particular JFET used in the circuit. 

Unfortunately, JFET data sheets do not always supply all the desired information 
for a given JFET. In addition, since most readers probably do not have an exten
sive library of JFET d�ta sheets, we will employ simplified design procedures 
that are suitable when approximate results are acceptable. 

The initial step in the design process consists of selecting a suitable value for 
100. Values of 100 that approach the value of loss impose severe limitations on
the available output voltage. Similarly, values of 100 considerably less than loss
result in an operating point on the curved portion of the transconductance curve.

'-..__,,/ 

In this case, even modest input signals result in an excessive amount of nonlinear
distortion in the output signal. For these reasons, a compromise value of loo
is required. This value is usually between 40% and 60% of loss- '--,_/ 
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Let's assume 100 is chosen so that lo/loss = 0.6. Referring to Figure 7-8, we 
find that an lo/loss ratio of 0.6 corresponds to a VGsfVGs(off) ratio of 0.225. Simi
larly, by referring to Figure 7-9, we see that a VGsfVGs(off) ratio of 0.225 corres
ponds to a gmlQmo ratio of 0. 77 4. Based on these observations, we conclude 
the following. 

When: lo = 0.61oss: 

V GS = 0.225V GS(off) 
9m = 0.TT4gmo 

In practice, the actual curves for a given JFET deviate somewhat from the ideal 
curves in Figure 7-8 and Figure 7-9. For this reason, the preceeding conclusions 
are only approximate. 

SELF-BIAS 

In a self-bias circuit, the value of Rs is: 

Rs= 
IVGsl 

lo 

\____.., Assuming the circuit is designed so that 10 = 0.61oss and V GS = 0.225V GS(off),
we have: 

0.225JV GS(off)I 
Rs = ----0.610ss 

0.375JV GS(off)I 
Rs = ------'--'

loss 

21oss Substituting -- for IVGs(off)I yields: 
9mo 

0.75 
Rs = --

9mo 
(Eq. 7-24) 

Equation 7-24 provides a simple means of calculating a "reasonable" value of 
Rs for a self-bias circuit. Since the unit-to-unit variations in gmo are significant, 
the average gmo value is used to calculate the required value of Rs. The following 
example illustrates a typical self-bias design problem. 
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Example 7-14 

The JFET in Figure 7-40 has the following specifications: 

Parameter 

loss 

VGS(off) 

9mo 

BVGss

Minimum 

2mA 

-1V

4mS 

Maximum 

10mA 

-3V

7mS 

50V 

The amplifier in Figure 7-40 should have a typical voltage gain 
of 10, and an RIN 2 B00kfl. Work out values for Re, Rs, Rn, 
and Vnn• How could values of C1, C2, and C3 be determined? 

V
DD 

R
D 

C
l 

c
2 

V
O VIN 0----,

R
G 

R
s 

1
'' R

L=5kQ

-= -= -= 

Figure7-40 

"x 1 O" self-bias common-source amplifier. 
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...____,,- Since RtN = AG, a 1 MO resistor is chosen for RG. Obviously, this satisfies the 

requirement that R1N � 800k0. 

Based on the given specifications, the average parameter values are: 

loss = 6mA 

VaS(off) = -2V 

9mo = 5.5mS 

Using these average values the circuit will be designed so that loo = 0.61oss

Thus: 

0.75 0.75 
Rs = -- = -- = 136.40 

9mo 5.5mS 

10 = 0.6I055 
= 0.6(6mA) = 3.6mA = loo 

9m 
= 0.774(Qmo) = o.n4(5.5mS) = 4.23mS = 9mo 

Since Av = - gmrL, the value of rL required for a voltage gain of 10 is: 

The required value of R0 is therefore: 

10 
--- = 2.36k0 
4.23mS 

5k0(2.36k0) 

5k0 - 2.36k0 
= 4.47k0 

The drain-to-source voltage, Vos, plus the voltage drops across Ro and Rs must 
add up to the supply voltage V00. Thus: 

Voo = Vos + lo(Ro + Rs) 
Voo = Vos + 3.6mA(4.47kO + 136.40) 
Voo =Vos+ 16.6V 
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Obviously, V00 must be greater than 16.6V. It also should be less than BVGss 
to prevent breakdown. Selecting V05 = 8V should permit ample signal swing ''----...--/ 

in the output voltage. Consequently, we select Voo = 25V. 

The various capacitor values are selected to provide good coupling and bypass 
action at the lowest signal frequency. Similar to the approach used for BJT circuits, 
the following formulas can be used to calculate the various capacitor values: 

Voltage-Divider Bias 

In a voltage-divider circuit, the value of Rs is given by: 

Voo - VGs 
Rs = ---lo 

The following example illustrates the design of a voltage-divider common-source 
amplifier based on average parameter values. 

Example 7-15 

The JFET in Figure 7-41 is- the same type as in Example 7-14. 
Therefore, the average parameter values are: 

loss = 6mA 

VGS(ofl) = -2V 

9mo = 5.5mS 

Calculate the values for R1 , R2, Rs, and Rn needed to provide 
a typical voltage gain of 5. What is the amplifier's input resis
tance? 
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2kQ 

-=- -=- = -= 

Flgure7-41 

• x 5" voltage-divider common-source amplifier.

Using average values, the circuit will be designed so that 100 = 0.61oss- Thus: 

10 = 0.6(6mA) = 3.6mA = 100 

VGs = 0.225(-2V) = -0.45V = VGSO 

9m = 0.774(5.SmS) = 4.23mS = 9mo 
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Somewhat arbitrarily, we choose V� = VGG = 6V. Selecting R2 = 15kfi requires 
an R1 value of: 

A, = 
A2(V oo - V GG) 15kfl[24V - 6V] 

= 45kfl 
Voo 6V 

Rs = 
Voo - VGs 6V - ( -0.45V) 

= 1.79kfl 
lo 3.6mA 
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For a voltage gain of 5, the required value of rL is: 

Ro is therefore: 

5 
= 1.18k0 

4.23mS 

Ro = 
2k0(1.18k0) 

2k0 - 1.18k0 
= 2.88k0 

As a check: 

Vos = Voo - lo(Ro + Rs) 
Vos = 24V - 3.6mA(2.88k0 + 1.79k0) 
Vos = 7.19V 

This is sufficiently large to provide a reasonable signal swing in the output voltage. 

R,N = R1 IIR2 = 45k0ll15k0 = 11.25k0 

The calculated value of R1N is very small for a JFET circuit. By increasing the 

values of R1 and R2, but maintaining the same ratio, the input resistance could 

be increased significantly. However, large resistance values are not always avail

able in the desired ratio. A better solution is illustrated by the circuit shown in 

Figure 7-42. Here, a large resistor, RG , is connected between the gate and mid

point of the voltage divider. In this case: 

24V 

45kQ 

Cl 
VI N �1---+-----..._.;;;.t 

15kQ 

l.79kQ 

Figure7-42 

2.88kQ 

C 2 

Modified form of the amplifier in Example 7-15 to obtain 
a large value of RrN• 

2kQ 
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With the simple modification, small values of R1 and R2 can be used for the 
voltage-divider without decreasing the input resistance of the amplifier. 

Current-Source Bias 

To prevent the gate from becoming forward biased in a current-source bias circuit, 
you must select component values so that lo < loss(MIN)· 

For this reason, the following design example sets up an 100 = 0.6Ioss(MIN) rather 
than 0.6Ioss(avg)• 

Example 7-16 

Assuming lnss(MINJ = 2mA, calculate the component values 
for the circuit shown in Figure 7-43. As before, assume the 
average JFET parameters are: 

V 
47µF 

IN� + 

R
l 

R
2 

-=-

R
G 

loss = 6mA 

V GS(off) = - 2V 
Qmo = 5.5mS 

40V 

R
D 

R
E 

-= 

Figure7-43 

47µF 
+ -

+ f ""' 

"x 1 O" current-source amplifier for Example 7-16. 

Vo

lOl<Q 

-= 

Our basic approach is to set up an 100 = 0.6losscM1N) or 1.2mA in this example. 
For simplicity, we will assume the values of loss, VGs(off), and 9mo equal the 
average values calculated previously. Thus: 

loo= le= 1.2mA 
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Arbitrarily we select V8 = 1 0V and R2 = 33kil. Thus, the required value of 
R 1 is: 

R, = 
R:Noo - Vs] 33k0[30V - 1 OV] 

= 66k0 
Va 10V 

Va - Vee 10V- 0.7V 
Re = = 7.75k0 

le 1.2mA 

The input resistance equals R 1 IIR2 + AG , Selecting AG = 1 Mn provides a reason
ably large value of RiN• Thus: 

Ro= 1MO 

In order to calculate rL and Ro, you need to know the approximate value of 
gm for the given bias conditions. Using average loss we have: 

10 1.2mA 
-- = -- = 0.2 
loss 6mA 

Referring to Figure 7-8, we find that an lo/loss ratio of 0.2 corresponds to a 
VGsfVGs(off) ratio of 0.55. Similarly, Figure 7-9 indicates that a VGsfVGS(off) ratio 
of 0.55 corresponds to a gmlgmo ratio of 0.45. Thus: 

9m = 0.45gmo 
= 0.45(5.SmS) = 2.47mS 

Since the voltage gain is 10, the required value of rL is: 

10 
--- =4.05k0 
2.47mS 

The value required for Ro is therefore: 

1 Ok0(4.05k0) 
= 6_81 kO 

1 OkO - 4.05k0 

With the calculated component values: 

Thus: 

Ve = 9.3V 

Ve = Vs = !Vasi + Vs 
V c = 2V + 1 OV = 12V 

Vo = Voo - loRo 
V0 

= 40V - 1.2mA(6.81 kO) = 31.83V 

Vos
= Vo - Vs 

Vos= 31.83V - 12V = 19.8V 

Vee
= Ve - Ve 

Vee = 12V - 9.3V = 2.7V 

.._______/ 

.._______/ 
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'-.__./ Self-Test Review 

r 
I 

11. A source-follower is another name for a common- ______ _
amplifier.

12. Zero bias is a popular biasing scheme for
MOSFETs.

13. Drain-feedback bias is frequently used for
-mode MOSFETs.

-mode

14. Assuming 9mo(MIN) = 1 ms and 9mo(MAX) = 5mS, Rs = --�n to pro
vide an lo = 0.61oss in a self-bias circuit.

Refer to Figure 7-44 for questions 15 through 20.

I OµF 

27V 1oss= IOmA

9mo 
= 4mS 

3kQ Yos = 50µ5 

IOµF 

Q-----"1 J----4--� 

IMQ 

300Q 

I

IOOµF 6kQ 

Figure 7-44 

.Circuit for Self-Test Review questions 15-20. 

15. VGS(off)= _____ v.

17. Neglecting Yos, Ro = ______ .. n.

18. Taking Y
os 

into account, Ro = ------�.O.
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19. Figure 7-45 provides the JFET's transconductance curve. Using the trans

conductance curve, construct the bias curve for Rs = 3000. Based on

the resulting curve, 100 = --�mA and VGsa = ____ v.

20. The voltage gain, Av, is approximately ______ _

10 

9 

8 

6 

5 

4 

3 

2 

VGS�----=-�---..,----,-------.---+--
(V) -5 -4 -3 -2 -1 0 

Flgure7-45 

Transconductance curve for the JFET in Figure 7-44. 

'-.._/ 



Answers 

11. drain 16. 

12. depletion 17. 

13. enhancement 18. 

14. 2500 19. 

15. -5V 20. 

The solution to appropriate questions follow: 

14. The average gmo is:

1mS + 5mS 
9mo = ---- = 3mS 

2 

Since: 

0.75 
Rs = -- for 10 = 0.61oss 

9mo 

Then: 

0.75 
Rs = -- = 2500 

3mS 

21oss 
2(1 0mA) 

15. IVGS(ofl) I = -- = --- = 5V
9mo 4mS 

1MO 

3k0 

2.61k0 

5mA, -1.47V 

-5.16

Field Effect Transistors I 7-79 

Thus, VGs(off) = -5V since the JFET in Figure 7-44 is an N-channel device.

16. 

17. 

18. 

Ro= Ro = 3kfi 

1 1 
rd = - = -- = 20kfi

Yos 50µ,S 

Ro = rc!IIRo 
Ro = 20kflll3kfi = 2.61kfi
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19. The equation of the self-bias curve is V Gs = - loRs, Thus, when V GS
= 0, 10 = 0. However, when VGs = -1V: 

20. 

-(-1V) 1V 
lo = --- = -- = 3.33mA 

Rs 3000 

The construction is shown in Figure 7-46. Note that: 

100 = 5mA and VGSO = -1.47V 

lo 

loss 
= 0.5 

From Figure 7-8 we find VGsfVGs(off) =0.29. Figure 7-9 indicates that a 
VGsfVGs(off) ratio of 0.29 corresponds to a gmt'gmo ratio of, approximately, 
0.71. Thus: 

9m = 0.71Qmo 
Qm = 0.71(4mS) = 2.84mS 

rL = rdllRollRL 
rl = 20k0113k0116kn = 1.82k0 

Av = -gmrL 
Av = - 2.84mS(1.82kO) 
Av = -5.16 

10 

9 

8 

7 

6 

5- I oo=5mA

4 

- 3.33mA
3

2 

VGS ?------===---------------'--'---------'!�

(Vl -5 -4 -3 -2 -1 0 

V Gso=-l.47V 

Figure 7-46 

Graphical solution to Self-Test Review question number 19. 

-.....J 
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SUMMARY 

Since only majority carriers are required for proper operation, FETs are referred 

to as unipolar devices. A summary of the various types of FETs is provided 

by the FET family tree in Figure 7-47. 

Broadly speaking, FETs are classified as either JFETs or IGFETs (MOSFETs). 

Both JFETs and IGFETs are available in N-channel and P-channel varieties. 

From a user's point of view, the only difference between N-channel and P-channel 

devices are the current directions and voltage polarities. 

N 

CHANNEL 

FE Ts 

p 

CHANNEL 
DEPLETION 

N 

CHANNEL 
p 

CHANNEL 

Figure7-47 

FET family tree. 

IGFETs 

(MOSFETs) 

ENHANCEMENT 

N 
CHANNEL 

p 

CHANNEL 
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@ 

G 

@ 

G o---J 

© 

Go---J 

I 
DEPLETION-MODE I 

I 
E NHA N GEM ENT-MODE 

I 
D I 

ID

1D S S

V GS
V GS (offl

s 

JFET 

D 
ID

S S OR B 

VGS V GS(offl
s 

DEPLETION-MODE IGFET 

D 
ID

I< OSSORB ID (on)

1 VGST V GS (on J
s 

ENHANCEMENT-MODE IGFET 

Figure7-48 

Schematic symbols and transconductance curves for
· 

N-channel FETs.
A. JFET. 
B. Depletion-mode IGFET.
C. Enhancement-mode IGFET. 

'--._/ 

-..____..., 

VGS
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JFETs can only operate in the depletion-mode. So called depletion-mode IGFETs 
can operate in either the depletion- or enhancement-mode. Finally, enhancement
mode IGFETs can only operate in the enhancement-mode. These various operat
ing modes are summarized by the transconductance curves, for N-channel de
vices, in Figure 7-48. Note that a depletion-mode IGFET is normally on, while 
an enhancement-mode IGFET is normally off. 

Today, high power FETs are available that are both efficient and economical. 
The development of VMOS technology made this possible. For digital applica
tions, ICs are available that utilize both N-channel and P-channel enhancement
mode IGFETs. Due to their low power consumption, these CMOS chips are espe
cially attractive for battery-operated equipment. 

The analysis and design of FET circuits is complicated by the fact that graphical 
as well as analytical methods must be used. For analysis, a bias line is constructed 
on the FET's transconductance curve. The intersection of the bias line and trans
conductance curve provides the device's operating point. Examples in the unit 
illustrated how the Q point was located in self-bias and voltage-divider bias cir
cuits. 

Current-source bias provides a value of 100 that is essentially independent of 
parameter variations. The value of VGsa, however, does depend on the actual 

"-._..,, parameter values. In a current-source bias circuit, 100 must be less than loss(MIN)· 
For this reason, the BJT current source should be designed so that le < loss(MIN)· 

Examples illustrating the design of self-bias, voltage-divider bias, and current
source bias circuits were provided in the unit. The simplified design procedures 
used in these examples are suitable when approximate results are acceptable. 
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UNIT EXAMINATION 

The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 

1. An N-channel JFET has an loss of 1 0mA and a Vp of 3V. The value of
V GS(off) is therefore approximately:

A. 

B. 

C. 

+3V.
ov. 

-3V.
D. Twice the value of VGsa•

2. A depletion-mode IGFET can operate in the:

A. Depletion-mode only.
B. P- or N-channel modes.
C. Enhancement-mode orily.
D. Depletion- or enhancement-mode.

3. Assuming loss = 1 0mA, gmo = 5000µ5, and gos = 0.01 mS, then:

A. r ct = 2000.

B. IVGS(off)I = 4V.

C. IVGS(off)I 
= 2kV.

D. The FET is saturated.

4. An N-channel JFET has loss = 12mA, VGs(off) = -3V, and gmo = 8mS.
A gate-to-source voltage of -1 V produces a drain current of approximately:

A. 5.33mA.
B. 12mA.
C. more than 12mA.
D. 7.72mA.

5. In question 4, the value of 9m is approximately:

A. 8mS.
B. 5.34mS.
C. 10mS.
D. 6.48mS.
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30V 

2kQ 

Cl 
VIN o---{L-------' 

lOMQ 

CIRCUIT 

6mA ------------

--+------4�-------'------;➔V
GS 

0 3V 8V 

Figure 7-49 

Transconductance curve for questions 6 and 7. 

6kQ 

V
Gs

<;...-----�=--------+-
-9V 0 

TRANSCONDUCTANCE CURVE 

Figure 7-50

Circuit and transconductance curve for questions 9-11. 

'---



Refer to Figure 7-49 for questions 6 and 7. 

6. Based on the sketch in figure 7-50, K has a value of approximately:

A. +3.
8. +8.
C. -3.

D. 0.24 x 10-3_

7. Assuming VGs = 10V, 10 is approximately:

A. 11.76mA.
B. 7.5mA.
C. Zero, since VGs is positive.
D. Equal to Ioss-

Field EffectTransistors 17-87

a. A JFET has gmo = 4mS, loss = 10mA, and VGs(off} = -5V. The JFET
is biased so that 100 = 0.6I055. Assuming rL = SkO, the common-source
voltage gain is approximately:

A. -20.
B. +20.
C. -15.5.
D. =1.

Refer to Figure 7-50 for questions 9 through 11 . 

9. 10 is approximately equal to: 

A. 0.
B. 0.6Ioss-
C. 0.5Ioss-
D. 8mA.

10. V0 is approximately equal to: 

A. 14V.
B. -(VGsa)
C. OV.
D. 0.225IVGsal-

11. The input resistance is approximately:

A. ooO.
B. 10MO.
C. 30V/8mA.
D. VGsaflGss-
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Refer to Figure 7-51 for questions 12 through 15. 

12. To provide an R1N of 1 Mn, RG should equal:

A. 1Mfi.
B. VGssflGss•
C. 25V/8mA.
D. 10rs'.

13. Assuming IOC' � 0.610ss, Rs should approximately equal:

A. RG.
B. Ro.
C. rl.
D. 93.750,.

14. Assuming 10 = 0.610ss, Av is approximately:

A. -12.38.
B. + 12.38.
C. -16.
D. +16.

15. Assuming 10 = 0.610ss, Vo is approximately:

A. 25V.
B. 0.45V.
C. 10.6V.
D. 1V.

loss = BmA 

VGS(off)= -2V

9mo = 8mS 

25V 

3kQ 

Cl 
V I N o-----±i1-------'� 

Flgure7-51 

Circuit for questions 12-15. 

6kQ 

\..____,? 
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EXAMINATION ANSWERS 

Field EffectTransistors I 7-89 

1. C- IVGs(off)I = Vp or 3V in this case. For an N-channel JFET, IVGs(off)I
is negative. Thus, VGs(off) = -3V. 

2. D - A depletion-mode IGFET can operate in either the depletion- or

3. 

4. 

5. 

enhancement-mode. 

2Ioss 2(10mA) 
B - IVGS(olf)I = -- = 4..V 

9mo 5000µ,S 

A - For a JFET: 

8-

lo = loss[1 -

Thus: 

IVGsl 
12 

IVGS(off)I 

1 
10 = 12mA[1 -

3
12 = 5.33mA 

VGs -1V
= - =0.333 

VGS(olf) -3V 

Figure 7-9 indicates that a VGsfVGs(off) ratio of 0.333 corresponds to 
a gm/Qmo ratio of approximately 0.667. Thus: 

9m = 0.667Qmo = 0.667(8mS) = 5.34mS 

6. D - For an enhancement-mode IGFET:

Thus: 

Since VGsT = 3V and lo = 6mA, when VGs = 8V we have:

6mA 
K = ---- = 0.24 X 10-3 

(8V - 3V)2 
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7. A - lo = K[VGS - VGST]2 

10 
= 0.24 x 10-3[10V - 3V]2 = 11.76mA

8. C - When 10 = 0.610ss, Qm = 0.774Qmo • Thus:

9m 
= 0.n4(4mS) = 3.096mS = 3.1mS 

Av = -gmrl 
Av = -3.1mS(5k!l) = -15.5 

Here, the negative sign simply indicates that v1N and v0 are 180° out

of phase with each other. 

9. D- This is an example of zero-bias. Since VGs = 0, lo = loss or 8mA

in this case. 

10. A- Vo = Voo - loRo
V0 

= 30V - 8mA(2k!l) = 14V 

11 . B - R1N = RG = 10M!l 

12. A - Since R1N 
= RG, RG should equal 1 MO.

13. D - In a self-bias circuit Rs = 0.75/gmo when 10 = 0.610ss- Thus:

0.75 
Rs = -- = 93.750 

ams 

14. A- When 10 = 0.610ss, gm
= 0.774gmo , Thus:

9m 
= o.n4(8mS) = 6.19mS 

rL 
= RollRL = 3k!lll6k!l = 2k!l 

Av = -QmrL 
= -6.19mS(2kn) = -12.38 

15. C - lo = 0.6Ioss
10 

= 0.6(8mA) = 4.8mA 

V0 
= V00 - loRo 

V0 = 25V - 4.8mA(3k!l) 
Vo = 10.6V 
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INTRODUCTION 

Common-Emitter Frequency Effects I a-3 

An ideal amplifier would provide the same amount of amplification for all signal 

frequencies. In other words, the voltage gain would be frequency independent. 

Similarly, the amplifier's input resistance, output resistance, and the phase shift 

between the input and output signals would also be frequency independent. How

ever, real amplifiers always contain some capacitance. Most amplifiers, for exam

ple, have coupling and bypass capacitors. In addition, numerous "parasitic capaci

tances", due to internal characteristics and external stray or wiring capacitance, 

are always present. 

Since capacitive reactance varies with frequency, the presence of capacitance 

in real amplifiers causes the characteristics of real amplifiers to vary with fre

quency. This unit discusses the nature of selected amplifier characteristics that 

are frequency dependent. 
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UNIT OBJECTIVES 

When you have completed this unit, you should be able to: 

1. Calculate the voltage gain, phase angle, and cutoff frequency for passive
RC low-pass, and high-pass filters.

2. Estimate the cutoff frequencies for a passive bandpass filter.

3. Sketch Bode plots for passive RC filters.

4. Estimate Cbe and Coc from data sheet values.

5. Identify the three high-pass and two low-pass filters of a common-emitter
amplifier.

6. Estimate F1 and F2 for a common-emitter amplifier.

7. Define rise time and sag time in frequency terms.

8. Estimate F1 and F2 from rise time and sag measurements.



( 
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UNIT ACTIVITY GUIDE 

D Read section on "Essential Filter Concepts." 

D Answer Self-Test Review Questions 1-12. 

D Read section on "RC Coupled Amplifier Frequency Response." 

D Answer Self-Test Review Questions 13-22. 

D Perform Experiment 13 in Unit 9. 

D Study Summary. 

D Complete Unit Examination. 

D Check Examination Answers. 

Common-Emitter Frequency Effects I a-s 
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ESSENTIAL FILTER CONCEPTS 

Amplifier frequency effects can be understood by considering the amplifier as 

an active bandpass filter. A bandpass filter exhibits the characteristics of both 

a high-pass and a low-pass filter. For this reason, we will begin this discussion 

of frequency effects by reviewing the characteristics of high-pass and low-pass 

filters. 

The High-Pass Filter 

Filters are frequency selective circuits. Consequently, some signal frequencies 
pass through a filter with minimum attenuation, while other signal frequencies 

are greatly attenuated. The frequency above or below those signals that tend 

to be passed or blocked by the filter is referred to as the filter's cutoff frequency, 
Fco. 

A high-pass filter tends to pass signal frequencies that are above Fco, and block 

signal frequencies that are below Fco- An example of an elementary high-pass 

filter circuit is shown in Figure 8-1 A. 

C 

V I N 0.....----11�------u Vo 

R 

® 

ORIGINAL CIRCUIT 

- iXc
V 1 N o----111-------ov o

® 
R 

FREQUENCY DOMAIN CIRCUIT 

FlgureS-1 

High-pass filter. 
A. Original circuit. 
B. Frequency domain circuit.

'-._,/ 

'-._./ 
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Common-Emitter Frequency Effects I a-7 

Here, we wish to determine the manner in which the output voltage varies as 

the frequency of the input voltage varies between zero and infinity. To do this, 
we must use complex notation, as indicated by the frequency domain circuit in 
Figure 8-1 B. The circuit's input impedance is: 

j wRC -j 
Z = R-jXc = R- - =---

wC wC 

Via Ohm's law: 

Since V0 = IR we have: 

V V l = - = ---
z wRC -j 

wC 

VwC 
wRC-j 

VwRC 
Vo = IR = --

wRC-j 

A thorough discussion of complex notation is provided in Heath's Passive Circuit 

Design course, EE-1001. Even if you are not familiar with this notation, you 

should still find the results of the analysis quite useful. 

\_____/ Dividing numerator and denominator by wRC: 

Vo = 

j 
1--

wRC 

The circuit's voltage gain, Av, is the ratio of Vo to V. Thus: 

Converting to polar notation: 

Vo 
Av = - =----

V 1 
1-j-

wRC 

Av = --;::::.====:-----�-

✓ 1 + --
1
-,- - L arc tan 

1 

Av = 

(wRC)2 wRC 

(Larctan -
1 
-) wRC 
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Finally, letting wRC = n we have: 

Av= (Eq. 8-1) 

Equation 8-1 indicates that the voltage gain is described by a complex number. 
Consequently, the voltage gain consists of two components - a magnitude, IAvl, 
and a phase angle, 0. 

In some circuits, you are primarily interested in the magnitude of the gain. In 
other circuits, phase information, or both magnitude and phase information are 
important. Therefore, it is useful to divide Equation 8-1 into two parts as follows: 

1 
IAvl = ---- (Eq. 8-1 a) 

� 
n

2 

1 
0=arctan- (Eq.8-1b} 

By substituting different values of n into Equation 8-1a and Equation 8-1b, you 
can obtain the data required to plot the frequency response curves sketched 
in Figure 8-28 and Figure 8-2C respectively. Here, note that when wRC = 1, 
the voltage gain has a value of 0.707 and the phase angle, 0, equals 45°. The 
frequency at which this occurs defines the filter's cutoff frequency, Fco, and may 
be calculated as follows: 

wRC = 1 = n 

Substituting 21rFco for w: 

2,rFcoRC = 1 
1 

Fco
= --2,rRC 

(Eq. 8-2) 

The ratio of any frequency, F1 , to the filter's cutoff frequency, Fco is: 

F 1 
- = F + -- = 2,rFRC = wRC
Fco 2,rRC 

Since wRC = n and the ratio of F to Fco equals wRC, it follows that the ratio 
of F to Fco also equals n. 

,.____./ 



® 

@ 

© 

VINO I Vo 

R 

'=' 

FILTER 

IAvl 

--t'------'-----------'� WIRC 
0 

VOLTAGE GAIN 

PHASE ANGLE 

Figure8-2 

Frequency response of the high-pass RC filter. 
A. Filter.

B. Voltage gain.

C. Phase angle.

Common-Emitter Frequency Effects I a-9 
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The result of our analysis is summarized in Table 8-1: 

Parameter Formula 

Voltage gain IAvl =
1 

1 
v1 +-

n2 

1 
Phase angle e = arctan -

n 

1 
Cutoff frequency F =--

00 

21rRC 

F 
n n = - = wRC 

Fco

Table8-1 

Formulas For The High-Pass RC Filter. 

ExampleB-1 

A high-pass RC filter has R = 159fl and C = 0.1µ,F. What 
is the filter's cutoff frequency? Assuming vrN = 10V peak, cal
culate the magnitude of the output voltage for F = 1kHz, 
10kHz, and 100kHz. 

1 0.159 
Fco = -- = ---- = 10kHz 

21rRC 159!l(0.1 µ,F) 

Thus the filter tends to pass signals above 1 OkHz, and attenuate signals below 

10kHz. 

-.._/ 



'-.._/ When F = 1 kHz: 

When F = 1 0kHz: 

'-----"' 

1kHz 
n= --=---

Fco 10kHz 
= 0.1 

1 

Common-Emitter Frequency Effects I a-11 

IAvl =

1 
=--- = 0.0995 = 0.1 

V101 

vo = IAvl V1N

vo = 0.1(10V) = 1V
peak 

1 
e= arctan -

1 
e = arc tan -- = arc tan 1 o = 84.3° 

0.1 

F 10kHz 
n= = = 1 

Fco 10kHz 

IAvl = 
1 

✓1 +
1 

n2 

vo = IAvl v1N

vo = 0.707(10V) = 7.07V 

1 
e = arc tan -

1 
e = arc tan - = 45° 

1 

1 
-- = 0.707 
Y2 
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VIN 0 

IN PUT 

V1 N{tl 

@ 0 

v 1N<tl 

© 

V 1 N{tl 

@ 0 

0. lµF
' Vo

159Q 

':' OUTPUT 

HIGH-PASS FILTER v0 {tl

IAvl=0.l 

lV 

84.3° 

F = 1 kHz 

v0!tl

IAyi= o. 707 

45° 

F=l0kHz 

Voltl 

IAvl= 0. 995 9. 95V

F = l00kHz 

Figure8-3 

Input and output waveforms for Example 8-1 
A. High-pass filter.
8. F = 1kHz. 
C. F = 10kHz. 
D. F = 100kHz. 



Finally, when F = 100kHz: 

n= -- = 
Fco 

100kHz 
10kHz 

= 10 

1 

IAvl = -;::::=:::==== =

yl, + 1 

n2 

vo = IAvl v1N 
vo = 0.995(10V) = 9.95V 

1 
e = arc tan -

1 
e = arc tan - = 5.71° 

10 

1 
= 0.995 

Common-Emitter Frequency Effects I a-13 

A sketch of the input and output voltages at 1 kHz, 1 0kHz, and 1 00kHz are pro
vided in Figure 8-3. Here, note that the output voltages agree with the sketches 
in Figure 8-2. Specifically: 

1. Figure 8-28 and Figure 8-2C indicate that:

(a) When F << Fco, IAvl << 1 and 0 = 90° 

(b) When F = Fco, IAvl = 0.707 and e = 45° 

(c) When F >> Fco, IAvl = 1 and e = 0° 

2. In Figure 8-3 note that:

Fco 
(a) When F =

10
, or 1 kHz, IAvl = 0.1 and e = 84.3° 

(b) When F = Fco, or 10kHz, IAvl = 0.707 and e = 45° 

(c) When F = 10Fco, or 100kHz, IAvl = 0.995 and e = 5.71° 
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The Low-Pass Filter 

A low-pass filter has characteristics that are just the opposite of a high-pass 

filter. Thus, a low-pass filter tends to pass signal frequencies that are below 
the filter's cutoff frequency, and attenuates those frequencies that are above the 

filter's cutoff frequency. 

Figure 8-4A is an example of an elementary low-pass filter. Note that the output 

voltage is taken across the capacitor rather than the resistor. The high-pass filter 

and frequency domain circuit in Figure 8-4B can be analyzed to determine how 

voltage gain varies with frequency. Such an analysis results in the following equa

tion for voltage gain: 

Av = 

F 
Where n = -- = wRC 

Fco 

@ 

-=== - L arc tan n 
v1 + n2 

(Eq. 8-3) 

ORIGINAL CIRCUIT

R 
VIN

�
Vo

r-JXc

FREQUENCY DOMAIN CIRCUIT

FigureB-4 

Low-pass filter. 
A. Original circuit.
B. Frequency domain circuit.

.__/ 

....___/ 



Splitting equation 8-3 into two parts: 

IAvl = 
v'1 + n2

(Eq. 8-3a) 

- oc = arc tan n (Eq. 8-3b) 

As before, the filter's cutoff frequency is given by: 

� 
Fco = _2_TI_R_C_

Common-Emitter Frequency Effects I a-1 s 

The various formulas for low-pass filters are summarized in Table 8-2. 

Parameter Formula 

IAvl =Voltage gain 
\/1+n2" 

Phase angle - oc = arctan n

Cutoff frequency F =--
00 2TIRC 

F 
n n = - = wRC 

Fco 

Table8-2 

Formulas For The Low-Pass RC Filter. 
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By substituting different values of n into Equation 8-3a and 8-3b, the necessary 

data is obtained to sketch the frequency response curves shown in Figure 8-5B 

and Figure 8-SC respectively. Comparing Figure 8-5 with Figure 8-2 illustrates 

the "opposite nature" of the low-pass and high-pass filters. 

tt.w----11►- --ov0 

r
e 

f ILTER 

IAJ 

@ it----. 

© 

0. 707 -------

' 

I 
I 
I 
I 

--+-----....:...
1 

------� WR C 
0 

VOLTAGE GAIN 

oc 

-45° ---------

-90 ° 

PHASE ANGLE 

Figure8-5 

Frequency response of the low-pass RC filter. 

A. Filter.

B. Voltage gain.

C. Phase angle.
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Common-Emitter Frequency Effects I B-17 

A low-pass RC filter has C = 0.1µF and R = 159{},. Since 
these are the same component values used for the high-pass 
filter in Example 8-1, Fco = 10kHz. Calculate the magnitude 
of the voltage gain and phase angle for F = lkHz, 1 OkHz, and 
10okHz. 

Referring back to Table 8-2: 

When F = 1kHz, n = 0.1 

1 1 
IAvl =

\/1 + n2 � � 
= 0.995 

V 101 

-oc = arc tan n = arc tan 0.1

oc = -5.71° 

When F = 10kHz, n = 1 

IAvl =

V 1 + n2 

1 
= 0.707 

V2 

-oc = arc tan n = arc tan 1

oc = -450 

When F = 100kHz, n = 10 

IAvl = = 

\/1 + n2 

1 
= 0.1 

V101 

-oc = arc tan n = arc tan 1 0

oc = -84.3
° 
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Input and output waveforms for Example 8-2. 

A. Low-pass filter. 
B. F = 1kHz. 

C. F = 10kHz. 
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'-...._./ Figure 8-6 is a sketch of the input and output voltages at 1 kHz, 1 OkHz, and 

1 OOkHz. A comparison of these waveforms with those for the analogous high-pass 

filter in Figure 8-3, again illustrates the opposite nature of the two types of filters. 

In both high-pass and low-pass filters, it is important to note that the output voltage 

differs from the input voltage in two respects. Specifically: 

1 . The amplitude of the output voltage is less than the amplitude 

of the input voltage. 

2. The output voltage is out of phase with the input voltage.

Since the output voltage of a high-pass filter leads the input voltage, high-pass 

filters are sometimes referred to as lead circuits. Similarly, low-pass filters may 

be referred to as lag circuits, since the output voltage of a low-pass filter lags 

the input voltage. 



8-20 I UNIT EIGHT

CIRCUIT LOW-FREQUENCIES 

® ® 

RI 
vvv 

! 
o---0 

I,, 
OVo VIN 

1 
MID-FREQUENCIES HIGH-FREQUENCIES 

© @ 

!Av!

!Am-Fl

O. 70 7 I A m _ FJ

-�----'---------------''---------F

0 

� � 

i.h
.........-

--i•l••----MID-FREQUENCY ___ �J .... �..-l...

1/ 
REGION 

7 �
LOW-FREQUENCY REG ION HIGH-FREQUENCY REG ION 

FREQUENCY RES PON SE CURVE 

© 

Figure8-7 

The bandpass filter. 
A. Circuit.
B. Low frequencies.
C. Medium frequencies.
D. High frequencies.
E. Frequency response curve.
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The Bandpass Filter 
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By cascading a low-pass filter with a high-pass filter, you obtain the bandpass 
filter shown in Figure 8-7A. Here, it is assumed that C2 >>C1 , and R2 >> R1 . 

Typically, C2 would have units of µF and C1 units of pF. 

With the previous restrictions in mind, the operation of the bandpass filter can 
be described as follows: 

1. Low Frequencies - For low signal frequencies, the reactance
of C1 is so large that C1 approximates an open circuit, as shown
in Figure 8-7B. Here, the reactance of C2 is on the same order
of magnitude as R2. Consequently, C2 must be included in the
low-frequency model.

2. Mid-Frequencies - For medium signal frequencies, the reactance
of C1 is still large enough to neglect. In addition, the reactance
of C2 is small compared to R2. For these reasons, C1 approximates
an open circuit, and C2 approximates a short circuit as shown in
Figure 8-7C. Consequently, the magnitude of the mid_-frequency
voltage gain is:

(Eq. 8-4) 

Since R2 is assumed to be large compared to R1 IAM-Fl = 1. 

3. High Frequencies - In this region, the reactance of C2 is even
less than in the mid frequency region. Consequently, C2 approxi
mates a short circuit. For high signal frequencies the reactance
of C1 has decreased to the point where C1 can no longer be approx
imated by an open circuit. Therefore, C1 must be included in the
high-frequency model as shown in Figure 8-7D.

A sketch of the frequency response curve for the bandpass filter is provided 
in Figure 8-7E. The filter essentially passes signal frequencies that are greater 
than F1, but less than F2. The term bandpass (or BW) is the band of frequencies 
passed by the filter. 

Stated mathematically: 

The frequencies F2 and F1 are usually referred to as the upper and lower cutoff 
frequencies respectively. Alternately, these frequencies may be referred to as 
corner, break, 3dB, or critical frequencies. 
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In Figure 8-7E note that the frequency response curve has been divided into 

three distinct regions. Furthermore, it is especially important to take note of the 

following: 

1. For frequencies less than F1 , the low-frequency region, the circuit

acts like a high-pass filter, as shown in Figure 8-7B. The cutoff

frequency of this high-pass filter determines the lower cutoff fre

quency of the bandpass filter. Neglecting R1, since R2 >> R1,
we note:

1 
F1 = ---2TIR2C2 

(Eq. 8-6) 

2. For frequencies between F1 and F2 , the mid-frequency region, the
circuit acts like the resistive voltage divider in Figure 8-7C.

3. For frequencies greater than F2, the high-frequency r�gion, the
circuit acts like the low-pass filter in Figure 8-7D. The cutoff fre

quency of this low-pass filter determines the upper cutoff frequency

of the bandpass filter. Thus:

(Eq. 8-7) 

Example8-3 

Calculate the cutoH frequencies for a bandpass filter that has 
the following component values. R1 = 1 0kfl, R2 = 1 00kfl, 
C1 = 40pF, and C2 = 0.1µ,F. Also estimate the mid-frequency 
voltage gain, and the voltage gain at the cutoH frequencies. 

1 0.159 
F1 = = 15.9Hz 

2'1TR2C2 1 00k!l(0.1 µ,F) 

0.159 
= 397.5kHz F2 = 2'1TR1C1 1 0k!l(40pF) 

'--._/ 



'-._/ In the mid-frequency region: 

Note that 1AM _ Fl = 1 

100kO 
----- = 0.909 

10kO + 100kO 

IAvl = 0. 707IAM - Fl 
IAvl = 0.707(0.909) = 0.643 

Common-Emitter Frequency Effects I a-23 

The circuit and frequency response curve are illustrated in Figure 8-8A and Figure 
8-88 respectively.

®
0. 909

0.643 

v1N�

F

µ
F 

v0 

40pF I lOOkQ 

BANDPASS FILTER 

--------------------------,� F 
0 15. 9Hz

F1 

FREQUENCY RES PON SE CURVE

Figure8-8 

397.5kHz 
Fz 

Circuit and frequency response curve for Example 8-3. 
A. Circuit. 

B. Frequency response curve. 
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Bode Plots 

Curves of voltage-gain-versus-frequency are normally plotted on semilog paper. 
Furthermore, voltage gain is frequently expressed in units of decibels, dB. Recall 

that for a voltage ratio, the decibel voltage gain, Avds is: 

AvdB = 20 log !Av! 

At any frequency, the magnitude of the voltage gain is given by Equation 8-1 a 

(high-pass filter), and Equation 8-3a (low-pass filter). In each case, n is large 

for frequencies well above cutoff, and small for frequencies well below cutoff. 

Based on these observations, and an examination of Equation 8-1 a and 8-3a, 

the following approximate formulas can be deduced: 

Below Cutoff 
F << Fco 
Above Cutoff 
F >> Fco 

Below Cutoff 
F<< Fco 

Above Cutoff 

F>>Fco 

!Av! =n
\ AvdB = 20 log n

IAvl = 1
AvdB = 20 log 1 = 0

!Av!= 1

\
AvdB = 20 log 1 = 0

1 
!Av!= -

1 
AvdB = 20 log -

n 

High-pass 
filter 

Low-pass 
filter 

By substituting values of n between 0.01 and 100 into Equation 8-1a, and the 

approximate high-pass formulas you obtain the data given in Table 8-3. Similarly, 

the data in Table 8-4 was obtained via Equation 8-3a, and the approximate low

pass formulas. 

In both tables, note that the approximate values are quite accurate for frequencies 

well above (large n's) and well below (small n's) the cutoff frequency. The largest 

error results from using the approximate formulas at the cutoff frequency, n =

1, and is equal to - 3.01 dB. 

A graph of decibel voltage-gain-versus-frequency, based on the approximate for

mulas, is called a Bode plot. Bode plots are popular because they are easy 
to sketch, and they provide a useful summary of a filter's characteristics. 



Av.a Av
,.. 

(Approximate) (Eq. 8-1a) 

0.01 -40 -40

0.1 -20 -20.04

0.25 -12 -12.3

0.5 -6.02 -6.99

1 0 -3.01

2 0 -0.97

4 0 -0.26

10 0 -0.04

100 0 =O 

Table 8-3 

High-Pass Filter Data 

0.01 

0.1 

0.25 

0.5 

1 

2 

4 

10 

100 
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Av.a Av.,,. 

(Approximate) (Eq. 8-3a) 

0 =O 

0 -0.04

0 -0.26

0 -0.97

0 -3.01

-6.02 -6.99

-12 -12.3

-20 -20.04

-40 -40

Table8-4 

Low-Pass Filter Data 
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In Table 8-3 and Table 8-4, notice that when the frequency changes by a factor 

of 2 (an octave), the dB gain changes by approximately 6dB. Similarly, when 

the frequency changes by a factor of 10 (a decade), the dB gain changes by 
approximately 20. Consequently, the Bode plots for the high-pass, low-pass, and 
bandpass RC filters appear as shown in Figure 8-9. 

@ 

© 

---:0:-t----------�,_. ________ ._ F 

Slope•l6dB/Octave, ,20dB/Decade

HIGH-PASS FILTER 

Fco -;----------�--------�F 
0 

S lope•6d 8/Octave, 20d B/Decade 

LOW-PASS FILTER 

-+-----�---------��---�F 
0 

s lope•'6d B/Octave, 20d B/Decade 

BANDPASS FILTER 

Figure8-9 

Filter Bode plots. 
A. High-pass filter.

B. Low-pass filter.

c. Bandpass filter.

-......._/ 
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The bandpass filter in Example 8-3 had: 

F1 = 15.9Hz, F2 = 397.5kHz, and !AM-Fi= 1. 

Common-Emitter Frequency Effects I a-27 

(a) Use Equation 8-la to calculate the voltage gain for F =

F1/8 or 1.9875Hz.

(b) Use Equation B-3a to calculate the voltage gain at F =

20F2 or 7. 95MHz.

(c} Convert the voltage gains calculated in (a} and (b] to dB 
notation. 

(d) Sketch a Bode plot for the filter.

Based on the 6dB/octave, 20dB/decade rolloff, estimate the dB voltage gain at 

1.9875Hz and 7.95MHz. 

(a) 

(b) 

F 1.9875Hz 
n= - = --- = 0.125

F, 15.9Hz 

!Av! = --,_-_-_-_-_
�+-1

n
2 

F 7.95MHz 

V1+64 

n=-=----=20
F2 397.5kHz

= 0.124

1 

!Av! = ---:===::;:
v1 + n2 

--- = 0.0499

(c) AvdB = 20 log !Av! 
AvdB = 20 log 0.124 = - 18.13dB when F = 1 .9875Hz
AvdB = 20 log !Av! 
AvdB = 20 log 0.0499 = - 26.04dB when F = 7.95MHz
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Steps (a) through (c) illustrate how you can calculate the theoretically exact value 

of dB voltage gain in the low and high frequency regions. Step (d) illustrates 

the simplicity of the approximate Bode plot approach. 

(d) Below F1 or above F2, the dB voltage gain changes by 6dB each

time the frequency changes by a factor of 2. Similarly, the dB volt
age gain changes by 20dB each time the frequency changes by

a factor of 10. Thus when:

F = F1 

F = F1 -;- 2 

F = F1 -;- 4 

F = F1 -;- 8 

Avcts=O
Avcts= -6dB
Avcts = -12dB
Avcte = -1 BdB

Since 1.9875Hz equals F1 + 8, Avds = -18dB 

When: F = F2 Avcts=O
Avcts= -6dBF = 2F2 

F = 20F2 Avcts = -6dB + ( - 20dB) = - 26dB 

Since 7.95MHz equals 20F2 , Avds = - 26dB. 

Note that the approximate values are close to the "exact" values. A sketch of 

the filter's Bode plot is shown in Figure 8-10. 

Avd B 

7. 95MHz I. 9875Hz 15. 9Hz 397. 5kHz 
-��..:...:..:.::..,___"711 _________ 11C""" ___ ---r_---+ F

0

-18
-26 ----------------------------------

FigureS-10 

Bode plot for Example 8-4. 

'--./ 
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\_____,,,, Self-Test Review 

1. The output voltage from a filter differs from the input voltage in both

2. 

3. 

4. 

5. 

6. 

7. 

amplitude and ________ _

The output voltage from a high-pass filter _________ the input

voltage.
leads/lags

The output voltage from a low-pass filter ________ the input

voltage.
leads/lags

For frequencies well above Fco the dB voltage gain of a high-pass filter

is approximately _____ dB.

For frequencies well below cutoff, the dB voltage gain of a low-pass filter

is approximately _____ dB.

In the bandpass filter, F1 is determined by the cutoff frequency of the
____________ filter.

low-pass/high-pass

In the bandpass filter, F2 is determined by the cutoff frequency of the

____________ filter.
low-pass/high-pass 

Refer to Figure 8-11 for questions 8 through 12. 

8. The circuit's lower cutoff frequency is approximately ______ Hz.

9. The circuit's upper cutoff frequency is approximately ______ MHz.

10. At F = 8.83MHz, the approximate dB voltage gain is _____ dB.

11. At F = 1 00kHz, the approximate dB voltage gain is _______ dB.

12. AtF = F1 , the outputvoltage will _________ the inputvoltage

by 450,
lead/lag 

6kQ 0. lµF

v 1 N o--VvV"-. -1.....__.lr-v o 
30pF 

I 80kQ 

Figure 8-11 

Circuit for Self-Test Review questions 8-12. 
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Answers 

1. phase 7. low-pass

2. leads 8. 19.875Hz

3. lags 9. 0.883MHz

4. 0 10. -20dB

5. 0 11. 0dB

6. high-pass 12. lead

Solutions to questions 8-12 follow: 

8. 

9. 

10. 

F1 =

1 0.159 
= = 19.875Hz. 

21rR2C2 80kfl(0.1 µF) 

F2 =
1 0.159 

= = 0.883MHz. 
21rR1C1 6kfl(30pF) 

8.83MHz is one decade above F2. The dB voltage gain decreases by 20dB/ 
decade. Thus AvdB = - 20dB. 

11. 1 00kHz is between F1 and F2. In this "passband" region, Av = 1 and Avde
=O.

12. For frequencies less than F1 , the bandpass filter acts like a high-pass filter,
as shown in Figure 8-78. For this reason, the output voltage leads the
input voltage.
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RC-COUPLED AMPLIFIER FREQUENCY RESPONSE 

In conjunction with numerous circuit resistances, the various capacitances in an 
amplifier form a number of high-pass and low-pass RC filters. Collectively, these 
filters produce an overall frequency response that is similar to that of a bandpass 
filter. In the following sections, you will learn how to identify the individual RC 
filter sections. By analyzing these filters, you will be able to predict the overall 
frequency response that is characteristic of a given amplifier. 

Coupling Capacitors 

It is important to realize that the AC equivalent circuits in Units 1 through 7 are 
valid only for mid-frequency operation. In these circuits, coupling and bypass 
capacitors were assumed to approximate AC short circuits. Specifically, the com
ponent values were selected so that the following inequalities were satisfied at 
the lowest signal frequency, F 1 . 

IXc,I << R1N 
IXc

2
I << RL 

For signal frequencies less than F1 , it is clear that the previous inequalities are 
\_____,, no longer satisfied. For this reason, both C1 and C2 must be included in the 

low-frequency equivalent circuit. 

The common-emitter amplifier shown in Figure 8-12A illustrates this concept. 
Note that the effective load seen by the signal source, v1N, consists of the series 
combination of C1 and the amplifier's input resistance, R 1N, as shown in Figure 
8-12B.

Clearly, Rs, C1 , and R1N constitute a high-pass RC filter. In a typical amplifier, 
R1N may not be 1 O or more times larger than R8• For this reason, the value 
of Rs is taken into account when calculating the cutoff frequency of the high-pass 
base filter. Specifically: 

1 
Fb,=-----

2'1T(Rs + R1N)C1 
(Eq. 8-8) 

Where Fb, = cutoff frequency of the high-pass base filter. 
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R
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R2 + 

RE 
I
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COMMON EMITTER AMPLIFIER 

HIGH-PASS BASE FILTER HIGH-PASS COLLE C TOR FILTER 

Figure 8-12 

High-pass filters due to the use of coupling capacitors. 
A. Common-emitter amplifier.

B. High-pass base filter.

C. High-pass collector filter.

By "looking back" into the amplifier in Figure 8-12A, from the collector terminal, 
you can visualize a Thevenin equivalent circuit consisting of a Thevenin voltage 
source, vTH, in series with the amplifier's output resistance, R0 . This Thevenin 
equivalent circuit drives the series combination of C2 and RL as shown in Figure 
8-12C. Re, C2, and RL constitute a second high-pass RC filter. In this case,
the filter's cutoff frequency is given by:

1 
Fe = ------

' 2'TT(Rc + RJC2 
(Eq. 8-9) 

Where Fe, = cutoff frequency of the high-pass collector filter. 

--..._/ 
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Bypass Capacitor 

In addition to the coupling capacitors, C1 and C2, the emitter bypass capacitor, 
C3, must also be considered in the low-frequency region. 

To begin, let's consider the bypass circuit shown in Figure 8-13A. In the mid
frequency region, JXc

3
I is small compared to the value of R�. For this reason, 

C3 approximates a short circuit as shown in Figure 8-138. Note that the imped
ance between point A and ground is essentially on. Also, recall that for mid
frequency operation, the AC emitter current and voltage gain are: 

BYPASS CIRCUIT 

© 

Mid-frequency 
operation 

@ 

@ 

A Flgure8-13 

The emitter bypass capacitor. 
A. Bypass circuit.
B. F>>F1. 
C. F:;;;F1 .

-=- D. Equivalent circuit for F:;;; F1. 

EQUIVALENT CIRCUIT FOR F&Fl 



8-34 I UNIT EIGHT

For signal frequencies less than F1, 1Xc
3
1 is no longer small compared to the 

value of R�. For this reason, C3 no longer approximates a short circuit, as shown 
in Figure 8-13C. Consequently, the impedance between point A and ground now 
equals R�IIXc

3
• Since the effective impedance in the emitter branch has in

creased, the AC emitter current decreases. The decreased emitter current results
in a decreased voltage gain. Specifically:

Comparing the low- and mid-frequency equations, it is obvious that the presence 
of the emitter bypass capacitor results in a decreased voltage gain at low signal 
frequencies. 

A useful AC equivalent circuit looking back into point A, from the bypass capacitor, 
is shown in Figure 8-13D. An analysis of this circuit indicates that the lower 
cutoff frequency associated with the emitter bypass capacitor, C3, is given by: 

Fe
= ----, 2'1TAeq. Ca (Eq. 8-10) 

Where Fe, = cutoff frequency due to the emitter bypass capacitor. 

and 

A'= 

Predicting F1 

In an RC coupled amplifier, the lower end of the passband is shaped by the 
cutoff frequencies associated with the coupling and bypass capacitors. Since 
the overall frequency response is similar to that of the bandpass filter, F1 is 
approximately equal to the highest cutoff frequency Fb,, F c,, or Fe,. 

'-.__/ 
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'--._./ Example 8-5 

\.....__/ 

Estimate the lower cutoff frequency, F1 for the common-emitter 
amplifier shown in Figure 8-14. What is the approximate volt
age gain at this frequency? 

15V 

180Q 
6kQ 

3. 9kQ l lOµF � 

Figure8-14 

Circuit for Example 8-5. 
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In order to calculate Fb1
, you must first calculate the value of R1N- Thus:

Now: 

Ve = 15v
(3.9kn) 

= 4_BSV
8.2kn + 3.9kn 

Ve = 4.83V - 0.7V = 4.13V 

4.13V 
le = -- = 1.06mA 

3.9kn 

37mV 
1.06mA 

= 34.9n 

R1N BASE = hte(Re, + re') 
R1N BASE = 100(1 son + 34.9n) = 21.49kn 

Rs = R1 IIR2 = 3.9knUB.2kn = 2.64kn 

R1N 
= RsllR1N BASE 

R,N = 2.64kn1121.49kn = 2.31 kn 

1 0.159 
= 54.6Hz Fb, = 2ir(Rs + R1N)C1 (600n + 2.31 kn)1 µ,F 

0.159 
= 11.2Hz Fe, = 

2ir(Rc + RJC2 (8.2kn + 6kn)1 µ,F 

You can calculate F0 as follows: 
1 

Now: 

R' = 2.64knll600n
+ 34_9n

100 

488.Bn
R' = --- + 34.9n = 39.Bn 

100 

(Re, + R') = 1 B0n + 39.Bn = 219.Bn 

R
eq

- = ReJl(Re, + R') 
R

eq
- = 3.9knll219.Bn = 208.1 n

Fe, = ----2ir R
eq

- C3 

0.159 ----- = 76.4Hz
208.1 n(1 0µ,F) 
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'----" Since Fe
1 

is higher than Fb
1 

and Fe, the circuit's lower cutoff frequency, F1 =

F e
1 
or 76.4Hz. 

At F1 the voltage gain is 0.707 times the mid-frequency value. Thus: 

Av.,,_,= 
8.2k!lll6k!l 

1 son + 34.9n 

Av,= 0.707Av.,,_, = 0.707(-16.1) = -11.38 

Example8-6 

-3.46k!l

214.90
= -16.1 

Estimate F1 in Figure 8-14 assuming C3 is changed from 1 OµF 
to 100µF. 

The values of Fb, and Fe, are the same as in Example 8-5. Thus: 

Fb, = 54.6Hz and F c, = 11.2Hz 

Similarly, the value of R
eq

. is 208.1 n. Therefore, the new value of F 81 
is: 

1 
Fe

= ----, 
2'TT R

eq
. C3 

----- = 7.64Hz 
208.10(100µ,F) 

In this case, Fb is higher than either Fe or Fe . Therefore, F1 = Fb = 54.6Hz. 
1 1 1 1 

High-Frequency Effects 

Coupling and bypass capacitors have little effect on the high frequency response 
of an amplifier because they approximate short circuits for frequencies greater 
than F1. 

Internal characteristics and stray capacitances are always present in real circuits. 
Typically, these capacitances have values in the pF range. At low and mid
frequencies, these capacitances can be neglected, since their reactances are 
very large when compared to the resistance values in a typical amplifier. Internal 
device and stray capacitances are effectively open circuits in the low- and mid
frequency regions. 

Capacitive reactance decreases as frequency increases. In the high-frequency 
region, the reactances of the internal device and stray capacitances have de
creased to the point where they no longer approximate open circuits. Thus they 
are included in the high-frequency equivalent circuit. 
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I 

Rs 
rb 
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I 1
I 
I
I
I 

-½ 

Cb
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I 
I 
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I 
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REI

I 
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I 

= � 

rL 
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rL 

l 
THEVENIZING THE INPUT CIRCUIT, AND REMOVING Cce 

VTH 
"\,1 

I 
I 
I 
I 

,=cs 1 
I 
I 
I 
I 

-½ 

REFLECTING APPROPRIATE CAPACITORS 
INTO THE BASE AND COLLECTOR CIRCUITS 

Rs= Rsl IRs + rb 

FigureS-15 

Development of a high-frequency equivalent circuit for the 
common-emitter voltage amplifier. 

A. High-frequency AC equivalent circuit.
B. Thevenizing the input circuit, and removing Cc.
C. Reflecting appropriate capacitors into the base and collector

circuits.

D. Combining capacitors.

r 
COMBINING CAPACITORS 

@
'-......._/ 

@ 

©
'-----,/ 

@ 
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To develop a theoretically exact high-frequency model, you would need equations 
that are quite complex. Furthermore, in practice, many of the parameter values 
in the "exact" equations are rarely known. For these reasons, we will develop 
a simplified high-frequency model that retains enough features of the exact model 
to be an equivalent circuit. 

Our starting point is the high-frequency equivalent circuit shown in Figure 8-15A. 
Here, note that the various terminal-to-terminal BJT capacitances are included, 
as well as the stray capacitances, Cs,, and C�. Also note that the base spreading 
resistance, rb', is included since at high frequencies rb' is often significant. 

By Thevenizing the circuit in Figure 8-15A to the left of Cs,, you obtain the circuit 
shown in Figure 8-15B. Since the capacitance, Cce, is typically small compared 
to the other capacitance values, it has been removed from the circuit in Figure 
8-15B.

Recall that in Unit 3, we employed Miller's theorem to simplify the analysis of 
collector feedback circuits. In Figure 8-15B, Cbc is connected between the input 
and output terminals, which is analogous to R8 in a collector feedback circuit. 
For this reason, Cbc can, via Miller's theorem, be "reflected" into the base and 

'----" collector circuits as shown in Figure 8-15C. Here: 

Cm = Coc(Av + 1) (Eq. 8-11) 

Similarly, the capacitance reflected into the collector circuit is: 

C = Coc(Av)
= Cbc (Eq. 8-12) 

Av+ 1 

Where Av is the magnitude of the common-emitter voltage gain. 

Notice in Figure 8-15C that Cbe has been replaced by Cb. With an advanced 
derivation, it's possible to show that Cb is approximated by: 

Equation 8-13 indicates that in a fully bypassed circuit, (RE, =0). Cb = Cbe.

In many cases, Cb is neglected since Cb is typically small compared to Cs, and 
Cm. 
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By combining the parallel capacitance in Figure 8-15C, you obtain the equivalent 

circuit shown in Figure 8-15D. Here: 

(Eq. 8-14) 

(Eq. 8-15) 

The circuit in Figure 8-15D contains two low-pass RC filters that determine the 
amplifier's upper cutoff frequency, F2. In order to "see" these filters, it is necessary 

to replace the BJT with its AC model as shown in Figure 8-16A. Finally, by 

Thevenizing the left half of the circuit and converting the current source to a 

voltage source in the right side of the circuit, you obtain the base and collector 

low-pass RC filters shown in Figure 8-16B. The cutoff frequency of each filter 

is given by: 

Where 

Where 

@ 
VTHz 

(Eq. 8-16) 

(Eq. 8-17) 

rL = RcllRL 
Co = Cbc + C

s, 

R
I N � c 

(BASE) r 
REPLACING THE BJT IN F I GURE 8-15D WITH IT'S AC MODEL 

-=-

R 'I IR S IN(BASE) rL

I'" -= 

LOW-PASS BASE AND COLLECTOR F I LTERS 

Figure 8-16 

Low-pass filters due to internal BJT, and external 
stray capacitances. 

A. Replacing the BJT in Figure 8-15D with it's AC model.
B. Low-pass base and collector filters. 

r 
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� PREDICTING F2 

'-._/ 

The high end of the passband in an RC-coupled amplifier is determined by the 
cutoff frequencies associated with C1N and C0 . Specifically, F2 approximately 
equals the lower of the two cutoff frequencies, Fb

2 
or F �-

Example8-7 

The amplifier in Figure 8-14 was partially analyzed earlier. 
Recall that: 

R8 = 2.64k0 

R1N BASE = 21.49k0 
Rs = 6000 

rL = 3.46k0 

re' = 34.9!l 
Av

M-• = -16.1 

Work out the approximate value of F2 assuming: 

First calculate 

Cs,= 25pF 
Ctx: = 6pF 
rb' = 175!} 

Rs' = RsllRs + rb' 

Cbe = 150pF 
Cs,

= 5pF 

Rs' = 600!lll2.64k!l + 175!l 
Rs' = 488.S!l + 175D. = 663.S!l 
Rs'IIR1N BASE = 663.8!lll21.49k!l = 643.9D. 

Cm
= Ctx:(Av + 1) 

Cm
= 6pF(16.1 + 1) = 102.6pF 

Cb = cbe [1 - Re, 
, ]Re,+ re 

[ 
180!l 

] cb = 1 sopF 1 
- 1 son + 34_9n

Cb = 150pF(0.162) = 24.36pF 

c,N = Cs, + Cm + Cb 

C1N = 25pF + 102.6pF + 24.36pF 
C1N = 151.96pF 
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Thus: 

Next calculate F�: 

1 
Fb2 = -------

2'1T(As'IIR,N sAse)C1N 

0.159 
Fb2 

= ------ = 1.6MHz 
643.9!l(151.96pF) 

Co = Ctx: + C
s, 

Co = 6pF + 5pF = 11 pF

0.159 
--- = ----- = 4.17MHz 

3.46k!l(11 pF) 

High-Frequency BJT Parameters 

As frequency increases, the current gain of a transistor decreases. For this 
reason, one or more of the following parameters are normally provided on a 
BJT's data sheet. 

ALPHA CUTOFF FREQUENCY 

When the time of one cycle or period of the AC input signal approaches the 
time required for charge carriers to pass through a transistor, the current gain 
of the transistor drops rapidly. The frequency at which ex decreases to 70.7% 
of its low frequency value is called the alpha cutoff frequency, F 1 ex. 

The value of F2ex is often determined by measuring ex at a reference frequency 
of 1 kHz and then increasing the frequency until ex again drops to 70.7% of the 
1 kHz reference. F2ex is an important characteristic of common-base circuits since 
it indicates an upper frequency limit for common-base operation. 

BETA CUTOFF FREQUENCY 

At high frequencies, the current gain of a transistor in a common-emitter circuit 
(B) also decreases. The frequency at which B decreases to 70. 7% of its low
frequency value is called the beta cutoff frequency, F1B. Since B imposes an
upper frequency limit for a transistor used in a common-emitter configuration,
it is an important high frequency parameter.

'-..__../ 
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"-----" CURRENT-GAIN BANDWIDTH PRODUCT 

Another way of expressing the inherent frequency response limitation of a transis
tor is to provide its current-gain bandwidth product, FT. The term FT simply indi
cates the frequency where the current gain in the common-emitter mode is one. 

This specification is more often seen on manufacturer's data sheets than the 

alpha or beta cutoff frequencies. 

The current-gain bandwidth product is essentially constant. Consequently, as the 

operating frequency decreases, the current gain increases by the amount neces

sary to keep FT constant. 

USEFUL FORMULAS 

Since most data sheets provide values for FT and B, the following formulas are 

useful for estimating F8 and F OC• 

F� = (B + 1)F8
=BF8 

Where B = low frequency value of hte 

(Eq. 8-18) 

(Eq. 8-19) 

Equation 8-19 indicates that for a given transistor Foe is much larger than Fs. 

Therefore, a common-base circuit is capable of amplifying much higher frequen
cies than a comparable common-emitter circuit. For this reason, many amplifiers 

designed specifically for high-frequency operation use the common-base config

uration. 

Example8-8 

The data sheet for a particular transistor lists typical values 
for hte and Fr of 200 and 150MHz respectively. Estimate the 
values of F8 and F«. 

FT 150MHz 
F8 = - = --- = .75MHz = 750kHz 

B 200 
Fo: = BF8 = 200(0.75MHz) = 150MHz 

Excluding other frequency effects, the upper frequency limits of the given transis
tor for the common-emitter and common-base configurations respectively, are 
0. 75MHz and 150MHz.
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DATA SHEET CAPACITANCE VALUES 

The value of Cbc is usually listed on a data sheet as Cob, Cobo, Ccb, or C0• While 
the data sheet value of Cbc is usually specified for a particular value of V cs, 
it serves as a useful approximation of Ccb for other values as well. 

Cbe is normally not listed on the data sheet. However, the following formulas 
can be used to estimate the value of Cbe : 

(Eq. 8-20) 

Example8-9 

The data sheet of a 2N3903 transistor indicates that Fr MIN 

= 250MHz for le = lOmA and VCE = 20V. Based on the given 
information, estimate the value of Cbe, 

37mV 

le 

1 

37mV 
= -- =3.70 

10mA 

0.159 
----- = 171.9pF

250MHz(3.7O) 

OBSERVATIONS AND COMMENTS 

High frequency analysis is considerably more complicated than low and mid fre
quency analysis. Even with a simplified high frequency model, the equations de
veloped for Fb

2 
and F � are tedious to work with because so many intermediate 

calculations are necessary. 

Since precise values for hte, r8', rb' Cbe, and Cbc are rarely available, you will 
frequently find a significant discrepancy between the calculated and measured 
upper cutoff frequencies. Nevertheless, the calculated value of F2 provides a 
rough, but useful, estimate for the upper frequency limit of a given amplifier. 

'-._../ 
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Obviously, stray capacitance is difficult to estimate. In order to predict accurate 
values of Cs, and C52, it is necessary to specify the specific type of components 
used in the circuit, the circuit layout, lead lengths, and so forth. Furthermore, 
when you measure F2, you must consider the capacitance of the measuring instru
ment. An oscilloscope, for example, typically introduces an additional 20-50 pF 
into the test circuit. For this reason, amplifier manufacturers frequently specify 
the type of test equipment, cable lengths, and other considerations that should 
be used when measuring F2. 

When selecting a transistor for an amplifier, it is a good idea to check the transis
tor's data sheet to make sure that the following inequalities are satisfied. 

(common-base circuit) 

(common-emitter and common-collector circuits) 

Where F2 = minimum acceptable upper cutoff frequency. 

BODE PLOTS 

RC-coupled amplifiers contain three high-pass, and two low-pass filters. In the 
simplest case, the individual cutoff frequencies are far enough apart that little 
interaction occurs between the various filter sections. Assuming this is so, the 
lower, F1 , and upper, F2, cutoff frequencies of the amplifier are closely approxi
mated by: 

(whichever is the highest) 

(whichever is lowest) 

If the individual cutoff frequencies are not more than two octaves apart, the indi
vidual filter sections will interact. In this case, the actual values of F1 and F2 
are only roughly approximated by the formulas given earlier. 
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PHASE 

ANGLE 

360 ° 

270° 

Assuming minimum interaction between the individual filter sections, a Bode plot 

of dB voltage gain versus frequency appears as shown in Figure 8-17A. Due 

to the presence of coupling and bypass capacitors, the voltage gain rolls off 

at 6dB/octave for frequencies less than F1 . Similarly, for frequencies greater than 

F2, the presence of internal and stray capacitance also results in a 20dB/decade 

rolloff in the voltage gain. Note that the frequency response curve in Figure 8-17A 

is characteristic of all three BJT configurations. Furthermore, note that the overall 

frequency response curve is very similar to that of a bandpass filter. 

20 log I Av I 
M-F 

0 

6dB/Oclave 

20dB/Decade 

BODE PLOT OF dB VOLTAGE GAIN VERSES FREQUENCY FOR ALL 

THREE CONFIGURATIONS. 

@
PHASE 

ANGLE 

360° 

© 

--1---=----------_;...---➔ F -+--�--------..-------;;. F 

(-45 ° ) 

COMMON-EMITTER CIRCUIT COMMON-BASE AND COMMON-COLLECTOR CIRCUITS 

FigureS-17 

RC coupled amplifier Bode plots. 
Here, it is assumed that little interaction occurs between the 

individual filter sections. 
A. Plot of dB voltage gain versus frequency for all three

configurations.

B. Common-emitter circuit.
C. Common-base and common-collector circuits.

'--..../ 
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Bode plots of phase angle versus frequency are provided in Figure 8-17B, 

common-emitter circuit, and Figure 8-1 ?C, common-base and common-collector 
circuits, respectively. In Figure 8-17B, note that in the mid-frequency region, the 
phase angle equals 180°. For frequencies less than F1 , or greater than F2, the 
filters within the amplifier introduce an additional phase shift as shown in Figure 
8-178.

In the mid-frequency region, the input and output voltages in the common-base 
and common-collector amplifiers are in phase with each other. As was the case 
with the common-emitter amplifier however, signal frequencies less than F1, or 
greater than F2 experience a phase shift. This is shown in Figure 8-1 ?C. 

RISE TIME 

Figure 8-18A illustrates a voltage pulse driving a low-pass filter. From your knowl
edge of passive circuits, it is apparent that the output voltage appears as shown 
in Figure 8-188. The equation that describes the output voltage is: 

® 

v0 = V(1 - e _,'"") (Eq. 8-21) 

o�_n_ 

Vo 

R 

� 

I 
LOW-PASS FILTER 

OUTPUT VOLTAGE 

FigureS-18 

The concept of rise time. 
A. Low-pass filter. 
B. Output voltage. 

\ 
\ 

Vo 

_j_ 

V 

' 

' 
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In Figure 8-18B, the rise time is defined as the time required for the output 

voltage to rise from 10% to 90% of the final value, V. Thus: 

Expressing the rise time, tr, in terms of the circuit's time constant, R times C 

shows a very useful relationship. To obtain the desired result proceed as follows: 

At t1 , v0 = 0.1 V. Substituting 0.1 V for v0 and t1 for t into Equation 8-21, yields: 

Taking the natural logarithm* of both sides of the equations: 

-t,/Rc = In 0.9 = -0.105 = - 0.1

Thus t1 = 0.1 RC 

Following a similar procedure for t2 : 

0.9V = V(1 - e -•:,.1Rc)

e -tVRC = 1 - 0.9 = 0.1 

Thus t2 = 2.3RC. Since tr = t2 - t1 , we have: 

t,. = 2.2RC (Eq. 8-22) 

In an RC-coupled amplifier, the upper cutoff frequency, F2, is primarily·determined 

by the cutoff frequency associated with the dominant, internal, low-pass filter. 

Thus: 

* For a discussion of logarithms, see Heathkit/Zenith Passive Circuit Design course, EE-1001. 

·-..__/ 
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Where R and C are the equivalent resistance and capacitance of either the base 
or collector low-pass filters. Substituting t12_2 for RC yields: 

1 0.35 
F2= -- =

t, t, 
2'1T-

2.2 

(Eq. 8-23) 

Equation 8-23 indicates that you can measure the upper cutoff frequency of an 
RC-coupled amplifier by applying a pulse-type input, and noting the resulting 
rise time. 

Example 8-10 

A voltage pulse is applied to the input of an RC-coupled 
amplifier. The output voltage is noted to have a rise time of 
0.175µ,s. Estimate the amplifier's upper cutoff frequency, F2• 

SAG OR TILT 

0.35 
F2

= -t, 
0.35 

0.175µ,S 
= 2MHz 

Figure 8-19A illustrates a voltage pulse driving a high-pass filter. In this case, 
the voltage across the resistor is a decaying exponential voltage, described by: 

® 

@ 

Vo = Ve -•,Ac (Eq. 8-24) 

HIGH-PASS FILTER 

VT-------
I 

I 

I 

0 (PULSE T IMEJ t 
p 

V1 

OUTPUT VOLTAGE 

I 
j_ 

Figure8-19 

The concept of sag or tilt. 
A. High-pass filter.

B. Output voltage.
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If the filter's time constant is reasonably long compared to the width of the pulse, 
the output voltage has the general shape shown in Figure 8-198. Note that the 
output voltage exhibits a tilt or "sag" when compared to the input voltage. The 

amount of sag is defined as follows: 

(Eq. 8-25) 

Assuming the difference between V and V 1 is not excessive, Equation 8-24 can 

be approximated by: 

v0 = V [ 1 - R
� ] (Eq. 8-26) 

In Figure 8-198 we note that at time T 
p
, v0 = V 1 . Thus: 

Substituting Equation 8-27 into Equation 8-25 yields: 

v-v[1 - i]
RC tp S = ------ = - (pulse) 

V RC 

Assuming the high-pass filter in Figure 8-19A is driven by a square wave rather 
T 

than a pulse, the sag of each half cycle is obtained by letting t
p 

= 
2 

where

T represents the period of the square wave. Thus: 

T S=--
2RC 

(square-wave) 

Recall that the lower cutoff frequency, F1 , of an RC-coupled amplifier is primarily 
determined by the cutoff frequency associated with the dominant internal high
pass filter. Thus: 

1 
F1

= --
21rRC 

'-...___/ 
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Where R and C are the equivalent resistance and capacitance of either the base,
T collector, or emitter high-pass filters. Substituting 28 for RC yields:

1 S 

T 1TT 
2'TT-

2S 

Similarly, substituting � for T and dividing by 1r you obtain:

Where S = sag

F1 = 0.318 S F1N (Eq. 8-28) 

F 1 = lower cutoff frequency
F1N = frequency of the square wave

Equation 8-28 indicates that you can measure the lower cutoff frequency of an
RC-coupled amplifier by applying a square-wave input and noting the resulting
sag.

Example 8-11 

The input and output waveforms for an RC-coupled amplifier 
are shown in Figure 8-20. Estimate the amplifier's lower cutoff 
frequency, F1 . 

INPUT 

AMPLIFIER 

FigureB-20 

Circuit for Example 8-11. 

OUTPUT 

lOV 
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Since the period of the input signal is 1 ms: 

1 1 
F = - = - = 1kHz 

T 1ms 

The sag in the output voltage is: 

S= 

Thus: 

F1 = 0.318 s F1N 

10V - 9V 
10 

= 0.1 

F1 = 0.318(0.1 )(1 kHz) = 31.8Hz 

SQUARE-WAVE TESTING 

By adjusting the frequency of a square-wave input signal, it is possible to quickly 

estimate the amplifier's F1 and F2 frequencies. In addition, you can quickly deter

mine the effect of varying component values by simply observing the output volt

age. Checking an amplifier with a square wave is a very useful experiment. 

"-.__/ 
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Self-Test Review 

13. The lower cutoff frequency of an RC-coupled amplifier is approximately

equal to Fb1
, or Fc1

, or Fe1
, whichever is _________ _

larger/smaller 

14. F2 = ____ __,MHz, assuming Fb = 2MHz and Fe = 4.5MHz.
1 2 

15. For a particular BJT, ex = 0.99, B = 99, and FT = 100MHz. The beta 
cutoff frequency is therefore approximately ----�MHz. 

16. A data sheet lists FT = 300MHz at le = 20mA. Similarly, C00 = 30pF

at IE = 20mA. Consequently, cbe = pF and cbc =

______ F_

17. Assuming minimum interaction between the various internal filters of an
RC-coupled amplifier, for frequencies less than F1 or greater than F2, the
voltage gain rolls off at _____ dB per decade.

18. By applying a square-wave input to an RC-coupled amplifier, you find the
rise time to be 0.35µs. Therefore, the amplifier's upper cutoff frequency
is approximately ____ �MHz.

'-.___..;' 19. A 2kHz square wave produces a tilt in the output voltage of an RC-coupled 
amplifier of 15%. Therefore, the amplifier's lower cutoff frequency is approxi-
mately _____ Hz. 

20. Of the following capacitances, Cbe, Cbc, and Cce, _____ contributes
most to the total input capacitance in a high-gain amplifier.

21. In a common-emitter amplifier, F8 should be
than the desired F2.

22. Internal BJT and stray capacitance have

effect on the amplifier's lower cutoff frequency.

larger/smaller 

a significant/little 
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Answers 

13. larger 18 1MHz 

14. 2MHz 19. 95.4Hz

15. 1.01MHz 20. cbc

16. 286.5pF, 30pF 21. larger

17. -20dB 22. little

Appropriate solutions follow: 

15. 
100MHz 

99 
= 1.01MHz. 

37mV 37mV 
= 1.850 16. re'=

le 20mA 

1 0.159 
cbe = 

21rFTre' 300MHz(1.85fi) 

Cbc = Cooo = 30pF 

17. Refer to Figure 8-17 A

= 286.5pF 

18.
0.35 

0.35µ5 
= 1MHz 

19. S = 15% = 0.15
F1 = 0.318 s f1N
F1 = 0.318(0.15)(2kHz) = 95.4Hz
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SUMMARY 
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All RC-coupled amplifiers contain numerous capacitances. The various capacitors 
in conjunction with circuit resistances form three low-pass and two high-pass 
AC filters. Consequently, the overall frequency response characteristic is essen
tially that of an active bandpass filter. 

The "visible capacitors" consist of two coupling and one bypass capacitor. These 
capacitors form high-pass filters which shape the low-frequency portion of the 
overall response curve. For this reason, the lower cutoff frequency approximately 
equals Fb , or Fe , or Fe, whichever is higher. Formulas for these individual cutoff 

1 1 1 

frequencies are provided in the unit. 

The two low-pass filters comprised of internal BJT and external parasitic capaci
tances shape the high-frequency portion of the overall response curve. Con
sequently, the upper cutoff frequency approximately equals Fb

2 
or F�, whichever 

is lower. In practice, it is difficult to accurately predict F2 due to the uncertainty 
in actual parameter values. 

Square waves are frequently used to quickly evaluate the frequency response 
characteristics of an amplifier. By measuring the rise time of the output voltage, 
you can calculate F2 from: 

0.35 

t, 

Similarly, by adjusting the frequency of the square wave to obtain an output 
that sags, you can calculate F1 from: 

F1 = 0.318 s F1N 

In addition, by noting the shape of the square-wave output voltage as you change 
component values, you can immediately see how each change effects the output. 
For these reasons, square-wave testing is very useful. 
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UNIT EXAMINATION 

Common-Emitter Frequency Effects I a-57 

The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 

1. In a common-emitter amplifier, when F = F1 , the phase angle equals:

A. 225°.
B. 180°.
C. 135°.
D. 45

°

.

2. Amplifier A has an upper cutoff frequency of 2MHz. Amplifier B has a rise
time of 0.1 µ,s when tested with a square-wave. Therefore:

A. Amplifier A has a better high frequency response.
B. Amplifier B has a better high frequency response.
C. Amplifier A has a better low frequency response.
D. The sag of each amplifier is approximately equal.

3. For a certain amplifier Fb
2 

= 1 MHz and F
C:? 

= 6MHz. Therefore:

A. F2 
= 6MHz.

B. F2
= 1MHz.

C. F2 
= 7MHz.

D. The sag is excessive.

4. A certain amplifier has Fb, = 20Hz, Fe, = 80Hz, and Fe, = 320Hz. The
amplifier's lower cutoff frequency is therefore, approximately:

A. 20Hz.
B. 80Hz.
C. 320Hz.
D. 140Hz.
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5. The frequency at which the current gain of a BJT in a common-emitter
"--./

circuit is unity is called:

A. The alpha cutoff frequency.

B. The beta cutoff frequency.

C. The current-gain bandwidth product.

D. The upper cutoff frequency.

6. Assuming FT = 300MHz and ex: = 0.98, then Fs equals:

A. 0.98 (300MHz).

B. 300MHz/0.98.

C. 300MHz.

D. 6.12MHz.

7. For frequencies below F1 or above F2, the voltage gain of an RC-coupled

amplifier rolls off at:

A. 20dB/decade.

B. 1 0dB/decade.

C. 6dB/decade.

D. 20dB/octave.

The following information applies to questions 8 through 12. 

A fully bypassed common-emitter amplifier has: 

8. Cbe is approximately:

A. SpF.

B. 312pF.

C. 98.6pF.

D. 61.4pF.

Av,._,= -100 
FT= 350MHz 
Cs, = 40pF 
Cs,

= 30pF 

Coo
= 5pF 

C1 = 10µ.F 
R1N = 2k!l 
Rs = 6000 

.._/ 
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A. 61.4pF.

B. 312pF.
C. 5pF.

D. 98.6pF.

10. The total input capacitance is approximately:

A. 40pF.

B. 501pF.

C. 606.6pF.

D. 1µF.

11. The total output capacitance is approximately:

A. 5pF.

B. 35pF.

C. 501pF.

D. 22.9pF.

Common-Emitter Frequency Effects I a-59 

12. Assuming the high-pass base filter is dominant, the lower cutoff frequency

'--.../ is approximately:

A. 6.1Hz.

8. 33.?Hz.

C. 60Hz.

D. 127Hz.
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EXAMINATION ANSWERS 

Common-Emitter Frequency Effects I a-61 

1 . A - Referring to the Bode plot in Figure 8-17B, you can see that the phase 
angle equals 225° when F = F1 . 

2. B -For amplifier B:

F2 = 
0.35 

= 
0.35 

= 3.5MHz
tr 0.1 µS 

Since F82 > F � amplifier B has a better high-frequency response.

3. B -F2 = Fb
2 

or F
Ci 

whichever is lower. Therefore F2 = 1 MHz.

4. C-F1 = Fb , Fe, or Fe whichever is lar:ger. Therefore F1 = 320Hz.
1 1 1 

5. C - The current gain bandwidth product is the frequency where the current
gain of a BJT in a common-emitter circuit is unity. 

6. D-B=---1 - ex: =
0.98 

= 49 
1 - 0.98 

300MHz 
49 

= 6.12MHz 

7. A - In an RC-coupled amplifier, the voltage gain rolls off at 6d8/octave
and is equivalent to 20dB/decade. 

8. D-re'=
37mV 37mV 

= 7.40 = 
IE 5mA 

cbe = 
1 

2'TTFTre' 

cbe = 
0.159 

= 61.4pF 
350MHz(7.4il) 

9. A - Cb = Cbe for a fully bypassed emitter capacitor. This is evident from
Equation 8-13: 

equals 1 when RE = o.
1 

Thus Cb = 61.4pF 
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10. C - Fimt calculate the Miller capacitance.

Cm = (Av + 1 )Ctx: 

Since cbc: = cob = SpF, and IAv
M
J = 100 

Cm = (100 + 1 )SpF = 505pF 

c,N = Cs + Cm + Cb 

c,N = 40pF + sospF + s1.4pF 
c,N = sos.4pF 

11 . B - C0 = Cbc: + C
S:! 

C0 = SpF + 30pF = 35pF 

1 
12. A- Fb = ------

1 2,r(Rs + R1N)C1 

0.159 
Fb = ------- = 6.1Hz = F1 

1 (6000 + 2kfi)1 0µF 
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The experiments that follow have been designed to complement the material 

presented in Units 1 through 8. Before you build the experimental circuits, you 

should first read each experiment to make sure you understand the purpose 

of each step. 

Important Notice 

Newer Heathkit Electronic Design Experimenters have a 3-terminal power plug, 

rather than the conventional 2-terminal power plug. If you are using one of these 

newer Trainers, and the test equipment you are using (oscilloscope, voltmeter, 

etc.) also has a 3-terminal power plug, you must install a 3-wire to 2-wire adapter 

on the Trainer power plug. Without this adapter, the Trainer fuse may blow or 

you may obtain invalid results from some of the experiments. These adapters 

are inexpensive and readily available at most stores. 

This adapter is necessary only when you are making measurements not refer

enced to ground, using test equipment that has a 3-terminal power plug. 

CAUTION 

Make sure all pieces of equipment used in your experiments are connected 

to the same power source. 

Experiments I 9-3 
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Objectives: 

Introduction 

EXPERIMENT 1 

BJT DC CHARACTERISTICS 

To examine a typical BJT data sheet. 

To experimentally determine values of Band a for 

a type MPS-A20 transistor. 

To plot the output (collector) curves for a type MPS

A20 transistor. 

To introduce the concepts of DC saturation and 

cutoff. 

The significant electrical characteristics of a particular BJT are summarized on 

the manufacturer's data sheet for that BJT. In this experiment, you will begin 

to examine a typical BJT data sheet. Initially, we will concentrate on those parame

ters introduced in Unit 1. As your knowledge of BJTs expands, so will your under

standing of the various other parameters and specifications typically included 

on the BJT data sheet. 

Two of the most important DC parameters are a and B. Recall that these parame

ters are usually defined as follows: 

le le 
a= - andB= -. 

le Is 

On most data sheets, the value of B is indicated by the symbol hFE· Once you 

know the value of B, you can calculate the corresponding value of a from the 

formula: 

a= B 

B+1 

Normally, the value of a is not provided on a BJT's data sheet. However, if 
it is, the symbol hFs is used to indicate a. 

In this experiment, you will take the necessary measurements to plot the transis

tor's output curves for the common-emitter configuration. Recall that these curves 

indicate the relationship between the transistor's base current, collector current, 

and collector-to-emitter voltage. 



'---._/ Finally, you will be introduced to the concepts of DC saturation and cutoff. These 
concepts will prove useful when the topics of biasing schemes and amplifiers 
are discussed in later units. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 
Multimeter with test leads. 
Oscilloscope 

3 - NPN type MPS-A20 transistors ( 417-801) 

1 - 1 kfi, 1 /4-watt, 5% resistor 
1 - 5.6k11, 1 /4-watt, 5% resistor 

1 - 1 0kfi, 1 /4-watt, 5% resistor 

1 - 82kn, 1 /4-watt, 5% resistor 

Procedure 

1 . Examine the data sheets for the MPS-A20 transistor provided in the 
Appendix at the end of Unit 9. Some calculations may be required. 

(a) Record the minimum and maximum values of a for le = 5mA
and Vee = 10V.

Cl(MIN) = ----- Cl(MAX) = -----

(b) Assuming hFe = 200 for le = 5mA, Vee = 10V, and TA = 25°C

what value of hFe would you expect if le was increased to 1 00mA?

hFE = ------

(c) What is the largest value of leeo you would expect to encounter?

lceO(MAXJ = -----

(d) What is the maximum power the transistor can dissipate if the
ambient temperature is 25°C?; 40°C?

p(MAX) = ______ at 25°C. 

PcMAXJ = ______ at40°C. 

Experiments I 9-5 



9-6 I UNIT NINE

Discussion 

Perhaps you experienced some difficulty locating the requested information. Fre
quently, you must "derive" the information you want from the information provided 
on a particular data sheet. Your ability to do this will increase as you become 
more familiar with typical data sheets. In any event, the requested information 
can be deduced as follows: 

(a) Values of a or hFs are not given directly. However, under "Electrical
Characteristics," note that minimum and maximum values of hFE 

are provided. Since hFE = B, you can calculate the corresponding
values of a. Specifically:

B(MIN) = 40, Cl(MIN) =
B+1 

= 0.976.

400 
B(MAX) = 400, Cl(MAX) = 401 = 0.998.

(b) For le = SmA, VeE = 10V, and TA = 25°C, B can have any 
value between 40 and 400. Here, we are assuming that for a par
ticular transistor, B = 200 for the specified conditions. 

The value of B varies with the value of collector current as shown 
in Figure 3, NORMALIZED DC CURRENT GAIN, on the data 
sheet. Note that the normalized value of hFE corresponding to 
le = 1 00mA is 0.6. This means that the value of hFE when 
le = 1 00mA is 0.6 times the value of hFE when le = SmA. Thus: 

hFE = 0.6 (200) = 120. 

(c) The maximum value of leso listed in the Electrical Characteristics
is 100mA. Similarly, the maximum value of hFE is 400. Thus:

lceO(MAX) = (BcMAXJ + 1 )lcBO(MAXJ· 

lceO(MAX) = 401 (100nA) = 40.1 µA 

This represents the ''worst case" value of leEo, since it is assumed 
that B and leso are maximum. In a sample of MPS-A20 transistors, 
typical values of leEo would be much smaller. 

'-....../ 

'---._./ 



(d) Under maximum ratings Po = 350mW at an ambient temperature
of 25°C. Note that above 25°C, the total power dissipation must
be derated by 2.8mW/°C. Therefore, when the ambient tempera
ture is 40°C:

Po = P2s c - D d T. 

2.8mW 
Po = 350mW -

oc 
(15oC). 

Po = 350mW - 42mW = 308mW. 

On the data sheet, the subscript A indicates the ambient, surround
ing, temperature. Similarly, the subscript C indicates the case tem
perature. Note that calculations based on the case temperature, 
Tc do not have the same values of Po and derating factor, as 
those based on ambient temperature. 

Procedure (Continued) 

2. With the ET-1000 Trainer turned off, construct the circuit shown in
Figure E1-1A. Use the 100kO and 1kO potentiometers on the Trainer
for R1 and R2. Looking at the flat side of the transistor, the leads
are identified as shown in Figure 1-1 B.

® .---------, 
12V-=-

le 
� 

Figure E1-1 

Experimental circuit for steps 2-7. 
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3. Adjust R1 and R2 to approximately mid-range, and then turn on the
power. With the power on, make the following adjustments:

(a) Adjust R1 to get a collector current of SmA.

(b) Now adjust R2 to get a collector-to-emitter voltage of 1 OV. Measure
VcE with the oscilloscope.

(c) If necessary, readjust R1 to get a collector current of 5mA.

4. Measure the base current, Is. Your measured value will typically be
within the range of 12.5µ.A to 125µ.A. Record your measured value
of Is next to T1 in Table E1-1. Turn the ET-1000 Trainer off.

5. Repeat steps 2 and 4 for two additional MPS-A20 transistors. Record
the measured base currents next to T2 and T3 respectively in Table
E1-1.

Transistor 
Is hFE Conditions 

(Measured) (Calculated) 

T1 le = 5mA 

T2 Vee = 10V 

T3 

Table E1-1 

Data and calculations for steps 4-6. 



\._____,., 6. Us
0
e the measured values of Is to calculate the value of hFE for each 

transistor. Record your calculated values in Table E1-1. 

7. Based upon the values of hFE in step 6, calculate the value of o: for
each transistor:

ex, = 
hFE, 

hFE, + 1 

Ct2 = 
hFE, 

hFE, + 1 

Ct3 =
hFE, 

hFE, + 1 

Discussion 

The data sheet for the MPS-A20 indicates that hFE should be within the range 
of 40 to 400, when le = 5mA, and VcE = 10V. Assuming hFE = 40, the corres
ponding value of Is is SmA/40 or 125µA. Similarly, if hFE = 400, the corresponding 
value of Is is SmA/400 or 12.SµA. For this reason, the values of Is measured 

'--..__,I in steps 4 and 5 should be within the range of 12.SµA to 125µA. 

le In step 6, you calculated the value of hFE from the formula hFe = -

1
- = 

SmA a 

1 
. The calculated values of hFE should be within the range of 40 

B(MEASURED) 

to 400. You may have observed significant variations in the value of hFe from 
one transistor to the next. 

Since a = 
h 

hFE 
the value of a calculated in step 7 should be close to 

FE + 1 
unity (1). Typically, a is within the range of 0.95 to 0.99. Comparing the results 
of steps 6 and 7, you can see that sma11 changes in a produce large changes 
in hFe-
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Procedure (Continued) 

8. With the ET-1000 Trainer turned off, construct the circuit shown in
Figure E1-2. Adjust R1 and R2 to approximately mid-range.

9. Turn the power on, and make the following adjustments:

(a) Adjust R1 until the voltage across Rs = 0.1 V. This sets the base
current to 1 OµA.

(b) Adjust R2 to get a collector-to-emitter voltage of 6V. Measure VeE

with the oscilloscope.

12v-=-
lkQ .:. I2V � ., I 

Figure E1-2 

Experimental circuit for steps 8-16. 

10. Now use your multimeter to measure the voltage across Re. Since
Re = 1 kn, the collector current equals the voltage across Re divided
by 1 kn. Record the measured value of le below the V CE value of

6V in Table E1-2.

11. Complete Table E1-2 by adjusting VeE to the remaining values indi
cated while recording the corresponding values of le.

la = 10µA 

Vee (V) 0.1 0.2 0.6 1 2 3 4 5 6 

le (mA)

Table E1-2 

Data for steps 9-11 . 

....____,, 



12. Adjust R1 until the voltage across Rs = 0.2V. This sets the base
current to 20µA. Now adjust R2 to obtain a collector-to-emitter voltage
of6V.

13. Record the measured values of le corresponding to the values of VcE
in Table E1-3.

Is = 20µA 

VcE (V) 0.1 0.2 0.6 1 2 3 4 5 6 

lc(mA) 

Table E1-3 

Data for steps 12-13. 

14. Adjust R1 until the voltage across Rs = 0.3V. This sets the base
current to 30µA. Now adjust R2 to obtain a collector-to-emitter voltage
of6V.

15. Record the measured values of le corresponding to the values of V CE
in Table E1-4.

Is = 30µ.A 

VcE (V) 0.1 0.2 0.6 1 2 3 4 5 6 

lc(mA) 

Table E1-4 

Data for steps 14-15. 
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16. Plot the values of le and Vee in Tables E1-2, E1-3, and E1-4 on the

graph paper provided in Figure E1-3. Label the curves Is = 1 0µA,

20µA, and 30µA respectively. In Figure E1-3, note the expanded scale

for values of V cE less than 1 V.

' 

7 

6 

5 ' 

4 

3 

2 

l 

0 l 2 3 4 5 6 
-

7 

Figure E1-3 

Graph for recording V ce and le values for step 16. 

Discussion 

In this portion of the experiment, for values of Is equal to 1 0µA, 20µA, and 30µA 

respectively, you measured values of le corresponding to values of V ce between 

0.1V and 6V. However, since the maximum value of 6V for VcE, was less than 
the collector-emitter breakdown voltage, your curves illustrate the characteristics 

of a transistor well below the breakdown region. 

For values of V cE greater than 1 V, your curves should show that le remains 

almost constant as Vee is increased to 6V. This indicates that, in this region 

of operation, the transistor acts like a constant current source, for a specific Is 

value, when viewed from the collector-emitter terminals. 

'-._/ 

'-..__,, 



"-.__J Examine the portion of your curves for values of V CE less than 1 V. The value 
of le is primarily determined by the value of VcE and not by the value of le. 
The portion of each curve where le increases rapidly with a small increase in 
V CE before the knee of the curve, is referred to as the saturation region. Except 
for switching applications, the transistor is generally not operated within this re
gion. When a transistor is operated in the saturation region, V cE is very sman, 
typically a few tenths of a volt. 

--...._/ 

\.._/ 

Recall that when le = 0, le = lcEo in the common-emitter configuration. Since 
lcEo is usually very small, the collector current is approximately zero. In this 
case, the transistor is said to be operating in the cutoff region. As was the 
case with the saturation region, the transistor is generally not operated within 
the cutoff region. 

Figure E1 -4 illustrates the three possible regions of operation. Note that the region 
between cutoff and saturation is referred to as the active region. For most appli
cations, BJT's are biased to operate within the active region. 

SATURATION 
REGION 7 

1 r-ACTIVE7 

IC � 
( mA) ;;:; 

0 

0 

z 

tJ----
IB 
____ -

0
---1 

Figure E1-4 

--CUTOFF 
REGION 

Cutoff, active, and saturation regions of the common emitter 

output curves. 
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EXPERIMENT 2 

BASE BIAS AND COLLECTOR FEEDBACK 

CIRCUITS 

Objectives: 

Introduction 

To design an LED driver circuit. 

To design a base bias circuit. 

To design a collector-feedback bias circuit. 

To compare the B sensitivity of the base bias, and 

collector-feedback circuits. 

In base bias circuits, collector current is directly proportional to B. B varies widely 

from one transistor to the next, and also varies significantly with temperature. 

Therefore, the Q point in a base bias circuit is inherently unstable. Applications 

for base bias circuits are primarily limited to digital and switching circuits. 

Feedback improves the stability of the Q point. In this experiment, you will com- '-._-/ 

pare the B sensitivity of a base bias circuit with a similar collector-feedback circuit. 

As you will see, the presence of collector feedback only partially compensates 

for changes in B. In a later experiment you will examine several biasing schemes 
that provide very stable Q points. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 
Multimeter with test leads 

Oscilloscope 
3-NPN type MPS-A20 transistors (417-801)

1 -6800., 1 /4- watt, 5% resistor

1 -3.9k0., 1 /4-watt, 5% resistor
1 - 5.6k0., 1 /4-watt, 5% resistor
1 - 680kO, 1 /4-watt, 5% resistor 

1 -1.SMO., 1 /4-watt, 5% resistor 
1 -LED (412-640) 



,._____,; Procedure 

1. The LED in Figure E2-1 will provide adequate brilliance if the current
through it is approximately 15mA. Calculate the required values for
Rs and Rs assuming the voltage drop across the LED is approximately
2V.

Discussion 

Rs = ------·, Rs = ------"fl.

=3.5V r7 
=OV __J L__ 

Figure E2-1 

12V 

Rs 

LED 

Experimental circuit for step 1. 

Your calculations should be similar to the following: 

Vee - VLEo 
Rs = ---

ILEo 

12V - 2V 
---- = 0.67kfl = 6700. 

15mA 

To ensure adequate overdrive, Is should equal 2Is(SAT) Thus: 

Is = 218(SAT) = 
21qsAT) 2(15mA) 

----'-----'- = ---- = 0.75mA. 
hFE(MIN) 40 

Rs = 

V1 - Vse = 3.5V - 0.7V
= 3_?kfl. 

Is 0.75mA 

Therefore, standard value 6800 and 3.9kfl resistors would be acceptable for 
this design. 
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Procedure (Continued) 

2. Construct the circuit shown in Figure E2-2. Note that logic switch A
on the ET-1000 Trainer is used to provide the input voltage to the

LED driver.

12V 

LOGIC SWITCH 

3. 9kQ

Figure E2-2 

Experimental circuit for steps 2 and 3. 

3. Use the oscilloscope to measure the output voltage from the logic

switch for both switch positions. Also note the status of the LED (ON

or OFF) for both switch positions. '------' 

Discussion 

SWITCH POSITION 

A 

OUTPUT VOLTAGE LED 

The output voltage from the logic switch should be approximately 3.5V with the 
switch in the A position, and the driver circuit connected to A. In this case, suffi
cient base current flows to saturate the transistor. Consequently, the LED should 

be ON. 

When the logic switch is held in the A position, the switch output voltage is a 

few tenths of a volt or less. In this case, essentially no base current flows and 
the transistor is cutoff. The collector current is essentially zero, and the LED 
is OFF. 

LED drivers can be used as simple indicator lights, or as logic monitors in digital 
systems. Many other applications are also possible. 



Procedure (Continued) 

4. When a parameter varies over a wide range, circuit designers often

use the geometric average of the parameter for purposes of calcula

tion. This is defined as the square root of the product of the parameter's

minimum and maximum va1ues. Calculate the geometric average for

hFE in Figure E2-3.

hFE = _____ (geometric average). 

5. Using the va1ue of hFE obtained in step 4, calculate the values required

for Re and R8 in Figure E2-3.

Ac = 

Rs 

12V 

n, 

Re 

Rs = 

lco = lmA 

VcEo = 6V 

40� hFE� 400

Figure E2-3 

Base bias circuit. 

k.O,, 

6. Using the value of hFE obtained in step 4, calculate the values required

for Re and R8 in Figure E2-4.

Ac = -----�-fi, Rs------"O. 

12V 

lco= lmA 

V CEQ = 6V

Figure E2-4 

Collector feedback circuit. 
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Discussion 

Your calculations for steps 4 through 6 should be similar to the following: 

Step 4. 

Since hFE(MIN) = 40 and hFE(MAX) = 400, the geometric average is: 

hFE = V 40(400) = 126.5.

Step 5. 

Referring to the base bias summary guide: 

Vee - VcEa 
Re = ---

lea 

12V - 6V 
---=6k0. 

1mA 

Assuming lea = 1 mA and hFE = 126.5, 180 equals 1 mA/126.5 or 7 .9µA Thus: 

Vee - VsE 
Rs=---

Isa 

12V - 0.7V 
_ Mn - 1.43 ...

7.9µ,A 

Selecting standard value resistors, Re = 5.6kil and Rs = 1.5Mil. 

Step&. 

In the collector feedback summary guide, note that Re and Isa are calculated 
as in step 5. In this case, the required value of Rs is: 

VCEO - Vse 
Rs = 

Isa 

6V - 0.7V 

7.9µ,A 
= 670k0. 

Using standard resistance values, Re = 5.6kil and Rs = 0.68Mil. 



Procedure (Continued) 

7. Construct the circuit shown in Figure E2-3. Here, Re = 5.6k0 and

Ra = 1.SMO. You will use your meter to measure collector current
and the oscilloscope to measure collector-to-emitter voltage.

8. Turn the power on, and record the measured values of lea and VeEa
in the T1 row of Table E2-1. Once you have recorded the measured
values, turn the power off.

9. Remove the transistor and mark it T 1, then replace it with a second

MPS-A20 transistor. Turn the power on and record the values of lea
and VeEa in the T2 row of Table E2-1. Now turn the power off, remove
the transistor and mark it T 2. Make sure you know which transistor
is T 1 and which transistor is T 2.

10. Place the third transistor, T 3, in the circuit. Turn the power on, and
record the measured values of lea and VeEa in the T3 row of Table
E2-1. Turn the power off, and remove the transistor. Again, keep track

of which transistor corresponds to rows T 1, T 2, and T 3.

Transistor 100 (mA) VcEa(V) 

T, 

T2 

T3 

Table E2-1 

Data for the base bias circuit. 
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11. Using the first transistor, T 1, construct the circuit shown in Figure E2-4. , _ _,-1
In this case, Re = 5.6k0 and Rs = 0.68MO. Turn the power on
and record the measured values of lea and V cEa in the T 1 row of
Table E2-2. Once you have recorded the measured values of lea and
VcEa, shut the power off.

12. Repeat step 11 for the second, T 2 and third, T 3 transistors.

Transistor lca (mA) Vcea(V) 

T1 

T2 
. 

T3 

TableE2-2 

Data for the collector feedback bias circuit. 

Discussion 

In this portion of the experiment two circuits were designed to provide a Q point 
at lea = 1 mA and VcEa = 6V. Prior to designing the circuits, the actual value 
of B for each transistor was not known. For this reason, the geometric average 
of B, or hFE, was used to compute appropriate values of Rs for each circuit. 

Since B typically varies from one transistor to another, it is not likely that all 
three of your transistors have a B value close to the geometric average of hFE · 
For this reason, you most likely observed changes in the values of lea and V cEa 
when different transistors were substituted in each circuit. 

Since collector feedback partially compensates for changes in B the changes 
in lea and VcEa in Table E2-2 should be smaller than the corresponding changes 
in Table E2-1. In the final part of this experiment you will observe the effects 
of B variations due to changes in temperature. 



Procedure (Continued) 

13. Examine Table E2-1 and select the transistor whose lea and Vcea
values were closest to the desired values of 1 mA and 6V respectively.

14. Using the transistor identified in step 13, construct the base bias circuit

in Figure E2-3. Here, Re = 5.6k0 and Rs = 1.5MO. You will apply

heat to the transistor and observe the change in Vee- However, before

you actually perform this step, be sure to read the instructions,

carefully, so you will know exactly what to do.

15. Record the initial value of V CE·

Vee= _____ V. 

16. You may use a 20- to 40-watt soldering iron as a source of heat.
Make sure the tip of the iron is clean, and that the iron is up to the

proper operating temperature. Touch the tip of the iron to the flat side

of the transistor and hold it there for exactly 20 seconds. Note the

value of V cE at the end of the 20-second period, at the instant you

remove the soldering iron.

After 20 seconds: Vee = ----�V. 

17. Calculate the percent change in V CE by using the following formula:

%change= 
Vee(step 15) - Vee(step 16) 

--------- X 100. 
Vce(step 16) 

% change = ______ percent. 

18. Wait five minutes to allow the transistor to return to room temperature.

19. Construct the collector feedback circuit in Figure E2-4. Here Re =

5.6k0 and Rs = 0.68MO. Record the initial value of Vee-

Vee = ______ v.

20. Repeat step 16 for the collector feedback circuit. Record the value

of V ce after 20 seconds as you did before.

After 20 seconds Vee =. ______ v.
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21. Calculate the percent change in V ce for the collector feedback circuit.

Discussion 

%change= 
Vce(step 19) - Vce(step20) 

_________ X 100. 
VcE(step 20) 

% change = _____ percent. 

Heating the transistor caused the value of B to increase. Since le = B18, le 

also increased when the transistor was heated. In both circuits, the collector-to

emitter voltage, VcE, equals Vee - lcRc. Consequently, a higher temperature 

results in a lower VcE value (as you observed in the experiment). This was due 

to the increase in collector current. 

You should have found that the percent of change in VcE calculated in step 

21 was less than the percent of change calculated in step 17. This was because 

the collector feedback circuit partially compensated for the increase in B. Obvi

ously, excessive temperatures should be avoided, so that the collector current 

does not exceed the maximum safe value. 

'-------' 



EXPERIMENT 3 

VOLTAGE DIVIDER AND EMITTER BIAS CIRCUITS 

Objectives: 

Introduction 

To design a voltage divider bias circuit. 

To design an emitter bias circuit. 

To illustrate the stability of the Q point in each circuit. 

To analyze, -and experimentally verify the operation 

of complementary PNP circuits. 

Linear transistor circuits require stable operating points. Consequently, a biasing 

scheme must be selected that establishes, and maintains the desired operating 

point despite unit-to-unit parameter variations, changes in temperature, and 

parameter variations with time. 

Since voltage divider and emitter bias circuits provide very stable operating points, 

"-...../ they are the preferred biasing schemes for linear operation. In this experiment,

you will investigate the characteristics of these very popular circuits. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Multimeter with test leads 

Oscilloscope 
1 - PN P type 2N3906 transistor ( 417-87 4) 

1 - NPN type 2N3904 transistor (417-875) 

1 - 2.2k0., 1 /4-watt, 5% resistor 

1 - 6.8k0., 1 /4-watt, 5% resistor 

1 - 3.3MO., 1 /4-watt, 5% resistor 

1 - 6.8MO., 1 /4-watt, 5% resistor 

2 - 3.3k0., 1 /4-watt, 5% resistor 
2 - 12k0., 1 /4-watt, 5% resistor 
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Procedure 

1. In Figure E3-1, VEa = 30 percent of Vee, Calculate the values required
for the biasing resistors:

Re = -----�·fl, Ac = ______ .,,.,fl, 

R2 =Re = -------"•fl, A, = -------"'fl. 

12V 

lco=lmA 

VcEQ = 6V 

-=-

FigureE3-1 

Voltage divider bias circuit. 

2. Calculate the resistors required for the circuit in Figure E3-2.

Rs = Re = -----�"fl and Ac = ______ ..,,.,fl.

+12V

I CQ = lmA

Re VCEo = 6V 

2N3904 

-12V

Figure E3-2 

Emitter bias circuit. 

'--......./ 



Discussion 

Your calculations should be similar to the following: 

Step 1. 

Referring to the voltage divider summary guide: 

Vea= 0.3(12V) = 3.6V 

Vea 3.6V 
Re = -- = -- = 3.6kfi. 

lea 1mA 

Vee - (Vea + Veea) 
Re=------

lea 

R2 = Re = 3.6k!l. 

12V - (3.6V + 6V) 
1mA 

Since VEa = 3.6V, V60 = 0.7V + 3.6V = 4.3V. Thus: 

3.6k!l(12V - 4.3V) 
R1 = ------ = 6.45k!l. 

4.3V 

Selecting standard value resistors for the design, you have: 

Step 2. 

Re = 3.3k!l, Re = 2.2k!l. 

R2 = 3.3k!l, R, = 6.8k!l. 

Referring to the emitter bias summary guide: 

= 2.4k!l. 

Vee - Vae 
Re = 

lea 

12V - 0.7V 
---- = 11.3k!l = Rs. 

1mA 

(Vee+ Vee) - (Veea + leaRe) 
Re = 

lea 

(12V + 12V) - [6V + 1mA(11.3k!l)) 
Re= ----------- = 6.7k!l.

1mA 
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Selecting standard value resistors, you have: 

RE = Rs = 12kfi and Re = 6.Bkfi. 

Procedure (Continued) 

3. Construct the circuit shown in Figure E3-1. Here, RE =3.3k0, Re =
2.2k0, R2 = 3.3k0, and R1 = 6.8k0. You will use your oscilloscope

to make voltage measurements and your multimeter to measure the

collector current, le.

4. Turn the power on and record the measured values of lea, Vs, Ve,

and VE in Table E3-1.

Quantity Measured Value 

lea mA 

Vs V 

Ve V 

VE V 

Table E3-1 

Measured values for the voltage divider circuit when 

R1 = 6.8k!l and R2 = 3.3k!l. 

5. From the data in Table E3-1 calculate the value of the collector-to

emitter voltage, VeE-

6. Turn the power off. Replace R1 with a 6.8MO resistor and R2 with

a 3.3MO resistor.



7. Turn the power on, and repeat step 4. Record the measured values

in Table E3-2.

Quantity Measured Value 

lea mA 

Vs V 

Ve V 

VE V 

Table E3-2 

Measured values for the voltage divider circuit when 
R1 = 6.8MO and R2 = 3.3MO. 

8. Calculate the values of IC(sAT) and VcE(CUT) for the voltage divider cir
cuit. Use actual component values for these calculations.

IC(SAT) = _____ rnA and VeEceUT) = _ ____ _  v.
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9. Using the values calculated in step 8, sketch the circuit's DC load '----""

line in Figure E3-3. Indicate the location of the operating point, 01 , 

based on the data from Table E3-1. Also, indicate the location of the
operating point, Q2, based on the data from Table E3-2.

3 

2 

--+---1-----+---+---t----t-----t--� V CE(V J 

2 4 6 8 10 12 

Figure E3-3 

DC load line for step 9. 



'\._____.., 

Discussion 

This voltage divider circuit was designed to provide the following values: 

lea = 1mA. 

VeEa = 6V. 

VEa = 3.6V. 

Voo = 4.3V.

Also, since V c = V cc - lcAc, the quiescent collector voltage is 12V - 1 mA 
(2.2kn) or 9.8V. Consequently, your data in Table E3-1 and the value of VcEa 
obtained in step 5 should be close to the calculated values. 

In step 7, A 1 = 6.8Mn and A2 = 3.3Mn. Note that the ratio of R1 to R2 is 
the same as in the original circuit. However, the measured values were very 
different from those obtained in step 4. 

Recall that in our analysis of the voltage divider circuit, we assumed the voltage 
divider to be unloaded. Specifically, we assumed that the equivalent resistance 
between the base of the transistor and ground was large when compared to 
the value of R2. Also recall that we recommended you select the value of R2 

so that: 

In this case, the inequality just cited clearly is not satisfied, since 3.3Mn is not

equal to or less than 3.3kn. For this reason, the voltage divider is loaded down 
by the relatively small equivalent resistance between the base of the transistor 
and ground. As a result, the base voltage is considerably less than the 4.3V 
design value. Naturally, a smaller base voltage results in a smaller emitter voltage, 
and therefore smaller emitter and collector currents. 

In step 8, you calculated the values of IC(sAT) and VcE(CUT)· Specifically: 

Vee 
lqSAT) = _R_e_+_R E-

VeE(eUT) =Vee = 12V. 

12V ----- = 2.18mA.
2.2k0 + 3.3k0

Consequently, your load line, in Figure E3-3 should connect these two points. 
The operating point, Q1 , should be near the center of the load line. Also, since 
the loading of the voltage divider is excessive, the second operating point, 02, 
should be near the cutoff point. 
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Procedure (Continued) 

1 0. Construct the voltage divider circuit using RE = 3.3kO, Re = 2.2kO, 

R2 = 3.3kO, and R1 = 6.8kO. Turn the power on, and note the value 

of VeE• 

VeE = ______ v.

11. As you did in Experiment 2, perform the 20-second heating test. If

necessary, refer to step 16 of Experiment 2 for the appropriate instruc

tions. Note the value of VeE at the end of the 20-second period. After

20 seconds, VeE = _______ v. Turn the power off and wait

for the transistor to return to room temperature.

12. Construct the emitter bias circuit in Figure E3-2. Here:

RE = Rs = 12k!l and Re = 6.8k!l. 

13. Turn the power on and record the measured values of lea, V8, Ve,

and VE in Table E3-3.

Quantity Measured Value 

lea mA 

Vs V 

Ve V 

VE V 

TableE3-3 

Measured values for the emitter bias circuit. 

14. Calculate the value of VcE using the data in Table E3-3.

VeE = Ve - VE = _____ v.



\,______./ 

'---.....,/ 

15. Again perform the 20-second heating test. Note the value of V cE before

and after the 20-second heating period.

Vee initial = _____ v.

Vceafter20seconds = _____ v.

Turn the power off and wait for the transistor to return to room tempera

ture. 

Discussion 

Heating the transistors caused the value of B to increase. However, the properly 
designed voltage divider and emitter feedback circuits provided a Q point that 

was largely immune to B variations. You should have observed very little change 

in VcE in steps 11 and 14. 

The emitter bias circuit was designed to provide a Q point at: 

lea = 1rnA and Vcea = 6V. 

Using these values, you can calculate Ve as follows: 

Ve = Vee - lcRc = 12V - 1rnA(6.8kil) = 5.2V. 

Recall that in an NPN emitter bias circuit, VE is negative and typically has a 

magnitude less than 1V. A reasonable approximation is to assume VE = -0.7V. 

Since Ve = VeE + VE, and VeE = 0.7V the base voltage in an emitter bias 

circuit is approximately 0V. 

For these reasons, your data in Table E3-3 and the value of VcE obtained in 

step 14 should agree with the values just stated. 
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Procedure (Continued) 

16. Figure E3-4 illustrates the complementary PNP circuit for the volt

age divider circuit designed earlier. Consequently, lea = 1 mA and

VcEo = -6V. Calculate the terminal-to-ground voltages. Record the

calculated values in the appropriate column in Table E3-4.

12V 

3. 3kQ

2 N3906 

2. 2kQ

Figure E3-4 

Complementary PNP voltage divider circuit. 

17. Construct the circuit shown in Figure E3-4. Make sure you use the

PNP 2N3906 transistor when you build the circuit. Enter your mea

sured values of V8, Ve, and VE in Table E3-4.

Voltage Calculated Value Measured Value 

Va V V 

Ve V V 

VE V V 

TableE3-4 

Calculated and measured values for steps 16 and 17. 

'----../ 



'-._./ 

18. Figure E3-5 illustrates the complementary PNP circuit for the emitter

bias circuit previously designed. As before, lea = 1 mA and VeEa =
-6V. Calculate the terminal-to-ground voltages. Record the calculated

values in the appropriate column in Table E3-5.

+12V

12kQ 

2N3906 

12kQ 
6.8kQ 

-12V

Figure E3-5 

Complementary PNP emitter bias circuit. 

19. Construct the circuit shown in Figure E3-5. Record your measured

values of Va, Ve, and VE in Table E3-5.

Voltage Calculated Value Measured Value 

Vs V V 

Ve V V 

Ve V V 

TableE3-5 

Calculated and measured values for steps 18 and 19. 
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Discussion 

In the complementary PNP circuits, the magnitudes of the terminal currents and 

terminal-to-terminal voltages are essentially the same as those in the original 

NPN circuits. Note that the current directions and voltage polarities have been 

reversed. Reversed polarities are the only major differences between NPN and 

PNP circuits. 

In Figure E3-4 the negative side of the 12V supply voltage is the reference, 

or ground point. Therefore: 

Ve = leRe = 1mA(2.2kO) = 2.2V. 

V(6.8k0) 
Ve = 

3.3k0 + 6.8k0 
= B.OBV.

Your calculations for step 16 should be similar to these calculations. In addition, 

your measured values in step 17 should generally agree with these calculations. 

In Figure E3-5, the collector-to-ground voltage, VE is: 

Ve= leAe - Vee= 1mA(6.8kO) - 12V = -5.2V. 

In a PNP emitter bias circuit, VE is positive and approximately equal to 0.7V. 

Also, since VsE is negative, the base-to-ground voltage is approximately OV. Your 

calculated values in step 18, and measured values in step 19 should be close 

to the values just stated. 

"----" 

'--.-/ 



f 

...__/ 

EXPERIMENT 4 

x 10 COMMON-EMITTER VOLTAGE AMPLIFIER 

Objective: 

Introduction 

To design and experimentally verify the operation 

of a typical x 1 O common-emitter voltage amplifier. 

In this experiment, you are to design a common-emitter voltage amplifier accord

ing to the following specifications. 

Voltage gain = 10. The voltage gain should not vary greatly with variations 

in hFE and re'. 

Load resistance = 2.2kO 

Lowest signal frequency = 1 00Hz.

Supply voltage= 20V. 

Quiescent collector current = 3mA. 

Since the voltage gain must be stable with respect to variations in hFE and re', 

and since a single supply is specified, a voltage divider biasing scheme is selected 
for the design. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Multimeter with test leads 
Oscilloscope 

1 -NPN type 2N3904 transistor (417-875) 

1 -1200, 1 /4-watt, 5% resistor 

1 -1 kn, 1 /4-watt, 5% resistor 

1 -2.2kO, 1 /4-watt, 5% resistor 

1 -3.3kO, 1 /4-watt, 5% resistor 
1 -3.9kfi, 1/4-watt, 5% resistor 
2 -1 .5kO, 1 /4-watt, 5% resistors 
3 -4 7 µF, 50V, electrolytic capacitors 
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Procedure 

Refer to the voltage divider circuit in the design guide provided in Unit 3. Following 
the steps in the design guide, proceed as follows. 

1. lea = 3mA.

37mV 37mV 
r I 

-

2. = = e - lea 3mA 

3. Re = 10re' = 0. 

4. rL = Av(Re + re') =

5. Re = 
RLrL = 0. 

RL - rL 

6. V cEa = lca(Re, + rd = 

7. Vea = Vee - [leaRc + VcEal = 

8. RE = VEdlca = 0. 

9. R� = RE - Re, = _____ k,0.

10. Select R2 
= 1.SkO.

0. 

0. 

V. 

R2(V cc - V so) 
11. R1 

= ------ = _____ ..nil.
Vsa 

12. Assume h18 = 100.

V. 

R1N(BASe) = h1e(Re, +re') = _______.no. 

R,N = RsllR1NcsAse> =-------"•o. 

C1 = 
3.18 

F1R1N 
------1µ,F. 

C2 
= 

3.'18 
= 

F1RC 
______ ,µF. 

C3 = 
3.18 

= 

F1R� 
______ µF. 



/ 

\___,,, Discussion 

Steps 1 through 12 outline the design process. Your calculations should be similar 
to the following: 

1. 

2. 

3. 

4. 

5. 

lea = 3mA. 

, 37mV 37mVre = 
lea 

= 
3mA 

= 12·3n.

RE, = 10re' = 10(12.3n) = 123n. 

rl = Av(RE, +re'}= 10(123n + 12.3n} = 1.3Skn. 

2.2kn(1.3Skn) 
= 2.2kn - 1.3Skn 

= 3-49kn.

6. VeEa = lea(RE, + rL} = 3mA(123n + 1.3Skn} = 4.42V. 

7. VEa = Vee - [lcaRe + VeEal-
= 20V - [3mA(3.49kn) + 4.42V). 
= 20V - 14.89V. 
= 5.11V. 

8. RE
= VEdlea = 5.11V/3mA = 1.7kn. 

9. R� = RE - RE, = 1. ?kn - 123n = 1.sakn.

10. R2 � 1 ORE. Since RE = 1. ?kn a standard value 1.Skn resistor is a
reasonable choice for R2. 

11. WithVEa = 5.11V, V80 = 5.11V + 0.7V = 5.81V.

R1 = 
R2[Vee - Vso]

= 1.Skn [20V - 5.81V]
= 3.66kil. 

Vso 5.81V 

12. For most general purpose BJT's, it is reasonable, for the purpose of
initial calculation, to assume hte = 100. Thus:

A1N(BASE) = h10(R1:, + r0') = 100(123fi + 12.Sfi) = 13.53kD.. 

R8 = R1 IIR2 = 3.66kD.ll1.5kD. = 1.06kD.. 

R1N = ReUR1N(BASE) = 1.06kD.ll13.53kD. = 983D.. 
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The minimum capacitor values are: 

3.18 3.18 
C, = -- = ---- = 32.3µF. 

F,R1N 100(983) 

3.18 
100(2.2kO) 

= 14.45µ.F. 

3.18 
= 20.1 µ.F. 

100(1.58k0) 

In addition, the capacitor voltage ratings should exceed the following values: 

Ve,> V80 Thus Ve,> 5.81V. 

Ve
2 
> Vea Thus Ve

2 
> 20 - 3mA(3.49kO). 

Ve
2 
> 9.53V. 

Vc
0 
> VEa Thus Ve

3 
> 5.11V. 

It is a good idea to select capacitors that are larger than the minimum values. 

We selected three 47µF, 50V electrolytic capacitors for this design. 

The following table summarizes the calculated resistor values, and the standard 

value resistors selected for the actual circuit. 

Resistor Calculated Value Standard Value 

R, 3.66kO 3.9kO 

R2 1.5kO 1.5kO 

Re 3.49kO 3.3kO 

Rs, 1230 1200 

RE, 
1.58kO 1.5kO 

Table E4-1 

Calculated and standard resistor values. 

...____,,,, 



Procedure (Continued) 

13. With the power off, construct the circuit shown in Figure E4-1. Be

sure to observe the correct polarity when placing the electrolytic

capacitors in the circuit. Also, note that the 1 00kll potentiometer on

the ET-1000 Trainer is used as a variable voltage divider.

IVrms '\, 

f=lkHz 

3. 9kQ

47µF 

Jf 1+5'0 

VIN 

-

20V 

Vo 

-= -= -= 

I00kQ POTENTIOMETER ON ET-1000 TRAINER 

Figure E4-1 

x 1 O common-emitter voltage amplifier. 

14. Turn the power on, and adjust the supply voltage to + 20V.

15. Adjust the 1 00kll potentiometer to obtain an input voltage, v1N of 0.1 V

peak. The frequency of the input signal should be 1 kHz.

16. Use the oscilloscope to measure the peak output voltage. If you have

a dual-trace oscilloscope, you can simultaneously measure the input

and output voltage. In this case, you should observe a 180° phase
difference between the input and output signals.

Vo = _____ v peak. 
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17. Calculate the measured value of the voltage gain.

vo(step 16) 
Av = ----=-----

0.1V 

This value, should be reasonably close to 10, since this is the value
the amplifier was designed for. 

18. While measuring the output voltage with the oscilloscope, vary the
1 00kO potentiometer until the output signal is clipped on both the posi
tive and negative peaks. Record the measured clipping levels. 

v+ (positive clipping level) = _____ v.

v- (negative clipping level) = ____ v.

Discussion 

RE, was chosen to be approximately ten times larger than a typical value of 
r0'. For this reason, variations in r8 ' should not produce significant changes in 
the smaU signal voltage gain, Av. The voltage gain calculated in step 17 should 
be close to the design value of 10. 

The design procedure for single-supply circuits should result in component values 
that place the operating point near the center of the AC load line. Ideally, 
v

+ = v- = VcEa or 4.42V for the circuit designed in steps 1 through 12. 

Due to component tolerance, the values of v+ and v- measured in step 18
probably differ from the ideal ± 4.42V values. Nevertheless, you should have 
observed that the positive and negative clipping levels in step 18 were approxi
mately equal. Also, the actual clipping levels will typically be within ± 1 V of the
ideal values. 

By carefully observing the output waveform as you increase v1N, you should note 
that one or both output peaks tend to "round off" as the clipping levels are ap
proached. This rounding of the output peaks indicates the presence of nonlinear 
distortion. For small signal operation, the swing in the output voltage is usually 
restricted to values well below the clipping levels. In this way, the effects of non
linear distortion are minimized. 



Procedure {Continued) 

19. The data sheet for a 2N3904 lists the minimum and maximum values

of hte as 100 and 400 respectively. These values are given for:

le = 1mA, VeE = 10V, and f = 1kHz. Even though lea and VeEa
are different from these values, you can use the data sheet values

as approximations of the probable spread in hte·

Using the component values in Figure E4-1 , calculate the minimum

and maximum values you would expect for R1N-

R1N(MIN) = ------"fl, R1N(MAX) = -----"fl· 

20. Insert a 1 kil resistor in series with the amplifier input lead as shown

in Figure E4-2. Note that the amplifier acts like a resistance equal

to R1N when viewed from the signal source.

lVrms '\, 

f:lkHz 

Figure E4-2 

By measuring v1 and v2 you can determine the amplifier's 
input resistance, RiN-

21 . Adjust the 1 00kil potentiometer so that v1 = 0.2V peak. Now measure 

the voltage from point B to ground. 

v1 = vA = .2V peak. 

V2 = Va = _____ v peak. 

22. Use the following formula to calculate the amplifier's input resistance.

____ _,,.fl_ 
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Discussion 

Your calculations for step 19 should be similar to the following: 

When hte = 100: 

When hte = 400: 

Rs = R,IIR2 = 3.9k!lll1.5k!l = 1.08k!l. 

Re, + r0' = 120!l + 12.S!l = 132.S!l.

R1N(BASE) = 100(132.S!l) 
= 13.25kfi.

R1N(BASE) = 400(132.S!l) 
= 53k!l. 

R1N(MIN) = 1.08k!lll13.25k!l = 999!} = 1 k!l. 

R1N(MAX) = 1 .08k!lll53k!l = 1 .06k!l. 

Due to the fact that R8 < < RiN(BASE), R1N is primarily determined by the values 
of R1 and R2. If the values of R1 and R2 were larger, R1N would vary significantly ---..J
with variations in hte• 

In Figure E4-2, the voltage across R1N via voltage division is: 

If you solve this expression for R1N, you obtain the formula given in step 22. 
This is a simple, but useful, formula that can be used to calculate an amplifier's 
input resistance from experimental data. 

Based on the calculations in step 19, you should have obtained a value for R1N 
of approximately 1 kn in step 22. 

'--._/ 



Procedure (Continued) 

23. Remove the 1 kn resistor used in step 20. Adjust the 1 00kn poten
tiometer to obtain an input voltage of 0.2V peak-to-peak. Remove the

2.2kfi load resistor, AL, and then measure the peak-to-peak output

voltage.

vo = ______ v peak-to-peak = vTH, 

24. Reconnect the 2.2kfi load resistor. Then measure the peak-to-peak

output voltage.

v0 = _____ v peak-to-peak = vL. 

25. Use the following formula to calculate the amplifier's output resistance.

-----�-.0.. 

Discussion 

When viewed from the load terminals an amplifier can be modeled by a Thevenin 

"-...../ equivalent circuit. When RL = oo the output voltage equals vTH as shown in Figure 

E4-3A. 

® 

AMPLIFIER 

,---Ro-7 
I 

I 
I 

I 

I 
I 

L _____ _J 
UNLOADED OUTPUT VOLTAGE 

AMPLIFIER 

,---R0-7
I 

I I 
I 

I 
I 

L _____ _J 
LOADED OUTPUT VOLTAGE 

Figure E4-3 

By measuring v0 with and without a load resistor, RL, you can 
determine the amplifier's output resistance, R0 . 
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With RL connected across the output terminals, the output voltage depends upon 
the values of VTH, R0, and RL as shown in Figure E4-3B. The load voltage via 
voltage division is: 

By solving this expression for Ro, you obtain the formula given in step 25. 

The output resistance of a common-emitter amplifier is approximately equal to 
the value of the collector resistor, Re. Thus, when you calculated Ro in step 

25, you should have obtained a value for Ro of approximately 3.3k.O. 

Generally speaking, the methods used in this experiment to measure R1N and 
R0 provide values that are within 20% of the actual values. 

Procedure {Continued) 

26. Adjust the 1 00k.O potentiometer shown in Figure E4-1 so that the
output voltage is clipped on both the positive and negative peaks.
This is exactly what you did previously in step 18.

27. Predict the clipping levels you would expect if RL = oo.

v
+ 

=-----

v- =-----

28. Remove the 2.2kO load resistor from the circuit and record the actual
clipping levels.

v+= ____ _ 

v- =-----

'--._/ 



� Discussion 

As discussed previously, the clipping levels observed in step 26 should be approx

imately equal to ±4.42V. When we designed the original circuit, in steps 1 through 
12, we used the following values: 

lea = 3mA. 

VeEa = 4.42V. 

Re = 3.49k!l. 

RE, = 1230. 

RL = 2.2kfi. 

rL 
= 1.35kfi. 

Using these numbers, let's predict the clipping levels, assuming AL = oo, which 
is equivalent to "removing AL from the circuit." 

Since rL = AcllAL, when AL
= 00, you have: 

rL = Rcll00 = Re or 3.49kfi. 

'--..__/ Ideally, the value of rL should not affect the DC currents and voltages. Con

sequently, lea and VcEa are assumed to be 3mA and 4.42V respectively. Thus: 

v- = VCEa = 4.42V, as before.

The positive clipping level is determined by: 

v+ = 3mA(123fi + 3.49kfi) = 10.84V. 

Thus, the clipping levels predicted for step 27 are v+ = 10.84V, and 
v- = 4.42V. The values you observed in step 28 should be reasonably close 

to the calculated values. 
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When RL was removed from the circuit in step 28, you probably noticed a small 

change in the negative clipping level. This change occured because the AC collec

tor voltage is no longer symmetrical above and below the DC collector voltage 

level. Specifically, the area above V ca is larger than the area below V ca as 

shown in Figure E4-4B. This changes the average, DC, value of the collector 

voltage, which in turn changes the DC collector-to-emitter voltage. Since VcE 
changes, the value of the negative clipping level must also change. 

0 

® 

0 

SYMMETRICAL AC COLLECTOR 
VOLTAGE Voc=Vco

NON SYMMETRICAL AC COLLECTOR 

VOLTAGE Voc;tVco

Figure E4-4 

When the AC collector voltage is symmetrical, the average, DC, 
collector voltage equals Vea- However, if the AC collector voltage 

is non-symmetrical, the average, DC, collector voltage 

no longer equals Vea-
A. Symmetrical AC collector voltage Voe = Vea-
B. Non-symmetrical AC collector voltage Voe = Vea-

'-......__.,I 



To accurately predict this change in the clipping level, a rather complex analysis 
is required. This effect is much more pronounced in high gain amplifiers since 

a small change in the input voltage produces a relatively large change in the 

collector voltage. 

Naturally, this "problem" can be avoided by restricting the input signal to values 

that do not result in a clipped output signal. 
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EXPERIMENT 5 

x 100 COMMON-EMITTER VOLTAGE AMPLIFIER 

Objective: 

Introduction 

To design and experimentally verify the operation 

of a high gain common-emitter voltage amplifier. 

In this experiment, you are to design a common-emitter voltage amplifier accord

ing to the following specifications. 

Typical voltage gain = 100. Large unit-to-unit variations are permissible. A 

given unit however, should have a minimum gain of 50. 
Load resistance = 1 0kO. 

Lowest signal frequency = 1 00Hz. 

Supply voltage= 12V. 

Quiescent collector current = 2mA. 

Considering the gain and stability requirements, select a collector and emitter 

feedback circuit for the design. Naturally, the emitter resistor will be fully bypassed 

due to the high gain requirements. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Oscilloscope 

1 -NPN type 2N3904 transistor (417-875) 

1 - 1.8kO, 1 /4-watt, 5% resistor 

1 - 2.2kO, 1 /4-watt, 5% resistor 

1 - 1 0kO, 1 /4-watt, 5% resistor 

1 -270kO, 1 /4-watt, 5% resistor 

3 - 4 7 µF, S0V, electrolytic capacitors 

1 - 1 00kO potentiometer located on Trainer 

'--...__/ 



L Procedure

Refer to the collector and emitter feedback circuit in the Design Guide provided 
in Unit 3. Following the steps in the Design Guide, proceed as follows: 

1. lea = 2mA.

2. , 37mV re = 

lea 

37mV 
= -

2m
-
A

- = 18.50.

3. RE, = O since the emitter resistor is fully bypassed. 

5. = ------�,n. 

6. VeEa = lea(RE + rL) =
1 

______ v. 

7. VEa = Vee - [leaRe + VeEa] = ______ v.

8. RE = VEdlca = n. 

9. RE:i = RE since RE, = 0.

10. Assume h18 
= 200 to calculate Isa.

11. R1N(BASE) = hte(RE, + re') = _______ .. n.

Rs = Rs' = 
Rs --- =-------·n.

Av+ 1 

R1N = RsllR1N(SASE) = ______ _.n,n,,

C1 = 
3.18 

= 

F1R1N 

______ µF. 

C2 = 
3.18 

= F1RL 
______ µF. 

C3 = 
3.18 

= 

F1RE 
______ µF. 
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Discussion 

Steps 1 through 11 outline the design process. Your calculations should be similar 
to the following: 

1. lea = 2mA.

2. 

3. 

4. 

5. 

37mV 
lea 

37mV 
= --- = 18.50. 

2mA 

Re = 0. 
1 

rL 
= Av(Re

1 
+ r8 ') = 100(0 + 18.50) = 1.85kO. 

RLrL 10kO(1.85kO) 
Re = --- = ------ = 2.27kO.

RL - rL 10kO - 1.85kO 

6. Veea = lca(RE, + rd = 2mA(0 + 1.85kO) = 3.7V.

7. VEa = Vee - [leaRe + Veeal-

8. 

= 12V - [2mA(2.27kO) + 3.7V]. 

= 12V - 8.24V. 

= 3.76V. 

RE = Vea 
= 

lea 
3.76V 
2mA 

= 1.88kO. 

9. R� = Re = 1.88kO.

lea 2mA 
10. Isa = -- = = 10µA. 

hte 200 

V eEa - V BE 3 7V - 0 7V Rs = ---- = 
. . 

= 300kO. 
Isa 10µA 

--..__/ 



'-.__./ 

11. R1N(SASE) = hte(RE
1 

+ r0 ') = 200(0 + 18.50) = 3.?kil.

Rs = Rs' = 
Av+ 1 

Rs 300kil 
101 

= 2.97kil. 

R1N = RsllR1N(BASE) = 2.97killl3. ?kn = 1.65kil. 

C1 = 
3.18 3.18 
F1R1N 100(1.65kil) 

= 19.3µF. 

C2 = 
3.18 3.18 
F1RL 100(10kil) 

= 3.18µF. 

3.18 3.18 
C3 = _

F
_

R
_ = ----- = 16.9µF. 

1 E 100(1.88kil) 

The calculated capacitor values are minimum values. The capacitor voltage rat
ings should exceed: 

Ve, > V60 Thus, Ve, > (VEa + VaE) or 4.46V. 

Ve
2 
> Vea Thus, Ve,> (12V - 2mA(2.27kO)] or7.46V.

Ve,> VEa Thus, Ve
3 
> 3.76V.

As in Experiment 4, we select three 47µF, SOV, electrolytic capacitors for the 
design. 

The following table summarizes the calculated resistor values, and the standard 
value resistors selected for the actual circuit. 

RESISTOR CALCULATED VALUE STANDARD VALUE 

Re 2.27k0 2.2k0 

RE 1.88k0 1.8k0 

Ra 300k0 270k0 

Table ES-1 

Calculated and standard resistor values. 
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The data sheet for a 2N3904 lists the minimum and maximum values of hre as 
100 and 400 respectively, for le = 1mA, VeE = 10V, and F = 1kHz. Similarly, 
hte(MIN) is given as 70, for le = 1mA and VeE = 1V. No maximum value of 
hte is listed for these conditions. Since both hFE and h18 vary widely from unit 
to unit, we assumed both hFE and hre were approximately 200 in steps 1 0 and 
11. 

Procedure (Continued) 

12. With the power off, construct the circuit shown in Figure ES-1. Make
sure the electrolytic capacitors are inserted with the correct polarity.

lVrms '"\, 

f=lkHz 

47µF 
- + 

Figure E5-1 

12V 

2. 2kQ

x 100 common-emitter voltage amplifier. 

lOkQ 

13. Turn the power on and adjust the 1 00k!l potentiometer so that v,N
equals 1 0mV peak-to-peak. The frequency of the input signal should
be 1kHz.

14. Use the oscilloscope to measure the peak-to-peak output voltage.

v0 = ______ v peak-to-peak. 

15. Calculate the measured value of the voltage gain.

Av = 

v0(step 14) 

10mV 



16. Assuming 100 � hFE � 400, calculate the minimum and maximum
values you would expect for RiN• Use the component values in Figure
E5-1 for your calculations.

R1N(MIN) = -----..n,O, R1N(MAX) = -----�-0. 

17. As you did in Experiment 4, insert a 1 kn resistor in series with the
amplifier input lead. If necessary, refer to Figure E4-2.

18. Adjust the 1 00kn potentiometer so that v1 = 400mV peak-to-peak.
Measurev2.

v2 = _____ v peak-to-peak. 

19. Calculate the amplifier's input resistance.

v2(1k0) 
R,N = --- = -----�-0. 

V1 - V2 

20. Remove the 1 kn resistor used in steps 17 through 20. Replace the
2.2kn load resistor with this 1 kn resistor.

21. Adjust the 1 00kn potentiometer so that v0 is 0.4V peak-to-peak. We
will call this value of v0, vL.

22. Remove the 1 kn resistor, and note the peak-to-peak value of the out
put voltage. We will call this value of v0, VTH•

VTH = _____ v peak-to-peak. 

23. Calculate the amplifier's output resistance.

(VTH - vJ1kO 
Ro=----- -----�.o. 
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Discussion 

In Experiment 4, it was relatively easy to estimate values for R1N(MIN) and R1N(MAX)· 
In this case however, the process is more complex due to the following reasons: 

a. Since the circuit uses collector feedback, the value of R8' depends
upon the actual value of a particular unit's voltage gain. Recall
that:

Rs Rs'=--Av + 1 

b. In this case, Av = rL/re'· Since re ' varies widely from unit to unit, 
you can expect large unit-to-unit variations in Av. 

c. It is assumed that 100 s hFE s 400. Since R1N(BASE) = hFEr e'
you will find large unit-to-unit variations in R1N(BASE)·

Therefore, to accurately predict the range of the unit-to-unit values of R1N, you 
must take all of the previous factors into account. To begin, let's consider the 
expected variations in gain due to variations in re'. 

Recall that r 8' typically is such that: 

26mV 52mV -- <r'� --
lea -

8 

lea · 

26mV 26mV 
lf re' = --- = --- = 130 

lea 2mA 

Then Av = 
rL 2.2kOll1 0kO--= 
re' 130 

Similarly, if r8 ' = 52mV 52mV= 
lea 2mA 

= 138.7. 

= 260 

Then Av = � = 
2.2k0ll1 OkO 

= 69
.4.

re' 260 

The expected range in the unit-to-unit voltage gains is 69.4 to 138.7. Recall that
the specifications stated that a particular unit should have a minimum gain of 
50.



"-._..,, Rs 
Since Rs' = ---, the expected range in values of R8' is: 

Av+ 1 

Rs'= 
270kD. 

139.7 

270kD. 
= 1 .93kD., to --- = 3.84kD.. 

70.4 

Since 100 ::;; hte ::;; 400, you can expect unit-to-unit variations in RiN(BASE) to 
be between: 

R 1N(BASE) = 100(re'(MIN)), to 400(re'(MAX})-
= 100(13D.) = 1.3kfr, to 400(26D.) = 10.4kD.. 

A summary of the calculations to date is provided in Figure ES-2. Here, the arrow 
means "produce." 

VARIATIONS IN re' 
BETWEEN 

VARIATIONS IN Av 
BETWEEN 

VARIATIONS IN Rs 
BETWEEN 

13Q AND 26Q 

VARIATIONS IN hieBETWEEN 
100 A ND 400 

69. 4 AND 138. 7 1. 93kQ AND 3. 84kQ

VARIATIONS IN R 1 N BETWEEN BA SE 
1. 3kQ AND 10. 4kQ

Figure E5-2 

Summary of partial calculations for step 16. 

Since R1N = Rsl1R1N(SASE) the expected range of variations in R1N are: 

R 1N = 1.93kD.ll1.3kD. = 780D., to 3.84kD.ll10.4kD. = 2.72kD.. 

Based upon this rather lengthy analysis, the value of R1N obtained in step 19 
probably was between 7800 and 2. 72kfi. The resistor tolerance and measure
ment accuracy could account for up to an additional 15 percent variation from 
the calculated values. 

The procedure for measuring the amplifier's output resistance in steps 20 through 
23 was similar to the technique employed in Experiment 4. The 1 kfi resistor 
was used so that the difference between vL and VTH would be large enough 
to obtain accurate data. Since Ro = Re, the value obtained in step 23 should 
be approximately equal to 2.2kfi. 
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Procedure {Continued) 

24. Reinstall the 2.2kn load resistor. Adjust the 1 00kn potentiometer so
that the AC output voltage is minimum. 

25. Slowly turn the 1 00kn potentiometer until clipping just occurs on one 
peak of the output voltage. Record the value of this clipping level. 

VcuP = _____ v.

26. Continue to turn the 1 00kil potentiometer until both peaks of the AC
output voltage are clearly clipped. Does the clipping level observed 
in step 25 change? 

Discussion 

In Experiment 4, you observed clipping levels that were approximately equal. 
This was the case for the following reasons: 

a. For a given value of lea, the design procedure lets you calculate
the component values that result in an operating point near the 
middle of the AC load line. '-----' 

b. If the operating point is near the middle of the AC load line.

v
+ = v- = VcEa-

c. The voltage divider circuit, used in Experiment 4, provides a value 
of 100 that is essentially independent of B. For this reason, the 
actual value of lea was very close to the design value. This ensured 
that the circuit's actual operating point was near the center of the 
AC load line. 

This experiment used a collector and emitter feedback biasing circuit. The operat
ing point in this circuit isn't nearly as independent of B, as a voltage divider 
biasing circuit. For this reason, the actual operating point probably differed slightly 
from the design value. The actual operating point probably was not exactly in 
the middle of the AC load line. 

Given the large gain of the amplifier, a slight increase in v,N quickly produces 
saturation or cutoff on one half cycle or the other. When this occurs, the aver
age, DC, collector voltage changes, which in turn shifts the Q point. 



Since a shift in the Q point occurs, the values corresponding to ic(SAT) and vcE(CUT) 
change. For this reason, a noticeable shift in the clipping levels in step 26 de
pended upon the amplitude of v1N. 

Comparing the results of Experiment 5 with those obtained in Experiment 4 illus
trates the fact that the shift in actual clipping levels is considerably more pro
nounced in large gain amplifiers. 
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EXPERIMENT 6 

x 10 COMMON-BASE VOLTAGE AMPLIFIER 

Objective: 

Introduction 

To design and experimentally verify the operation 

of a typical x 1 O common-base voltage amplifier. 

In this experiment, you will design a common-base amplifier comparable to the 

common-emitter amplifier designed in Experiment 4. In addition, you will experi

mentally determine the output resistance, Rs, of the Heathkit ET-1000 Design 

Trainer. 

The specifications for the amplifier you are to design are as follows: 

Voltage gain = 10. 

Load resistance= 2.2kil 

Lowest signal frequency = 500Hz. 

Supply voltage = 20V. 

Quiescent collector current = 3mA. 

Biasing scheme- voltage divider. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Oscilloscope 

1 -NPN type 2N3904 transistor (417-875) 

1 -1oon, 1/4-watt, 5% resistor 

1 -120n, 1 /4-watt, 5% resistor 

1 -680D, 1 /4-watt, 5% resistor 

1 -2.2k!l, 1 /4-watt, 5% resistor 

1 -3.3kil, 1 /4-watt, 5% resistor 

1 -3.9kil, 1 /4-watt, 5% resistor 
2 - 1 .skn, 1 /4-watt, 5% resistor 

2-1 0µF, 50V, electrolytic capacitors

1 -1 00µF, 50V, electrolytic capacitor
1 -1 00kil potentiometer located on Trainer

'-..__../ 

� 



'-.__/. Procedure 

Refer to the voltage divider circuit in the common-base design guide provided 
in unit 4. Refer to the steps in the Design Guide, and proceed as follows: 

1. lea = 3mA.

37mV 37mV 
2. re'= = = 

lea 3mA 

3. RE 
= 10re ' = n. 

4. rL = Av(RE
1 

+ re ') = n. 

5. Re = 
RLrL n. = 

RL - rL 

6. V csa = lcarL 
= V. 

7. VEa = Vee - [lcaRc + Vcsa + VsEJ = ______ V.

a. RE = v
1 
Ea = ______ _on.
ca 

10. Select R2 = 1.Skn.

R1 
= 

R2(Vcc - Vaa) 11. -----� = ______ _on.
Vsa 

12. Assume hFE 
= 100.
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Calculate the minimum capacitor values: 

_____ µ,F. 

_____ µ,F. 

_____ µ,F. 

Discussion 

Steps 1 through 12 outline the design process. Your calculations should be similar 
to the following: 

1. lea = 3mA.

2. re , = 
37mV 

= _3_
7

_
m

_
V_

lea 3mA 
= 12.30. 

3. RE, = 10r8' = 10(12.30) = 1230.

4. rL = Av(Re, +re')= 10(1230 + 12.30) = 1.35k0.

5. 
2.2k0(1.35k0) 

= 3.4SkO. 
2.2k0 - 1.35k0 

6. VeBO = learL = 3mA(1.35kO) = 4.05V.

7. Vea = Vee - [leaRe + Vesa + Vsel-

8. 

Vea = 20V - [3mA(3.49kO) + 4.05V + 0.7V].

Vea= 20V - 15.22V.

Vea = 4.78V.

Re= 
Vea = 
lea 

4.78V _ 
kn 

3mA 
- 1.59 u.

9. R� = Re - Re, = 1.59k0 - 1230 = 1.47k0.

,.---

-..__/ 



I 

10. R2 = 1.5kO.

11. With VEa = 4.78V, V80 = 4.78V + 0.7V = 5.48V. Thus:

R = R 
[Vee - Vea] = 1.5kfl[20V - 5.48V] _ 

1 2 Voo 5_48V 
- 3.97kfl.

12. R1 IIR2 = 3.97kOll1.5kO = 1.09k0.

13. hte(RE, + re') = 100(1230 + 12.30) = 13.53kO.

Finally: 

3.18 3.18 = 51.3µF. C1 = 

F1R1N 500(123.9fl) 

3.18 3.18 
= 2.9µF. C2 = 

F1RL 500(2.2kfl) 

3.18 3.18 
= 6.3µF. Ca = 

F1R1N' 500(1.01 kfl) 

Figure E6-1 illustrates the circuit with standard value components. 

20V 

3. 9kQ 3. 3 kQ
lOµF 

_... ____ -t+ �---------a--<'lVO 

1. 5kQ

IVrms 

lk Hz 

lOOkQ POTENIOMETER ON 
ET-1000 TRAINER 

Figure E6-1 

x 10 common-base voltage amplifier. 

2. 2kQ
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Procedure (Continued) 

13. With the power off, construct the circuit shown in Figure E6-1. Make

sure you observe the proper polarity when you place the capacitors

in the circuit.

14. Turn the power on, and adjust the supply voltage to + 20V.

15. Adjust the 1 00kfi potentiometer to obtain an input voltage, v,N of 0.1 V

peak. The frequency of the input signal should be 1 kHz.

16. Measure the peak output voltage with the oscilloscope. If you have

a dual-trace oscilloscope measure the input and output voltages simul
taneously. You should observe input and output voltages that are in
phase with each other.

vo = _____ v peak. 

17. Calculate the measured value of the voltage gain:

vo(step16) 
Av = ----=-----

0.1V 

18. Adjust the 1 00kfi potentiometer for maximum input voltage. With v,N

maximum, examine the output voltage. Is either peak of the output

voltage clipped?

Discussion 

As was the case for the common-emitter amplifier in Experiment 4, the voltage 
gain calculated in step 17 should be reasonably close to the design value of 

10. 

Since V cBO was calculated to be 4.05V in step 6, and the circuit has been de
signed for a centered Q point, clipping should occur at approximately ± 4.05V. 

Also, since the voltage gain is approximately 10, the value of v,N required to 

produce clipping is: 

v0 4.05V 
= -- = 0.405V peak. 

Av 10 



When v 1N was adjusted to it's maximum value in step 18, no clipping occurred 

because v1N < 0.405V peak. This was the case because the small input resis

tance of the common-base amplifier loaded the signal source. 

This concept is illustrated in Figure E6-2. Note that the unloaded, open-circuit 

voltage from the ET-1000 Trainer is approximately 1.41 V peak. When the com

mon-base amplifier is connected to the signal source, the voltage supplied to 

the amplifier input terminals, v 1N, is: 

® 

VIN= 1.41V 
PEAK 

® 

V IN = 

1.41V(R1N) 

Rs+ R1N 

1. 41 V
PEAK

SIGNAL SOURCE 

LOADED SIGNAL SOURCE 

Figure E6-2 

Loading effects. 

If v1N and Rs are known, R1N can be determined experimentally. 

Clearly, if R1N is not large compared to Rs, a significant portion of the 1.41 V 

peak signal will be dropped across Rs. This is precisely what happened in step 

18. 
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Procedure (Continued) 

19. Disconnect the 1 00kO potentiometer. Measure the open-circuit AC out

put voltage from the ET-1000 Trainer as shown in Figure E6-3A.

voe = ______ v peak= V5. 

20. Connect a 6800 resistor across the ET-1000 Trainer signal source

as shown in Figure E6-3B. Measure the voltage across the 6800 resis

tor.

® 

vL = ______ v peak. 

,--Rs;
I I 
I I 

I
VIN "-'

I 

I 
I 

L ___ ...J = 

OPEN-CIRCUIT OUTPUT VOLTAGE 

r--R7 
I S • 

I I 

I I 

I I 
1 v,N "-' I 
I I 
I I 
I I 
L ___ ...J -: 

R 
680Q 

LOADED OUTPUT VOLTAGE 

Figure E6-3 

t 
r 

Circuits for experimentally determining the value of Rs. 

21. Calculate the output resistance of the ET-1000 Trainer using the follow

ing formula:

Rs = 

680!l(vs - vd 

I 

'-...__./ 



'-._/ Discussion 

-........../ 

Since the ET-1000 Trainer is designed to provide an AC output voltage of approxi
mately 1 V rms, the open-circuit voltage measured in step 19 should have been 
approximately 1 .4V peak. 

In Figure E6-3 the voltage across the load resistor, R1 is: 

Solving for Rs yields: 

R(vs - vJ 
Rs=----

which is the formula given in step 21 . 

The value of R calculated in step 21 should equal approximately 6000. Most 
signal sources are designed to provide an output resistance of either_ 500 or 
6000. The output resistance of the ET-1000 Trainer, therefore, represents a typi
cal value. 

Procedure (Continued) 

22. Connect the AC output voltage from the ET-1000 Trainer directly to
the amplifier input terminals. Record the peak value of v,N,

v1N = _____ v peak. 

23. Calculate the amplifier's input resistance from the following formula:

Recall that: 

v,N was measured in step 22. 

vs was measured in step 19. 

Rs was calculated in step 21. 
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Discussion 

The input resistance of a common-base amplifier equals Re)l(Re, + r8'). In step 
12, R,N was calculated to be approximately 123.90. The value of R,N obtained 
in step 23 should be close to this value. 

The equation provided in step 23 to calculate R,N is obtained by applying the 
voltage division principle to the circuit shown in Figure E6-28. The input voltage, 
V1NiS: 

Solving this equation for R,N yields: 

which is the formula given in step 23. 

Procedure (Continued) 

24. Reconnect the 100k0 potentiometer, and adjust it to obtain an input
voltage of 0.2V peak-to-peak. Remove the 2.2k0 load resistor, RL 

and measure the peak-to-peak output voltage.

vo = _____ v peak-to-peak = JITH. 

25. Reconnect the 2.2k0 load resistor, and measure the peak-to-peak
output voltage, v0.

vo = _____ v peak-to-peak = vl. 

26. As you did in Experiment 4, calculate the amplifier's output resistance
from:



r 

I 

Discussion 

The output resistance of a common-base amplifier approximately equals Re. The 
value of Ro obtained in step 26 should be approximately equal to 3.3k0. 

The significant differences, between the common-base amplifier in this experi
ment, and the common-emitter amplifier of Experiment 4 are: 

a. The input resistance of the common-base amplifier is much smaller

than the common-emitter amplifier.

b. The common-base amplifier does not introduce a 180° phase shift

in the signal voltage.
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EXPERIMENT 7 

THE EMITTER FOLLOWER 

Objective: 

Introduction 

To design and experimentally verify the operation 

of an emitter-follower amplifier. 

Emitter followers typically have a large input resistance, a small output resistance, 

and a voltage gain slightly less than 1. These characteristics make the emitter 

follower especially useful for impedance matching applications. 

In this experiment, we wish to drive a 4700 load from the AC signal source 

on the ET-1000 Trainer. Since the output resistance, Rs of the ET-1000 Trainer 

is approximately 6000 a 4700 load connected directly to the Trainer would load 

the signal source. 

You are to design an emitter follower so that the 4700 load d�s not significantly 

load the signal source. '---..__./ 

The specifications for the proposed circuit are as follows: 

Supply voltage= 12V. 

Voltage gain = 1 . 

Lowest signal frequency = 1 00Hz.

Biasing scheme= voltage divider. 

Load resistance = 4 700. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Oscilloscope 

1 -NPN type 2N3904 transistor ( 417-875) 
1 -4700, 1/4-watt, 5% resistor 
1 -22kO, 1 /4-watt, 5% resistor 
1 -220kO, 1 /4-watt, 5% resistor 
1 -2.2MO, 1 /4-watt, 5% resistor 
2 -2.2kO, 1 /4-watt, 5% resistor 

1 -4 7 µ,F, 50V electrolytic capacitor 

1 -100µ,F, 50V electrolytic capacitor 



Procedure 

Refer to the voltage divider circuit in the emitter-follower Design Guide provided 
in Unit 4. Refer to the steps in the Design Guide, and proceed as follows. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

RE = SRL = ------�,n.

rl = 
RERL 

= 
RE+ RL 

______ n. 

lea = 
Vee 

= 

RE + rL 
______ rnA.

VEa = leaRE = ______ v.

VeEa = Vee - VEa = ______ v.

hte(rL + r�) = ------�n. Assume hte = 100 

Calculate the minimum capacitor values: 

_____ ...µF. 

_____ _..,F, 
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Discussion 

Your calculations for s t eps 1 through 8 should be si milar to: 

1. RE = 5RL = 5(4700) = 2.35kO. 

2. 

3. 

= 
2.35kO(470O) 

= 3920_ 
2.35kO + 4700 

12V 
= 4.38mA. 

2.35kO + 392f1 

4. VEa = leaRE = 4.38mA(2.35kO) = 10.3V.

5. VeEa = Vee - VEa = 12V - 10.3V = 1.7V.

6. R2 = 1 ORE = 10(2.35k0) = 23.5kO.

7. 
(Vee - Vsa) 

Vsa 

Since VEa = 10.3V, Vsa = 10.3V + 0.7Vor 11V. Thus: 

Thus: 

R 
_ 23.5kfl{12V - 11 V) 

1 - 11 V 
= 2.14kfl. 

8. R1IIR2 = 2.14kOll23.5kO = 1.96kO.

, 37mV 37mV
r e = 

IE 

= 
4.38mA 

= 8
·
450

· 

hte(r L + r e') = 100(3920 + 8.450) = 40kO. 

R 1N = 1.96kOll40kO = 1 .87kO. 

C1= 3.18 
100{1.87kfl) 

= 17µ,F. 

3.18 
C2 = 100(4700)

= 67.7µ,F. 



'---./ 

Figure E7-1 illustrates the circuit with standard value components. 

12V 

r------, 

2.2kQ R1

I 

I 
I 

I 

RS=600Q 47µF 
- + 

lOOµF 
-.....---�+11-=---�----�Vo 

I VIN "\.,
I 1. 41V 2. 2kQ 470Q 
I PEAK 
I 

I 

I 

L ______ _, 

Procedure (Continued) 

9. Turn on the Trainer, and measure the peak output voltage from the

signal source, v5 = _____ V peak. The frequency of the

signal source should be set to 1 kHz.

10. Connect a 47011 resistor across the signal source, and measure the
peak output voltage.

vo = ______ v peak. 
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Discussion 

The voltage measured in step 1 0 was less than the voltage measured in step 

9 since the 4700 resistor loaded the signal source. For example, assuming 

vs = 1 .41 V and Rs = 6000 the voltage across the 4 700 resistor would be: 

1.41V(470fl) 

600fl + 470fl 
= O.S2V peak. 

In the remainder of the experiment you should assume Rs = 6000 and 

vs equals the value measured in step 9. When the emitter follower is connected 

to the signal source you will calculate it's input resistance from: 

Procedure (Continued) 

11. Remove the 4700 resistor. With the power off, construct the circuit

shown in Figure E7-1. Make sure the capacitors are placed in the
circuit with the proper polarity.

12. Turn the power on. Measure the peak input, v1N, and output, v0, volt- . ..____,,,,

ages.

VJN = _____ v peak. vo = _____ v peak. 

13. Calculate the measured voltage gain, Av, and input resistance, R,N,

as follows:

VO 
Av = -- =----

v1N 

-----�,fl. 

14. Estimate the output resistance of the emitter follower from:

r 



Discussion 

In step 8, the input resistance of the emitter follower was calculated to be approxi
mately 1 .87k11. The emitter follower increases the effective resistance seen by 
the signal source from 47011 to 1.87k11. The measured value of R,N obtained 
in step 13 should be approximately 1 .87k11. 

Assuming vs = 1.41 V, Rs = 60011, and R,N = 1 .87k11. The value of v,N measured 
in step 12 would be: 

VIN
= 

1.41 V(1.87k!l) 
-----'----'-- = 1.07V. 

600!l + 1.87k!l 

Naturally, the value of vIN you measured in step 12 will depend upon the actual 
value of vs measured in step 9. Also, R,N depends upon the actual value of 
hte of your transistor. 

The value of v,N measured in step 12 is larger than it would be if the 47011 
load were connected directly across the signal source, as it was in step 10. 

Using the values computed in steps 1 through 8, you can estimate the output 
resistance of the emitter follower as follows: 

1.96kflll600fl 
Rs = [8.45!1 + -----]112.35kfl.

100 

Rs = [8.450 + 4.6fl]ll2.35kfl = 130.

Compared to a common-emitter or common-base amplifier, this is a very small 
output resistance. 

Since RL = 47011 and Ro = 1311, the load resistor will not significantly load 
the amplifier. The voltage gain obtained in step 13 should be very close to 1.

Although the circuit increases the effective load resistance from 47011 to approxi
mately 1.87k11, the amplifier's input resistance was not large enough to prevent 
loading the signal source. 

Since R,N = R1 IIR2llhte(rL + r0 ') the values chosen for R1 and R2 must be in
creased to obtain a larger value of R1N• 
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Procedure (Continued) 

15. Shut the power off. Change the values of R1 and R2 as follows:

R1 = 22kfi and R2 = 220kfi. 

16. Turn the power on. Wait approximately three minutes for the capacitor

voltages to stabilize. Measure the peak input, v1N, and output, v0, volt

ages.

v1N = _____ v peak. vo = _____ v peak. 

17. Calculate the input resistance from:

V1N(60Qfi) 
R1N = ---- = _____ __nn.

Vs - V1N 

18. Measure the DC voltage across R2. If you have a x 10 probe use

it to make this measurement.

Ve= ______ V. 

19. Turn the power off. Change R1 to 220kfi and R2 to 2.2Mfi. Turn the

power on, and wait approximately three minutes for the capacitor volt- ....___/
ages to stabilize. 

20. Repeat steps 16 through 18.

v1N = ______ v peak. 

v0 = ______ v peak. 

Vs= _____ V_ 



Discussion 

The emitter follower's input resistance is: 

In step 8, hte(rL + re ') was found to be 40kO. Thus, when R1 

R2 = 0.22MO, 

R,N = 22kD.II0.22MD.ll40kD.. 

R,N = 20kflll40k.O. = 13.3k.O.. 

22kO and 

This is a large enough value of R1 to prevent excessive loading of a 6000 source. 
The value of v1N measured in step 16 should be close to the value of vs measure 
in step 9. Naturally, the value of R1N that you measured in step 17 will depend 
upon the actual value of hte for your transistor. 

V80 was calculated to be 11 V in step 7. The value of Vs measured in step 18 

should be close to 11V. Also, the measured voltage gain should be approximate
ly 1. 

When R1 = 0.22MO and R2 = 2.2MO: 

R,N = 0.22MD.ll2.2MD.ll40k.O.. 

R,N = .2MD.ll40k.O. = 33.3k.O.. 

R1 and R2 are large enough that the value of R,N is approaching the value of 
hte(rL + re'). Obviously, we would not expect much loading of the 6000 signal 
source. 

The value of v,N measured in step 20 should be very close to the value of vs 
measured in step 9. For this reason, you may have found it difficult to accurately 
determine the difference between v1N and vs. Thus, the value of R,N obtained 
in step 20 may differ significantly from the calculated value of 33.3kO. 

When you measured Vs in step 20, you probably found Vs was significantly less 
than 11V. In this case, R2 was so large that the effective DC resistance between 
the base of the transistor and ground loaded the voltage divider. This caused 
lea to change, which shifted the Q point away from the center of the AC load 
line. The values selected for R1 and R2 represented a compromise between a 
large input resistance and a centered Q point. 

In most cases, R2 can be selected to be larger than 1 ORE . The choice of 
R2 = 1 ORE minimizes potential loading of the voltage divider. In those cases 

'-----· where very large values of R,N are required, a Darlington-pair emitter follower 
should be considered for the design. 

Experiments I 9-75 



9-76 I UNIT NINE

EXPERIMENT 8 

CLASS A POWER AMPLIFIERS 

Objectives: 

Introduction 

To design and experimentally verify the operation 

of an RC coupled class A power amplifier. 

In a class A power amplifier, P00 is equal to twice the maximum possible AC 

output power. Since only a portion of the AC output power is delivered to the 

actual load device, AL, the conversion efficiency of a class A amplifier is quite 

low. 

In this experiment, you will design a class A RC-coupled power amplifier according 

to the following specifications: 

Vee = 12V. 

PRL = 150mW. 

F1 = 2kHz. 

The load device is a speaker, with an impedance of, approximately, 450. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Oscilloscope 

1 -NPN type MJE 181 power transistor (417-818) 

1 -741 Op-Amp (8 pin) (442-22) 

1-Speaker(401-163)
1 -1000, 1 /2-watt, 5°io resistor

1 -1800, 1 /2-watt, 5% resistor

1 -1 n, 2-watt, 5% resistor

1 -1 on, 2-watt, 5% resistor
1 -150, 2-watt, 5% resistor (Parallel 5-750, 1 /2-watt resistors)

2 -1 OOµF, 50V, electrolytic capacitors
1 -470µ,F, 50V, electrolytic capacitor
1 -100k0 potentiometer located on the Trainer.

Construct a 1 sn resistor by paralleling 5-750 1 /2-watt resistors together. 



'----./ Procedure 

Refer to the RC-coupled class A power amplifier Design Guide provided in Unit 
5. Referring to the steps in the Design Guide proceed as follows:

2. Poa = 8.3PR = ______ w.
L 

3. 

4. 

5. 

Poa lco =

-Vci::o 

VcEa rL =--
lco 

= ______ A.

=-----�n. 

6. VEa = Vee - [lcaRc + VcEa] = ______ v.

7. 

a. Select R2 = 1 oon.

9. 

10. Specify the minimum required BJT ratings:

PocMAXJ = _____ W. 

VcE(MAX) = _____ v.

lccMAXJ = -----�. 

Calculate the average power dissipated by resistors: 

PR, = w. 

P
R.

= w. 

P
Rc 

= w. 

PR. = W. 
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Calculate the minimum capacitor values. Refer to the MJE181 's data sheet in 
Appendix B to estimate hte and re': 

Discussion 

The calculations for steps 1 through 11 should be similar to the following: 

1. VeEa = V 2PRLRL = V 2(0.15W)(45fi) = 3.67V.

2. Poo = 8.3PRL = 8.3(0.1 SW) = 1.25W.

The choice of the multiplying factor, 8.3, is somewhat arbitrary. Generally a multi
plying factor between 8 and 12 will produce satisfactory results. 

Poo 1.25W 
= 0.341A. 3. lea = -- =

3.67V VeEa 

4. VeEa 3.67V 
= 10.76fi. rl = = 

lea 0.341A 

5. Re = 

RLrL 45fi(10.76fi) 
= 14.14fi. = 

RL - rL 45fi - 10.76fi 

6. VEa = Vee - [lcaRe + VeEcl-

7. 

8. 

VEa = 12V - [0.341A(14.14fi) + 3.67V].

VEa = 12V - 8.49V = 3.51V.

RE= VEa 
= 

3.51V 
= 10_3n_

lea 0.341A 

R2 = 100fi. 



...____., 

\___,,I 

9. 

Since VEa = 3.51V, Vea = 3 .51V + 0.7V = 4.21V. Thus : 

[12V - 4.21V] 
= 185n_ R, = 1000 ----- �£ 

4.21V 

10. Po(MAX) should at least equal the value calculated in step 2 :  

PocMAXJ = 1.25W. 

VcE(MAX) should at least equal 2VcEa: 

VcecMAX) = 2(3.67V) = 7.34V. 

l c(MAX) should at least equal 2Ica:

lc(MAXJ = 2(0.341A) = 0.682A. 

V8 = 4.21V. Thus , thevoltage acrossR1 is12V- 4 .21Vor7.79V: 

(7.79V)2 

PR, = --- = 0.328W.
1850 

Since V� = Vs: 

(4.21V)2 

PR, 
= 

---- = 0.177W.
1000 

Since lea = 0.341 A = I Ea: 

PF\: = (0.341A)2(14.14fi) = 1.64W. 

PRe = (0.341A)2(10.3fi) = 1.2W. 

Consulting a manufacturer's catalog; we select an MJE181 transistor for the de
sign. Appropriate specifications for this transistor are: 

Po(MAX) = 1.5WatTA = 25°C. 

VcecMAXJ = Vceo = 60V. 

lqMAX) = 3A Continuous. 
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In addition, 1/2W resistors are specified for R1 and R2. Similarly, 2W resistors 

are specified for Re and RE. 

11. To calculate C1 you need to first estimate R1N- Recall that:

R1 IIR2 = 1 aso111 ooo = 64.90. 

Since lea = 0.341 A: 

0.1 lca = 0.1 (0.341 A) = 0.0341 A. 

1.8Ica = 1.8(0.341 A) = 0.6138A. 

1.9Ica = 1.9(0.341 A) = 0.6479A. 

Referring to the MJE181's transconductance curve provided in Appendix B, we 

find: 

Thus: 

VBE. = 0.88V at le = 0.6479A. 

VBE. = 0.7V at le = 0.0341A. 

0.88V - 0.7V 
re'= ----- = 0.2930. 

0.6138A 

Note that the values of VsE on the data sheet corresponds to VcE = 1V. Even 

though V CE is not 1 V in this experiment, we will use the data sheet values as 

reasonable approximations for the actual V CE values. 

Referring to the MJE181 's hte versus le curve, we estimate the value of hte at 

le = 1.91ca = 0.6479A to be approximately 75. Thus: 

R1N = 64.901175(0.2930) = 64.9011220 = 16.40. 

This is a small input resistance, and would therefore load most signal sources. 

Finally the minimum capacitor values are: 

3.18 
C1= --F1R1N 

3.18 ---- = 97µ.F.
2kHz(16.4fi) 

3.18 
---- = 35.3µ.F. 
2kHz(450) 

3.18 3.18 
C3 = -- = ---- = 154.4µF.

F1Re 2kHz(10.3fi) 



L Based on the calculated capacitor values, we select C1

C3 = 470µF. 
100µF, and 

If the BJT's transconductance curve and hte versus le curve are not available, 
you can obtain a rough estimate for R 1N by assuming that hte = 25, and r0 ' 

= 1 n. For example: 

R1IIR2 = 64.90. 

R1N = 64.9011250 = 180. 

This is reasonably close to the 16.40 value calculated previously. 

Procedure (Continued) 

® 

12. Due to the low input resistance of the amplifier, excessive loading
results if the signal source on the ET-1000 generator is connected
directly to the amplifier input terminals. Consequently, a buffer is re
quired between the signal source and amplifier. Specifically, a type
7 41 integrated circuit, IC, will be used for this purpose.

The pinouts for the IC and transistor that you will use in this experiment

are provided in Figure E8-1A and Figure ES-18 respectively. Make

sure you familiarize yourself with these figures before you build the

experimental circuit.

2 

3 

4 
-v cc

NOTCH OR SOME OTHER 
rDISTINGUISHING MARK 

___ ........ ___, 

8 

+Vee

5 

METAL TAB 

® 

COLLECTOR 
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PIN OUT FOR THE 741 INTEGRATED CIRCUIT PIN OUT FOR THE MJE181 POWER TRANSISTOR 

Figure ES-1 

Pin connections for the 741 integrated circuit and MJE181 transistor. 

A. Pin out for the 7 41 integrated cirdcuit.
B. Pin out for the MJE181 power transistor. 
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13. With the power off, construct the portion of the circuit enclosed by
dashed lines in Figure E8-2. Make sure pin 7 is connected to + 12V

and pin 4 to -12V. If these connections are reversed, the IC can

be destroyed when power is applied.

14. Connect the 1 00kn potentiometer on the ET-1000 Trainer to the output

of the buffered source, as shown in Figure E8-2.

BUFFERED SOURCE AMPLIFIER 

12V 

Figure EB-2 

15Q 

2 W 

lOOµF 
+ -

Class A power amplifier designed in steps 1 through 11. 

45Q SPEAKER 

15. Turn the power on. Adjust the frequency of the signal source to 2kHz.
Next, measure the voltage between the potentiometer wiper and

ground. As you rotate the wiper from one extreme to the other, this

voltage should vary between approximately 0V and 1.4V peak. Adjust

the wiper so that the voltage is minimum. Turn the power off.

'--._/ 



16. With the power off, construct the amplifier portion of the circuit shown

in Figure E8-2. Once the circuit is constructed, make the following

checks:

a. The emitter, base, and collector connections should agree with

the pinout provided in Figure E8-1 B.

b. The polarity of the electrolytic capacitors should agree with the
polarities shown in Figure E8-2.

c. The resistors used for Re, 150, and RE, 1 on, are 2W resistors.

17. Turn the power on. Adjust the potentiometer wiper until the output
voltage, v0, begins to clip. You should hear a very noticeable 2kHz

tone from the speaker.

18. Change the frequency of the signal generator from 2kHz to 20kHz.

Since 20kHz is at the upper end of the audio spectrum, you probably

will not hear the sound from the speaker. Adjust the potentiometer
wiper to obtain the maximum unclipped output voltage. Record the

following values:

Positive peak = _____ v_

Negative peak = _____ v.

Peak-to-peak value = _____ v_

Discussion 

Ideally, the output voltage begins to clip at ± VcEo or ± 3.67V. Due to the inherent 

nonlinear characteristics of the transistor, large signal swings produce a distorted 

output waveform. For this reason, the values of the positive and negative peaks 

measured in step 18 were probably not equal. The peak-to-peak value of the 

waveform measured in step 18 should have been reasonably close to 2 (3.67V) 
or 7.34V. Due to component and parameter tolerances, the measured peak-to

peak value may vary as much as 15 percent. 
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Procedure (Continued) 

19. With F = 20kHz, and the potentiometer wiper adjusted to obtain the
maximum unclipped output voltage, you will take the data necessary
for a three-point analysis as follows:

(a) Set the volts/division and time/division on your oscilloscope to
2V/division, and 10µs/division respectively.

(b) Measure the voltage from the collector of the transistor to ground.
You should obtain a waveform similar to the one illustrated in Fig
ure E8-3.

Ve (I) 

0 

Figure E8-3 

Collector voltage for step 19. 

(c) Disconnect the lead going to the potentiometer wiper. The oscillo
scope trace should now be a horizontal line that indicates the value
of Vea- Record this value:

Vea = Va = ______ v.

This measurement corresponds to point 1 in Figure E8-3. 

(d) Reconnect the lead going to the potentiometer wiper. Record the
values of V(MAX), point 2, and V(MtN), point 3.

v<MAXJ = _____ v. 

v(MIN) = _____ v. 



� 

20. Calculate the peak value of the fundamental and second harmonic

components as follows:

v, = _____ v. 

v(MAX) + v(MIN) - 2Va 
4 

_____ v. 

21. Estimate the amount of second harmonic distortion as follows:

Discussion 

The waveform measured in step 19 contains a significant amount of second har

monic distortion. Typically, the value calculated in step 21 is between 7% and 

11 %. Obviously, the experimental amplifier is not suited for high-fidelity applica

tions. 

To reduce the harmonic distortion in the output waveform, the signal swing could 

be limited to less than ± V CEO· This approach significantly reduces the already 

low efficiency of the amplifier. A better approach is to bypass only a portion 

of the emitter resistor, as shown by the partial schematic in Figure E8-4. The 
addition of RE

1 
tends to mask out the nonlinear variations in re ' for large-signal 

swings. Naturally, the addition of RE
1 
also reduces the voltage gain of the amplifier. 

However, since the amount of power delivered to RL is our primary concern, 

this is not a significant disadvantage. 

12V 

15Q 
180Q 

2W 100 µ F 
l00µF + -

- - ----=-J +

1 
rn 

l00Q 2W 

rl0Q +

2W 

r
47

0µF 

: : : 

Figure ES-4 

Adding RE, reduces the harmonic distortion of the output voltage. 
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Procedure (Continued) 

22. Turn the power off. Connect a 1 n, 2W resistor in series with the emitter

as shown in Figure E8-4.

23. Turn the power on. Adjust the potentiometer wiper to obtain the

maximum unclipped output voltage. The output voltage should appear

less distorted than before.

24. Measure the voltage from the collector of the transistor to ground.

Take the data necessary for a three-point analysis. If necessary, refer

to steps 19( a) through 19( d). Record your measured values:

Va= _ ____ v.

v(MIN) = _____ v.

25. Estimate the amount of second harmonic distortion as follows:

v, = VcMAX> - VcM1N> = _____ v. 

V2 = VcMAX> - VcM1N> - 2Va = _____ v. 

Discussion 

Since RE
1 

was added to the circuit, the harmonic distortion calculated in step 

25 should be less than the value calculated in step 21. 

Without RE
1 

the voltage gain equals -rL/r0'. When RE
1 

is added to the circuit, 

the voltage gain equals - rL/RE
1 

+ re'. Increasing the value of RE
1 

reduces both 

the amount of distortion, and the voltage gain of the amplifier. As a guide, RE
1 

is chosen so that: 

Re, = 3 to 10 times the value of r 0'. 

Clearly, the value of RE, represents a voltage gain/distortion compromise. 

'---../ 



'\._____,,, The conversion efficiency of the amplifier constructed in this experiment is approx

imately: 

Vcea 
2Vcc 

3.67V 11' = --·- X 

2(12V) 
10.760 

X 100 = 3.66%. 
450 

As you can see, only a small portion of the DC input power is converted into 

useful AC output power. This is typical of a class A amplifier. 
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EXPERIMENT 9 

CLASS AB POWER AMPLIFIERS 

Objectives: To design and experimentally verify the operation 

of a class AB power amplifier. 

Introduction 

The transistors in a class AB push-pull circuit have a maximum collector dissipa

tion of approximately one-fifth the maximum possible AB output power. For a 

given AC output power, less expensive transistors are required for a class AB 

design, than for a comparable class A design. In addition, the conversion effi

ciency of a class AB amplifier is considerably higher than the class A amplifier. 

In this experiment, you will design a class AB push-pull, complementary - sym

metry, amplifier to supply 0.15W to the speaker used in Experiment 8. Since 
the load device and AC load power are the same in each experiment, we can 

directly compare the results. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Multimeter 

Oscilloscope 

1 -NPN type 3904 transistor (471-875) 

1 -PN P type 3906 transistor ( 417-87 4) 

1 -741 Op Amp (8 pin) (442-22) 

2-1 N4001 diodes (57-65)

1 -Speaker ( 401-163)

1 -470, 1/4-watt, 5% resistor

2 -6800, 1 /4-watt, 5% resistor

2 -4 7 µF, 50V electrolytic capacitors

1 -470µF, sov capacitor

'-._,/ 



'-.._.,/ 

Procedure 

Refer to the single-supply, class AB, push-pull power amplifier Design Guide 
provided in Unit 5. Refer to the steps in the Design Guide, and proceed as follows: 

1. VcEo = V 2PAcRL = V. 

2. Vee = 2VeEa - V. 

3. LC(SAT) =
VeEa mA. = 

AL 

4. I = 5%ic(SAT) = mA. 

5. A=
Vee - 1.4V 

n. = 
21 

6. Use 1 N4001 diodes and a 2N3904/2N3906 complementary transistor
pair.

7. Assume F1 
= 300Hz and hte = 50. Calculate the minimum capacitor

values:

R1N = 
2

llhteRL = ____ _..

3.18 
C1 = 

F1R1N 

-----,µ,F. 

3.18 
C2 = --=F1RL 

_____ µ,F. 

Discussion 

Your calculations for steps 1 through 7 should be similar to the following: 

1. VeEa = v'2PAcRL 
= V2(0.15W)(45fi) = 3.67V.

2. Vee = 2VeEa = 2(3.67V) = 7.34V.

3. ic(SAT) = = 

3.67V 
450 

= 81.SmA.

Experiments I 9-89 



9-90 I UNIT NINE

4. I = 5% iccsAT) = 5%(81.SmA) = 4.075mA. 

5. R 
= Vee - 1.4V = 

_
7

_
.3

_
4

_
V

_
-

_
1

_
.4

_
V

_ 28 0 = 7 .8u. 
21 2(4.075mA) 

6. The required transistor ratings are:

PAc 0.15W 
PD<MAX>� -

5
- � -

5
- �30mW.

Vce(MAX) � Vcea �3.67V. 

IC(MAX) � iccsAT) � 81.5mA. 

Consulting a manufacturer's catalog, we select a 2N3904/2N3906 complementary 
transistor pair for the design. Appropriate specifications for these transistors fol
low: 

PD(MAX) = 350mW at TA = 25°C. 

Vce(MAX) = Vceo = 40V. 

lc(MAX) = 200mA. 

I t  is difficult to obtain a "good match" between diode IV curves and BJT transcon- '--.._../ 
ductance curves, using discrete components. However, silicon type 1 N4001 
diodes are often adequate for this purpose. Therefore, two 1 N4001 diodes were 
selected for this design. 

7. Since F1 = 3 00Hz and hte is assumed to be 50, a reasonable estimate

is:

728.Bfl
R1N =

2 ll50(45fl). 

R,N = 364.1flll2250fl = 313.40. 

3.18 
C, = -

F,R1N 

3.18 
= 33.8µ,F. 

300Hz(313.4fl) 

3.18 
---- = 235.6µ,F. 
300Hz(45fl) 

\....___/ 
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As discussed in Unit 5, it is sometimes desirable to drive the amplifier with two 
input coupling capacitors. Consequently, this design will use three capacitors, 
two for input coupling and one for output coupling. Figure E9-1 illustrates the 

design using standard value components. 

In Figure E9-1, note that an IC buffer is used between the signal source on 
the ET-1000 Trainer and the power amplifier. 

,----------,

I 
+ 12V I 

I r---

I 
I >--'6,

'---e
�I�--➔ 

I I 
I I 

j '\, 
-12V

I 

I 47kQ f

I I 
I 

lkQ 
I 

I I 

I -= I 
L ___ _____ ..J 

7.34V

2N3904

470µF
+ -

""°'l 

1 
45Q SPEAKER

� s IGNAL SOURCE ON ET-'iooo TRAINER-WITH THE ADDITION OF
THE IC BUFFER. 

lkQ POTENTIOMETER ON ET-1000 TRAINER.

Figure E9-1 

Class AB power amplifier designed in steps 1 through 7. 

Procedure (Continued) 

8. Adjust the 0-20V voltage on the ET-1000 Trainer to 7.34V. Once this
voltage is set, turn the Trainer off.

9. With the power off, construct the circuit shown in Figure E9-1. Pay
particular attention to the IC power supply connections and the
capacitor polarities. Also, make sure each transistor is properly placed
in the circuit.
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10. Turn the power on. Adjust the frequency of the signal source to 1 kHz.

Next, adjust the potentiometer wiper to obtain the maximum possible

unclipped output voltage. You should hear a 1 kHz tone from the

speaker. Record the following values:

Positive peak = _____ v.

Negative peak = _____ v.

Peak-to-peak value = _____ v.

11. Short the two 1 N4001 diodes with a jumper. What effect does this

have on the operation of the amplifier? Why?

Discussion 

Since VcEa equals 3.67V, the peak values measured in step 10 ideally equal 

± 3.67V. Naturally, the actual peak values were slightly less than the ideal values. 

Since push-pull operation tends to cancel even harmonics, the waveform mea

sured in step 10 was a reasonably "clean" sine wave.

When the diodes were shorted in step 11, the base-emitter voltage on each 

transistor was effectively reduced to zero. For this reason, each transistor oper

ated in the class B mode, and the output voltage exhibited crossover distortion. 

This distortion was also apparent from the change in the pitch of the sound from 

the speaker. 

Procedure (Continued) 

12. Remove the short across the diodes. Make sure that the output voltage

is adjusted for the maximum unclipped signal. Record the peak load

voltage.

VOI.MAXJ = _____ V. 

13. Use the multimeter, connected as a DC ammeter on the 0 - 1 00mA

range, to measure the average, DC, current supplied by Vee- Connect

the multimeter in series with V cc for this measurement. Record the
measured DC current drain from the power supply.

loc = ----� A. 



14. Calculate the measured AC load power.

(Vo(MAX) - step 12)2
PAc = . = ----� W. 

2RL 

15. Calculate the measured DC input power.

Poc = Vcc(loc - step 13) = _____. W. 

16. Calculate the amplifier's conversion efficiency.

PAc - step 14 
T]' = ----- X 100 = _____ %. 

Poc - step 15 

Discussion 

The maximum unclipped voltage measured in step 12 should be slightly less 

than 3.67V peak. Let's assume Vo(MAX) = 3.3V peak.

The average DC current drawn from the power supply in a class AB amplifier 

increases when an AC signal is applied to the input of the amplifier. Let's assume 

the value measured in step 13 was approximately 27mA. Using Vo(MAX) = 3.3V

peak and 10c = 27mA, we have: 

(3.3V)2
PAc = 

2RL 
10.89V 

--- = 121mW. 
900 

Poc = 7.34V{27mA) = 198.18mW. 

Thus, the conversion efficiency is: 

121mW 
T]' - --- X 100 = 61%. - 198.18mW 

Depending upon your measured values, the conversion efficiency calculated in 

step 16 may be slightly higher or lower than 61 %. In any event, the value you 

obtained should be considerably higher than the 3.66% approximate value calcu

lated for the comparable class A amplifier in Experiment 8. 
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Procedure (Continued) 

In this final portion of the experiment, you will modify the amplifier to illustrate 
dual-supply operation. 

17. Reduce the output from the Oto + 20V power supply to + 3.67V. Simi
larly, adjust the output voltage from the Oto -20V supply to -3.67V.

Once this is done, turn the power off.

18. Modify the circuit as shown in Figure E9-2. Since this is a dual-supply

circuit, the 470µF output coupling capacitor is no longer required.

+3.67V

r---------7

I 
+12V

I 2N3904 

I I 

I 
6 I 

I """! I 

I -12V

I 
'\, 

45Q SPEAKER 
Vo 

I 

1
I lkQ 

I 

I -=- I -=- -=-

L _________ J 
- 3. 6 7V

Figure E9-2 

Modifying the amplifier for dual-supply operation. 

19. Turn the power on. Adjust the potentiometer wiper to obtain the
maximum unclipped output voltage. Record the following values:

Positive peak = _____ v.

Negative peak = _____ v.

Peak-to-peak values = _____ v.

----

'-........./ 

,r 

'------..,/ 



� Discussion 

The values measured in step 19 should be similar to those obtained for the 

single-supply circuit in step 10. Since very small supply voltages are required 

for the dual-supply circuit, it is a popular choice for battery operated equipment. 
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EXPERIMENT 10 

THE DIFFERENTIAL AMPLIFIER 

Objectives: 

Introduction 

To design a differential amplifier that uses a BJT 
constant-current source. 

To modify the design by adding a DC balance con

trol. 

To investigate the characteristics of the modified cir

cuit. 

In this experiment, you will design a differential amplifier acording to the following 

specifications: 

a. Vee = + 10V, VEE = -10V.

b. Is = 2.3mA.

c. To obtain a large CMRR, the amplifier will use a BJT constant
current source similar to circuit number 1 in the constant-current

source Design Guide.

d. Three type MPS-A20 transistors will be used for the design. Once
the circuit has been designed, we will discuss the concept of a
balance control. You will then construct and experimentally verify
the operation of the modified circuit.

---.../ 



'--./ Material Required 

ET-1000 Electronic Design Trainer 
Multimeter with leads 
Oscilloscope with probe 
Hookup wire 
Soldering iron 
3-NPN transistors (417-801)
2 -4. 7kO, 1 /4-watt resistors (yellow-violet-red)
2-1 0kO, 1 /4-watt resistors (brown-black-orange)
1 -2.2kO, 1 /4-watt resistors (red-red-red)
2-33kO, 1/4-watt resistors (orange:.orange-orange)
1 -1 kO, 1 /4-watt resistors (brown-black-red)
1 -1000, 1 /4-watt resistors (brown-black-brown)
1 -2000 potentiometer (10-917)
1 -Audio transformer (51-97)
1 -1 0µ.F, 50V electrolytic capacitor

COMPONENT PREPARATION 

a. Cut eight 2" hookup wires. Remove 1 /4" of insulation from each
end.

b. Solder a prepared hookup wire to each of the three terminals on
the 2000 potentiometer.

c. Solder a prepared hookup wire to each of the five terminals on
the audio transformer.
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Procedure 

Refer to the circuit shown in Figure E10-1, and the Design Guide in Unit 6. 

1. Is has been selected to be 2.3mA.

2. Re= Vee = -------"'n.
Is 

3. Refer to steps 1-3 in the constant-current source Design Guide, circuit
number 1.

a. V
i:I 

=
VEE = V 

''2 
2 

------ . 

b. Select R1 
= R2 

= 33k!l.

C. 

4. Select R8 = 1 Ok!l.

IN PUT 1 n---t 

Figure E1Cr1 
-= 

+lOV

OUTPUT OUTPUT 

1 2 

T2 .,__...__...n I N P U T 2 

Circuit designed in steps 1-4. 

Rz 

-lOV

\'----./ 

,,... 



v Discussion 

Your calculations for steps 1 through 4 should be similar to the following: 

1. Is = 2.3mA.

2. 

3. 

RC = Vee = __ 10_V_ 
Is 2.3mA = 4.35k0.

VEE = � .= SV.v� =
2 2 

b. RE= v� - VsE = _s_v_-_o_.7_V_ 
Is 2.3mA 

4. Rs= 10k0.

= 1.87k0. 

Using standard resistance values, we select Re = 4. 7k0 and RE = 1.8k0 for 
the actual circuit. 

As mentioned in the unit, it is very unlikely that the transistors in the differential 
pair, T1 and T2, will have equal V8E values. Recall, that any mismatch in VsE 
is amplified as a differential voltage. The emitter currents and DC collector volt
ages in T 1 and T 2 will probably be unequal. 
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To compensate for this mismatch, a potentiometer can be added to the emitter ._____/ 
circuit as shown in Figure E10-2. Here, the potentiometer is adjusted so that 
more resistance appears in the emitter circuit of the transistor with the lower 
value of VsE- Thus, the extra V8E drop in one transistor can be offset by the 
extra voltage drop across the emitter resistor, RE, or RE:. 

of the other transistor. 
Without an AC input signal, the potentiometer is adjusted until the collector volt-
ages are equal. This also helps to compensate for differences in collector resis-
tance values caused by component tolerances. 

+l0V 

4. 7kQ 4. 7kQ

OUTPUT OUTPUT 

2 

IN PUT 1 T
z INPUT 2 

200Q 

l0kQ 
l0kQ 

R
E 

R
E 

1 2 

-= 
-= 

33kQ 

-= 

33kQ 
1. 8kQ

-l0V

Figure E10-2 

Modifying the circuit in Figure E10-1 to include a DC balance control. 

The addition of a DC balance control significantly decreases the value of the 
differential voltage gain. Similarly, the input resistance looking into each input 
terminal is increased. 

RPOT Assuming the original amplifier is only slightly unbalanced, RE, = RE:.
= -

2
-

'-.___/ 



In this case, the following approximate formulas are useful: 

Where RE = 

RPoT 
2 

Re 

A,;i = 2(R ' + R' )E 2 E 

The value chosen for the potentiometer is usually not critical. Generally speaking, 
a 1 oon or 200n potentiometer proves satisfactory. 

Procedure (Continued) 

5. Construct the circuit shown in Figure E10-3. Adjust the "+" voltage
control for 1 0 volts between the POS and GND terminals. Adjust the
" -"voltage control for 1 0 volts between the NEG and GND terminals.

+IOV 

POS 

3 

200Q 
2 

Figure E10-3 

Circuit for steps 5 through 11 . 

IN PUT 2 
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6. Connect one lead of the voltmeter to the collector of T 1 ( output 1).

Connect the other lead to the collector of T 2 (output 2). Adjust the

2000 potentiometer until the voltmeter reads 0 volts.

7. Set the voltmeter to its lowest DC voltage range. Readjust the poten

tiometer (if necessary) until the meter reads 0 volts.

8. Connect the voltmeter between the collector of T 1 and ground. Turn

the negative voltage control until the voltmeter reads + 5V.

READ THE CAUTION NOTE ATTACHED TO THE PARTS LIST BEFORE YOU 

CONTINUE THE EXPERIMENT. 

9. Connect the voltmeter between output 1 and output 2. Readjust the

potentiometer (if necessary) so that the voltmet�r reads 0 volts. (see

Caution note attached to parts list.)

10. With the voltmeter still connected, touch the plastic case of T1 with

your finger. Watch the voltmeter closely as your finger warms the

transistor. Does the reading change? ______ Why?

11. Remove your finger from the case of T 1. Does the circuit return to

its balanced condition? _____ _

Discussion 

In step 5, you built a differential amplifier complete with a constant-current source. 

In steps 2 through 11, you adjusted the operating point and balanced the circuit 

so that equal currents flowed through T1 and T2. You saw that this balanced 

condition could be upset by temperature changes which affect one transistor 

more than the other. In practical discrete circuits, this problem can be partially 

overcome by clipping the transistors to a common heat sink. This will insure 

that temperature changes affect both transistors equally. 

With integrated circuits, the problem is minimized, since the transistors can be 

closely matched. Also, their close proximity insures that they remain at relatively 
the same temperature. 



Procedure (Continued) 

12. If necessary, rebalance the circuit as indicated in step 9; then remove
your voltmeter from the circuit.

13. Connect the sine wave generator to the circuit via the potentiometer

and 1 0µF capacitor as shown in Figure E10-4. Notice that an input

signal is applied to the base of T 1 from the generator of the ET-1000.

The 1 k!l potentiometer is used as an amplitude adjust.

IKQ 

POTENTIOMETER 

ON ET-1O00 

SINE 

GENERATOR 

GND 

= 

33kQ 

·· IOV

POS 

200Q 

T3

417-801

GN D 
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Figure E10-4 

Circuit for steps 12 through 28. 

14. Set the generator RANGE switch to LOW and the generator FRE

QUENCY to 1 kHz.

15. Connect the external trigger input jack of your oscilloscope to the

generator SQUARE terminal on the ET-1000. Place your oscilloscope

in the external triggering mode. Set the triggering polarity or slope

switch to the "+" position. Connect the lead from the vertical input
of your oscilloscope to the SINE terminal of the generator. Connect

the ground lead of the oscilloscope to the ground connection in the

circuit. Adjust the TIME/CM or horizontal sweep rate on the oscillo
scope until a few cycles of the sine wave are visible on the screen.
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16. Adjust the horizontal position control on the oscilloscope so that the '-...J 

left side of the trace is visible on the screen. The first half-cycle of

the waveform is __________ going. How does the
positive/negative

phase of the sine wave produced by the generator compare with that

of the square wave which you are using to trigger the oscilloscope?

17. Connect the vertical input of the oscilloscope to the base of T 1 

in the circuit. Adjust the 1 kfi potentiometer until the sine wave on

the base has a value of 0.2 volts peak to peak. Note the phase

of the sine wave on the base. The first half-cycle is

__________ going.
positive/negative 

18. Use the oscilloscope to view and measure the sine wave at the collec

tor of T 1 with respect to ground. The sine wave at the collector is

_________ volts peak-to-peak.

19. Compute the gain of the circuit by dividing the voltage set in step

17 into the voltage measured in step 18. The gain of the stage is

20. Compare the phase of the sine wave at the collector of T 1 with that

on the base. The two signals are ___________ _
in phase/180° out of phase 

21 . Use the oscilloscope to view and measure the sine wave at the collec

tor of T 2 with respect to ground. The sine wave at the collector of 

T 2 is ______ volts peak-to-peak. 

22. Compute the gain of the circuit by dividing the voltage set in step

17 into the voltage measured in step 18. The gain of the circuit is

------· Is this approximately the same gain computed in

step 19? _____ _

23. Compare the phase of the sine wave at the collector of T 2 with that

on the base of T 1• The two signals are----------
in phase/180" out of phase 

24. Compare the phase of the sine wave at the collector of T 2 with
that at the collector of T 1. These two signals are

in phase/180" out of phase 

'-.___/ 

'---..-/ 



25. Disconnect the external trigger input from the oscilloscope. Place the

oscilloscope in the internal triggering mode. Stabilize the display using

the triggering level control.

26. Remove any ground connection between the oscilloscope and the cir
cuit under test.

27. Connect the ground lead of the oscilloscope to the collector of T 1-
Connect the vertical input of the oscilloscope to the collector of T 2.

Measure the amplitude of the sine wave between the two collectors.

The signal is ______ volts peak-to-peak.

28. Compute the gain of the stage by dividing the input voltage set in
step 17 into the output voltage measured in step 23. The gain of the
stage is------· How does this compare with that computed
in steps 19 and 22? _____ _

Discussion 

In this part of the experiment, you examined the operation of the single-input 

differential amplifier. You applied a 1 kHz signal from the generator to the base 
of T 1 and you triggered the oscilloscope with a square wave from the generator. 

Because the square wave has the same phase as the sine wave, you can easily 
monitor the phase of the signal at any point in the circuit. In steps 16 and 17, 

you saw that the first half-cycle of the waveform appeared to be positive going. 

In step 17, you set the voltage on the base of T1 to 0.2 volts peak-to-peak.Next, 

you measured the voltage at the collector of T 1 and found it to be about 2.2

volts peak-to-peak. (Your measurement may vary somewhat from this typical 
value). This corresponds to a circuit gain of: 

2.2V 
-- = 11. 
0.2V 

You also found that the signal at the collector of T1 is 180
° out of phase with 

the base. 

In step 21, you measured the voltage at the collector of T 2• You should have 

found a signal about the same amplitude as that on the collector of T 1- This 
signal is in phase with the input- signal and 180

° out of phase with the signal 
on the collector of T 1-
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Next, you connected the oscilloscope to monitor the output between the two \.....__,,, 
collectors. The differential output appears about twice the amplitude as either 

of the outputs considered separately. Thus, the gain of the stage appears to 

double when the differential output is used. 

Now let's examine the characteristics of an amplifier with complementary inputs. 

To operate in this mode, the amplifier requires two input signals which are 180°

out of phase. An easy way to get two out-of-phase signals is to use a transformer 

with a center-tapped secondary. 

Procedure (Continued) 

29. Construct the circuit shown in Figure E10-5.

SINE 

GENERATOR 

GND 

Figure E10-5 

1 KQ 

POTENTIOMETER 

ON ET-1000 

4 

3 

5 

+lOV

POS 

'--.__,,I 

Circuit for steps 29 through 33. 

10 

kQ 10 kQ 

33kQ 

33kQ 

200Q 

T
3 

417-801

GND 

'--.._/ 



(CAUTION THE ADAPTER PLUG ON THE TRAINER IS REQUIRED) 

30. Remove any ground connection between the oscilloscope and the cir

cuit. Connect the ground lead of the oscilloscope to the base of T 1.

Connect the vertical input lead to the base of T 2.

31. Adjust the 1 kO potentiometer until the differential input between the

bases is 0.2 volts peak-to-peak.

32. Connect the ground lead of the oscilloscope to the collector of T 1.

Connect the vertical input lead to the collector of T 2• The differential

output between the collectors has a value of ______ volts

peak-to-peak.

33. Divide the input voltage set in step 31 into the output voltage measured

in step 32. What is the gain of this stage? _____ _

Discussion 

Although the overall differential input voltage is 0.2 volts peak-to-peak, the voltage 

on each base with respect to ground is only 0.1 volts. The output voltage should 

be about 5.6 volts peak-to-peak. Thus, the gain of the stage is about 28. 

The advantage of the differential input mode is not gain, but rather common-mode 

rejection. While the circuit will amplify differential inputs, it also rejects signals 

that are common to both inputs. We can verify this by intentionally introducing 

a common-mode signal. 
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Procedure (Continued) 

34. Modify the circuit as shown in Figure E10-6. Notice that this introduces
a relatively high 60Hz signal at the center of the transformer.

SINE 

2 

GENERATOR 

3 

GN D 

10 

kQ 

-

lkQ 

lOOQ 

LI NE 

FREQ. 

Figure E10-6 

Circuit for steps 34 through 37. 

+lOV

POS

200Q 

T3 

lOkQ 

GND 

35. Connect the ground lead of the oscilloscope to the ground in the circuit.
Connect the vertical input lead to the base of T 1 - On a separate sheet
of paper, draw the waveform that you observe on the base. Label
the 60Hz common-mode signal. Label the 1 kHz differential signal.

Which signal is higher in amplitude? _____ _

36. View the signal on the base of T 2. Does it appear the same as the
signal on the base of T1? _____ _

'-----./ 

.....__,,, 

'-.___/ 



(AGAIN, THE ADAPTER PLUG ON THE TRAINER IS REQUIRED.) 

37. Remove any ground connection between the oscilloscope and the cir

cuit. Connect the ground lead of the oscilloscope to the collector of

T 1. Connect the vertical input lead to the collector of T 2. What is the

amplitude of the 1 kHz signal between the collectors? _____ _

volts peak-to-peak. Is the 60Hz common-mode signal present at the

collector circuit? _____ _

Discussion 

In this part of the experiment, we deliberately applied a 4-volt peak-to-peak 

common-mode signal to the differential amplifier. Your sketch of the input signal 

should look somewhat like Figure E10-7. Notice that the signal we wish to amplify 

is barely visible. Nevertheless, the circuit responds to the tiny 1 kHz signal and 

ignores the much larger common-mode signal. If the circuit is perfectly balanced, 

the 1 kHz signal will be amplified normally. Only a slight trace of the 60Hz signal 

should be seen in the output circuit. 

COMMON- MODE 

COM PON ENT 

lkHz....;;.==:::::::::�,u 
DIFFERENTIAL- MODE 

COMPONENT 

Figure E10-7 

Signed at the base of T 1. 
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EXPERIMENT 11 

TWO STAGE AMPLIFIERS 

Objectives: 

Introduction 

To experimentally verify the operation of the two
stage amplifier designed in Unit 6. 
To introduce a voltage-series, negative feedback 
path in the amplifier. 

To investigate the characteristics of the feedback 
amplifier. 

Many applications require two or more stages of amplification in order �o provide 
adequate voltage gain and/or resistance levels. In the first part of the experiment, 

you will construct a two-stage, RC-coupled voltage amplifier designed to provide 

a typical voltage gain of 500. 

Once the characteristics of the open-loop amplifier have been determined, you 
will introduce a voltage-series negative feedback path into the amplifier system. 
The characteristics of the closed-loop amplifier will then be evaluated, and com

pared with those obtained previously for the open-loop amplifier. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Oscilloscope 

2 -NPN type 2N3904 transistors ( 417-875) 
1 -1 oon, 1 /4-watt, 5% resistor 

1 -2.2kfi, 1 /4-watt, 5% resistor 
3 -8.2kfi, 1 /4-watt, 5% resistors 

3 -1 0kn, 114-watt, 5% resistors 
2 -27kfi, 1 /4-watt, 5% resistors 

2-1 00kfi, 1 /4-watt, 5% resistors
3-1 0µF, 50V electrolytic capacitors
2-47µ.F, S0V electrolytic capacitors

'-----../ 

/ 

'-....__,,/ 



� Procedure 

1. With the power off, construct the circuit shown in Figure E11-1. Make

sure the electrolytic capacitors are placed in the circuit with the correct

polarity.

15V 

2. 2kQ 27kQ 2, 2kQ 

lOµF 
T2 

lkHz "'-' 
lkQ >4---' 

1100kQ 

VIN 

��1 
47µF 

lOOkQ 
lOkQ 

lkQ POTENTIOMETER ON ET-1000 TRAINER 

Figure E11-1 

Two stage amplifier. 

2. Disconnect the lead going to the middle of the potentiometer to ensure

that v1N = 0. Turn the power on, and adjust the variable positive power

supply to obtain 15V.

3. The calculated values in Table E11-1 are based on those obtained

in Example 6-15. Measure the actual terminal-to-ground voltages and

record the measured values in the appropriate space provided in Table

E11-1.
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Voltage Calculated Value Measured Value 

Ve, 11.BV 

Ve, 11.1V 

Ve, 12.58V 

V
s, 

11.8V 

Ve._ 
11.1V 

Ve. 12.56V 

Table E11-1 

Terminal-to-ground voltages. 

Discussion 

The values measured in step 3 should be close to the calculated values. If they 
are not, you probably have one or more wiring errors. If you note a significant 

difference between a calculated and measured value, carefully check the wiring 

to locate and correct the problem. 

Procedure (Continued) 

4. Reconnect the lead going to the middle of the potentiometer. Adjust

the potentiometer wiper to obtain a 0.5V peak, 1 kHz output voltage.

5. Remove the 1 0kO. load resistor and note the peak output voltage.

Vo = _____ v peak. 

6. Connect a 2.2kn resistor between the output of the amplifier and
ground. Note the peak output voltage.

vo = _____ v peak. 



; 
. 

Discussion 

The output resistance of a common-emitter amplifier is approximately equal to 

RC. The output resistance of the amplifier in Figure E11-1 should be approxi

mately 2.2k.O.. 

When RL =
00, the voltage drop across the output resistance of the amplifier 

is 0V. Similarly, when RL = Ro the voltage drop across the output and load 

resistors will be equal. The voltage measured in step 6, RL = 2.2k.O., should 

be approximately one-half of the value measured in step 5 when AL was 00• 

Procedure (Continued) 

7. Replace the 2.2k.O. resistor with the 1 0k.O. load resistor. If necessary,

readjust the potentiometer wiper so that:

vo = 0.5V peak. 

8. Connect an 8.2k.O. resistor in series with the potentiometer wiper. Note

the peak value of the output voltage.

vo = _____ v peak. 

Discussion 

In Example 6-15 the amplifier's input resistance was calculated to be 8.68k.O.. 

This analysis assumed both transistors had an h18 of 100. The actual input resis

tance of your amplifier will depend upon the actual h18 values of your transistors. 

In step 8, part of the AC input voltage is dropped across the series 8.2k.O. resistor. 

The remaining portion of the AC input voltage is dropped across the input resis

tance of the amplifier. For example, if R1N = 8.2k.O., the AC input voltage would 

divide equally between the series resistor and R 1N : 

vo = 0.25V peak. 

The value of v0 measured in step 8 depends upon the actual input resistance 

of your amplifier. In any event, you should have noted a significant decrease 
in v0 when the 8.2k.O. resistor was connected in series with the potentiometer 

wiper. Typically, v0 will decrease by approximately 50% since R1N is approximately 

8.2k.O.. 
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Procedure (Continued) 

9. With v0 = 0.5V peak, examine the AC voltage at the base of T 2,
and the AC input voltage v1N- The series 8.2k!1 resistor should be
removed for these measurements.

Discussion 

The amplifier in Figure E11-1 was designed to provide a "typical" second-stage 
gain of 50, and a first-stage gain of 10, with a total voltage gain of 1 o (50) or 
500. Assuming the actual stage gains are 10 and 50 respectively, the value of
v82 

and v1N required for a 0.5V output voltage are:

0.5V 
va, = -- = 1 0mV peak. 

50 

10mV 
v,N = -- = 1 mV peak.

10 

To accurately measure these voltages, you need an oscilloscope with a vertical 
sensitivity better than 10mV/division. Even if you have such an oscilloscope, 
it is quite possible that you will have difficulty making accurate measurements "---./
due to the presence of noise voltage at the input of the amplifier. 

Since the voltage gain of the second stage varies directly with re;, the total voltage 
gain of your amplifier will possibly differ significantly from 500. In any case, the 
actual total voltage gain should be greater than 200. 

Procedure (Continued) 

10. Modify the circuit as shown in Figure E11-2. This modification in
troduces a negative voltage-series feedback path in the circuit.

11. Adjust the potentiometer wiper so that v0 = 0.5V peak.

12. Connect a 2.2k!1 resistor between the output of the amplifier and
ground. Note the peak output voltage:

vo = _____ v peak.

'-.__../ 



lk Hz 

15V 

2. 2kQ 27kQ 2. 2kQ

Tl
T2

lkQ 
llOOkO 

'\, IOOkQ 
VIN IOkQ 

l 
= -= -= = = 

lOkQ 

IOOQ R
I 

R2

= 

Figure E11-2 

Feedback amplifier. 

13. Remove the 2.2kfi load resistor. Next connect an 8.2kfi resistor in

series with the potentiometer wiper. Note the peak output voltage:

vo = _____ v peak. 

14. Remove the series 8.2kfi resistor. With v0 = 0.5V peak, measure

the input voltage:

v,N = _____ v peak. 

15. Calculate the closed-loop gain of your amplifier:
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Discussion 

The introduction of the negative, voltage-series feedback loop should have pro

duced the following changes in the amplifier: 

a. A lower output resistance.

b. A higher input resistance.

c. A lower, more stable, voltage gain.

Let's briefly discuss each of these changes. 

OUTPUT RESISTANCE 

Without feedback, you found the amplifier's output resistance to be approximately 

2.2kil, in step 6. When a 2.2kil load resistor was used in step 12, you should 

have observed a much smaller change in v0, when compared to the approximate 

0.25V change noted in step 6. This indicates that an amplifier with feedback 

has a lower output resistance than an amplifier without feedback. 

INPUT RESISTANCE 

Without feedback, the output voltage decreased when an 8.2kil resistor was 

connected in series with the signal source in step 8. The corresponding decrease 

in the output voltage of the feedback amplifier in step 13 should have been smaller 
than the change in step 8. This indicates that the feedback amplifier has a larger 

input resistance than the original amplifier. 

VOLTAGE GAIN 

In Figure E11-2, the voltage gain of the feedback network is: 

R1 B'=--
R1 + R2 

Thus, the closed loop voltage gain is: 

Act. 
AcL = 1 + Aot_B'

1000 
= 0.0099. 

1000 + 10kO

1 + AoL(0.0099) 

'-..____,I 

'----" 



\____,) The value of the closed-loop voltage gain obtained in step 15, depends upon 

the actual value of your amplifier's open-loop gain. 

Table E11-2 summarizes the closed-loop voltage gains you can expect for open

loop voltage gains between 200 and 800. 

Ao,__ Ao,__B' (1 + Aot_B') AcL 

200 1.98 2.98 67.1 

300 2.97 3.97 75.6 

400 3.96 4.96 80.6 

500 4.95 5.95 84.0 

600 5.94 6.94 86.45 

700 6.92 7.92 88.27 

800 7.92 8.92 89.7 

Table E11-2 

Open-loop and closed-loop gains for B' = 0.0099. 

It is likely that the value of AcL obtained in step 15 falls within the range provided 

in Table E11-2. 
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Objectives: 

Introduction 

EXPERIMENT 12 

JFET 

To design and experimentally verify the operation 

of a self-bias, common-source voltage amplifier. 

To construct and verify the operation of an analog 

multiplexer. 

In this experiment, you will examine a typical JFET data sheet to determine mini
mum and maximum parameter values. You will then design a self-bias, common

source amplifier based on average parameter values. You will then construct 

the amplifier and take appropriate data, so you can compare calculated and actual 

responses. 

In the second portion of the experiment, the concept of an analog multiplexer 
will be introduced. As you will see, this versatile circuit is easily implemented 
with FETs. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 

Oscilloscope 

2-N-channel 2N5458 JFETs (417-291)

1 -2200, 1 /4-watt, 5% resistor
1 -2.2kn, 1 /4-watt, 5% resistor
1 -1 0kil, 1 /4-watt, 5% resistor

2 -1 kn, 1 /4-watt, 5% resistors
1 -1 Mn, 1 /4-watt, 5% resistors

2 -1 µF, 50V electrolytic capacitors
1 - 4 7 µF, 50V electrolytic capacitor

'--...../ 

../ 



Procedure 

1. Refer to the 2N5458 data sheet in Appendix B, and record the following

values:

loss(MIN) = A. 

loss(MAX) = A. 

V GS(OFF-MIN) = V. 

V GS(OFF-MAX) = V. 

9mo(MIN) = ms. 

9mo(MAX) = s. 

9os(MIN) = s. 

9os(MAX) = s. 

2. Based on the data listed in step 1, calculate the average value of:

loss = _____ _. A. 

VGs(oFF) = ______ v.

Qmo = ---------' s. 

Figure E12-1 shows a self-bias common-source amplifier. The specifi

cations for this amplifier are as follows: 

Figure E12-1 

x 5 common-source amplifier. 

R 1N �825kD..

Av = - 5 (typical). 

F1 = 500Hz. 

Voo = 15V. 

loo = 0.61oss-

Cl 
V I N o----±-11-·-.._ ..... ,. 

Voo 

+ 

Cz 
+ -

r 
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3. Select a suitable value for RG .

4. Calculate the value of gm for the given bias conditions.

9m = s. 

5. Calculate the value of R5.

Rs = 

6. Calculate the value of R0.

Ro = 

7. Calculate the minimum acceptable values for the coupling and bypass
capacitors:

8. Based on the values calculated previously, estimate the V Gsa and "-..../ 
Voo.. 

VGsa = _____ v. 

V0 = _____ V. 

Discussion 

Your calculations for steps 1-8 should be similar to the following: 

1. Via the data sheet, the minimum and maximum parameter values are:

PARAMETER MINIMUM MAXIMUM 

loss 2mA 9mA 
VGS(OFF) -1V -7V
9rno 1.SmS 5.SmS

9os 0.05mS 

'--./ 



In the data sheet note: 

a. gmo is listed as IY1sl•

b. 9os is listed as IYosl• 

c. Both Yts and Y os are given in units ofµ mhos ..

d. The data sheet does not provide a minimum value for Y os·

Since units of siemens, S, are preferred for conductance values, we 
elect to express gmo and 9os in these units, rather than mhos. 

The data sheet does not list a minimum value for Y os since the 
maximum value is the worst case value. Recall that rd = 1/Qos· Thus, 
the smallest value of rd you would expect for a 2N5458 J FET is: 

1 1 1 
r
d 

= -- = -- = --- = 20k!l. 
9os Y os 0.0SmS 

2. The average parameter values are:

loss = 
2mA + 9mA 

2 = 5.SmA. 

VGS(OFF) = 
-1V+(-7V)

=-4V. 
2 

9mo = 1.SmS + 5.5mS

2 = 3.SmS. 

Note the ''typical" data sheet values are approximately equal to the 
average values. 

3. Since R,N = RG, a standard value 1 MO resistor satisfies the require
ment:

R,N ;;;: 825k!l. 

4. When lo = 0.61oss and 9m = 0.774gmo :

9m = 0.TT4(3.5mS) = 2.71mS.
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5. In a self-bias circuit, the approximate value of Rs required to make

lo = 0.61oss is:

0.75 0.75 
Rs = _9_m

_
o
_ = -

3
-
.5

-m_S_ = 214·30·

6. First calculate the required value of rL. Using the value of gm calculated
in step 4:

7. 

Av 
9m 

5 
= 1.84k0. 

2.71mS 

Since the worst case value of rd is 20kfi, and 20kfi is large when 

compared to the calculated 1.84kfi, you can neglect rd· The required 

value of Ro is: 

Ro = 
10kO(1.84kO) 

= 2.25kO. 
1 0kO - 1.84kO 

The minimum capacitor values are: 

3.18 3.18 
= 0.0064µ,F. C1 = --= 

F1R1N 500(1MO) 

3.18 3.18 
C2 = --= = 0.636µ,F. 

F1RL 500(10kO) 

3.18 3.18 
Ca = --= = 29.7µ,F. 

F1Rs 500(214.30) 

8. When 10 = 0.61 0ss and VGsa = 0.225VGs(OFF):

VGsa = 0.225(-4V)= -0.9V. 

lo = 0.610ss = 0.6(5.5mA) = 3.3mA. 

V0 
= V00 - 10R0 

= 15V - 3.3mA(2.25kO) = 7.6V. 

Voo = 7.6V. 

� 



( 

'--..__/ Procedure (Continued) 

9. With the power off, construct the circuit shown in Figure E12-2. Be

careful to observe the correct polarity for the electrolytic capacitors.

Also, note the lead connections for the JFET.

lkHz 'v 

lµF 
+ -

lMQ 

lOOkQ POTENTIOMETER ON 

ET-1000 TRAINER 

Figure E12-2 

15V 

220Q 

Circuit designed in steps 1 through 8. 

2. 2kQ

lµF 
+ -

lOkQ 

10. Turn the power on, and adjust the supply voltage to 15V. With v1N 

= OV, measure the terminal-to-ground voltages:

Vo= _____ V. 

Vs= _____ v. 

11. Adjust the 1 00kO potentiometer to obtain a 1 V peak output. Record
the value of v1N that produces the 1 V peak output.

v,N = _____ v peak. 
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12. Calculate the measured voltage gain;

1V 
IAvl = v,N( step 11 ) 

13. Remove the 1 0kfi load resistor, and note the peak output voltage:

vo = Vpeak. 

14. Calculate the amplifier's output resistance using the following formula:

Ro= [vo(step 13) - 1V]10kfi = ____ --n,n.

15. Reconnect the 1 0kfi load resistor. Next, connect a 1 Mil resistor in
series with the potentiometer wiper. Record the peak output voltage:

vo = _____ peak. 

Discussion 

Since IG = 0 and VRG = 0. The value of VG measured in step 10 should be 

very close to 0V. Using "average" parameter values, VGso. was calculated to 

.______,I 

be -0.9V in step 8. V0 was calculated to be 7.6V. Since Vs = -VGs, the .______,; 
calculated value of Vs is -(-0.9V) or +0.9V. The values of Vo and Vs measured 
in step 10 will depend upon the actual parameter values of your particular JFET. 
However, in most cases, the calculated and measured terminal-to-ground volt-
ages will not differ by more than 25%. 

The voltage gain measured in step 12 depends upon the actual value of gm 
for your particular JFET. Assuming an "average" JFET, the voltage gain will be 
approximately 5. 

The method used in step 14 to measure the amplifier's output resistance is similar 
to the method used for BJT circuits. Since Ro = Ro, the value of Ro calculated 

in step 14 should be approximately 2.2kil. 

Since R1N = RG, the voltage gain is halved when a resistor equal to R1N is con
nected in series with the amplifier. Consequently, the value of vo measured in 
step 15 should be approximately 0.5V peak. 

.______,I 



ANALOG MULTIPLEXER 

In addition to serving as an amplifying device, a JFET can also function as an 

electronic switch. A block diagram of an analog multiplexer is provided in Figure 

E12-3. Note that: 

a. Numerous inputs are applied to the multiplexer - v1, v2, •·•·· vn. 

b. The multiplexer provides a single output, v0.

c. Numerous select lines, S1, S2, ••••• Sn are provided.

INPUT V2 
SIGNALS 

ANALOG 
MULTIPLEXER t-----1► OUTPUT

S1 Sz SN 

SELECT LINES 

Figure E12-3 

Block diagram of an n-channel analog multiplexer. 

The function of the multiplexer is simply to connect one of the input lines to 

the output line. 

By applying an appropriate signal to S1 , the output line is connected to the first 

input line. In this case, v0 = v1. Similarly, by applying the appropriate signal 

to S2, vo = v2, and so forth. 

In this way, the user can select which input signal is transmitted through the 

multiplexer to the output line. The various input lines are normally referred to 

as channels. 
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A simplified version of a two-channel JFET analog multiplexer is shown in Figure 
E12-4. Note that the gate voltage, -av, applied to T 1, is more negative than 
VGs(oFFJ· For this reason, T1 is cutoff and therefore functions as an open switch. 
The signal applied to channel one is not transmitted to the output. The gate 
voltage applied to T 2 is essentially 0V, and since the gate is connected to ground 
via the 1 kO resistor, T 2 conducts - approximating a closed switch. In this case, 
the signal applied to channel 2 is transmitted to the output. 

J1Jl CH 1 

F
lN

=lkHz 

Tl 
CH 2 

s D Vo 

lOkQ 

lkQ lkQ 

-sv-::- Vs

T 
Figure E12-4 

A two-channel analog multiplexer. 

If -av were applied to the gate of T 2, rather than T 1, T 2 would act like an open 
switch, and T1 would act like a closed switch. In this case, the signal applied 
to channel 1 would be transmitted to the output. 

Naturally, if -av were applied to both gates, v0 would, ideally, equal 0V since 
both JFETs would act as open switches. Similarly, if each gate voltage was zero 
volts, both JFETs would conduct. In this case, v0 would be a complex wave 
that would represent the sum of the signals. 

--.__/ 
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'------" 

For proper circuit operation, the component values in Figure E12-4 are chosen 

so that: 

a. IVsl > IVGs(OFF)MAXI• 

b. Ro > > r d(ON) (for this particular JFET).

Procedure (Continued) 

16. Dismantle the circuit used in the first part of the experiment. Adjust

the variable negative supply voltage to -8V. Then turn the power

off.

17. Construct the circuit shown in Figure E12-4. The pulse and triangular

input signals for channel 1 and channel 2.are available on the ET-1000
Trainer.

18. Turn the power on. Verify the operation of the multiplexer by noting

the output voltage for the following conditions:

Discussion 

VG,= -av, VG,= ov. 

VG, = VG, = ov. 

vG, = ov, vG. = -av. 

VG,= VG,= -av. 

The circuit should operate in the manner described earlier. Consequently, you 
should have noted the following: 

VG, Vo. VO 

-av ov Triangular wave 
ov -av Pulse 

-SV -SV =OV 

ov OV Complex wave 

Analog multiplexers are used in data transmission systems, function generators, 

and many other applications. Numerous IC analog multiplexers are available that 
simplify system design. 
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EXPERIMENT 13 

FREQUENCY EFFECTS 

Objective: 

Introduction 

To investigate the effect of frequency variations in 

a typical RC-coupled common-emitter amplifier. 

In an RC-coupled amplifier, coupling and bypass capacitors constitute high-pass 
filters which shape the low-frequency region of the overall frequency response 
curve. For this reason, the amplifier's lower cutoff frequency, F1 , approximately 
equals Fb1

, Fc1
, or Fe,, whichever is larger. 

Similarly, the input and output capacitances function as low-pass filters which 
determine the high-frequency characteristics of the amplifier. The amplifier's upper 
cutoff frequency, F2 approximately equals Fb2 

or F�, whichever is smaller. 

In this experiment, you will measure the cutoff frequencies of the x 1 O common
emitter amplifier designed in Experiment 4. 

You will use several different capacitor values so you can independently examine 
the effect of each internal filter. 

Material Required 

Heathkit Engineering Design Trainer ET-1000 
Oscilloscope 
1 -NPN type 2N3904 transistor (417-875) 
1 -2.2kO, 1 /4-watt, 5% resistor 
1 -3.3kO, 1 /4-watt, 5% resistor 
1 -3.9kO, 1 /4-watt, 5% resistor 
2 -1200, 1 /4-watt, 5% resistors 
2 -5600, 1 /4-watt, 5% resistors 
1 - 0.01 µ.F, 25V ceramic capacitor 

1 -0.1 µF, 25V ceramic capacitor 
1 -1 µF, 50Velectrolytic capacitor 
1 -0.1 µF, Mylar* capacitor 
3 -4 7 µF, 50V electrolytic capacitors 

* Dupont registered trademark, Heath #A-8 27-77.
--.._/ 



\_/ Test Circuit 

The test circuit that you will construct in this experiment is illustrated in Figure 
E13-1. Note that a 6000, 20dB attenuator has been placed between the signal 
source and the amplifier. The purpose of the attenuator is twofold. First, the 
attenuator serves to reduce the amplitude of the signal source so that the amplifier 
is not overdriven. Second, the attenuator provides an effective Thevenin or source 
resistance, when viewed from the amplifier's input terminals, of approximately 
6000. This is important, since the cutoff frequencies of the base and emitter 
filters depend upon the specific value of R5. 

r -------,

= 60011 

r-----, 

I I 
56011 56011 I 

' t 
12011 V IN 

3.9kl1 

J 
i ! l.5kQ

-=-
I 

-=- I = -=-

L - - - \ _J � - - '-(6�0�, 20dB ATTENUATOR 

SIGNAL SOURCE ON ET-1000 TRAINER 

Figure E13-1 

x 1 O common-emitter amplifier. 

20V 

3. 3kl1 

-=-
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Procedure 

The amplifier in Figure E13-1 was designed so that lea = 3mA and Av = -10 
in the mid-frequency region. For calculation purposes, we will assume hre =
200 and re' = 12.3f!. 

1. Calculate R1N(BASE) from R1N(BASE) = hre(RE, + re'):

R1N<BASE> = ------"n.

2. Calculate R,N from R,N = RsllR1N(BASE):

3. Calculate R' from R' =
RsllRs 

+ re':
hte 

R'=-----

4. Calculate REa from REa = R'=:!ll(RE, + R')

5. Neglecting rb', Rs' = RsllRs, calculate Rs':

Rs' =-----· 

7. Using the previous calculations, compute:

Rs+ R1N = -----

Rs'IIR1N(BASE)-----

'-._/ 



Discussion 

The purpose of steps 1-7 is to get the preliminary calculations completed so 
that you can proceed with the experiment. Your calculations for step 1-7 should 
be similar to the following. 

1. R1N(BASE) = hte(RE
1 
+ re').

= 200(1200 + 12.30). 
= 26.46kO. 

2. R1N = Rsl1R1N(BASE)·

3. 

= 3.9kOll1.5kOll26.46kO. 
= 1.08kOll26.46kO. 
= 1.04kO. 

R' =

= 

= 

RsllRs 
+ re'·

hte 
1.08kOll600O 

200 
+ 12.30.

285.70 

200 
+ 12.3 = 14.230.

4. REa = RE2
ll(RE1 

+ R').
= 1.5kO11(120O + 14.230). 
= 123.20. 

5. Rs' = RsllRs = 600Oll1.08kO = 385. 70.

6. rL = RcllRL = 3.3kOll2.2kO = 1.32kO. 

7. (Rs + R,N) = 6000 + 1.04kO = 1.64kO.

(Re + RL) = 3.3kO + 2.2kO = 5.5kO.

Rs'IIR1N(BASE) = 385. 7Oll26.46kO = 3800. 
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Procedure (Continued) 

8. The cutoff frequency of the high-pass base filter is:

1 
F

b 
=-----' 2'1T(R5 + R1N)C1 · 

Since 1 /2-rr = 0.159 and (Rs + R1N) = 1.64kO, we have: 

0.159 
F

b = ---
-

\ (1.64kfl)C1 

Calculate the value of Fb
1 

for C1 = 0.01 µF, 0.1 µF, and 1 µF. Record 

your calculated values in the space provided in Table E13-1. 

c, Fb,(CAL) Fb,(MEAS) 

0.01µ,F 

0.1 µ,F 

1 µ,F 

Table E13-1 

High-pass base filter. 

9. To ensure that the high-pass base filter has a cutoff frequency higher

than Fc1 
and F01

, we will make C2 equal to C3 and large compared

toC1 . Thus:

C2 = C3 = 47µ,F. 

With C1 = 0.01 µF construct the circuit shown in Figure E13-1. As 
usual, make sure the electrolytic capacitors are placed in the circuit 
with the correct polarity. 

10. Turn the power on and set the frequency control to obtain a 1 00kHz

output signal.

.______,, 

'-...../ 



11. Measure the peak input, v1N and output voltage, v0

V1N = _____ v peak.

VO = _____ V peak. 

Since the amplifier was designed to provide a mid-frequency voltage gain of 
10, the ratio of v0 to v1N should be close to 10. 

12. Decrease the frequency of the input signal until v0 = o. 707 times
the value measured in step 11. Record the measured frequency in
Table E13-1.

13. Repeat step 12 for C1 = 0.1 µF and C1 = 1 µF.

Discussion 

The values calculated for Fb, in step 8 are: 

0.Q1µF

0.1µF

1µF

9.7kHz 
940Hz 
97Hz 

Since component values were used to ensure Fb, > Fe, and Fb, > F01
, the value 

of Fb, essentially establishes the amplifier's lower cutoff frequency, F1 . 

Due to parameter variations and component tolerances, the values of F1 mea
sured in steps 12 and 13 probably differ from the values calculated in step 8. 
Typically, your calculated and measured values in this portion of the experiment 
will be within 30% of each other. 
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Procedure (Continued) 

14. The cutoff frequency of the high-pass collector filter is:

1 
F =-----

c, 2'1T(Rc + RJC2 . 

Substituting 0.159 for 1/211', and 5.5kO for (Re + AL) yields: 

0.159 
Fc,=----

(5.5k!l)C2 

Calculate the value of Fe, for C1 = 0.01 µF, 0.1 µF, and 1 µF. Record 
your calculated values in Table E13-2. 

C2 Fc,(CAL) Fc,(MEAS) 

0.01 µF 

0.1 µF 

1µF 

Table E13-2 

High-pass collector filter. 

15. To ensure that the high-pass collector filter has a cutoff frequency
higher than Fb and Fe , we will select:

1 1 

C, = C3 = 47µF. 

With C2 = 0.0tµF, adjust the frequency of the input signal to 1 0kHz. 
Now decrease the frequency until v0 = 0. 707 times. the value mea
sured in step 11. Record the measured frequency in Table E13-2. 

16. Repeat step 15 for C2 = 0.1 µF and C2 = 1 µF.

,,-----



'---' 

17. The cutoff frequency of the high-pass emitter filter is:

1 
Fe = ----' 2'TTRe0C3 

Substituting 0.159 for 1 /2-rr and 123.2!1 for Rea yields: 

0.159 
F = ----e, 

(123.2D.)C3 

. 

Calculate the value of Fe for C3 = 0.01µF, 0.1µF, and 1µF. Record . , 

your calculated values in Table E13-3. 

C3 Fe,(CAL) Fe,(MEAS) 

0.01 µ,F 

0.1 µ,F 

1 µ,F 

Table E13-3 

High-pass emitter filter. 

18. By making C1 = C2 = 47µF, the cutoff frequency of the high-pass
emitter filter will be higher than Fb, and F c,. 

Following a procedure similar to the one used for the base and collector 
filters, measure F1 for C3 = 0.01 µF, 0.1 µF, and 1 µF. Record the 
measured values in Table E13-3. 
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Discussion 

The calculated values for steps 14 and 17 are: 

STEP14 STEP17 

C2 Fc,{CAL) C3 fe,{CAL) 

0.01µ,F 2.89kHz 0.01 µ,F 129kHz 
0.1 µ,F 289Hz 0.1 µ,F 12.9kHz 
1 µ,F 28.9Hz 1 µ,F 1.29kHz 

In steps 15 and 16, Fc1 
dominates. Similarly, in step 18, F01 

dominates. Con
sequently, the values of F1 measured in steps 15 and 16 should approximately 
equal the values of Fc1 

calculated in step 14. Similarly, the values of F1 measured 
in step 18 should roughly agree with the calculated values of F 81 

in step 17. 

Procedure (Continued) 

In order to predict the cutoff frequencies of the low-pass base and collector filters, -
you need to know the values of C1N and C0. Typically, C1N and Co have values 

� 
in the pF range. 

To simplify the experimental procedure we will:

a. Let C1 = C2 = C3 = 47µF. This ensures that the lower cutoff
frequency, F1 , will be quite small.

b. When examining the low-pass collector filter, we will shunt AL with
a 0.1 µF capacitor. This essentially makes Co = 0.1 µF, and en-
sures that F� < Fb

2
-

c. When examining the low-pass base filter, we will connect a 0.1 µF
capacitor between the transistor's base and ground.

This makes C1N essentially equal to 0.1 µF and ensures that Fb2
<F�.

By shunting the input or output with a large, 0.1 µF capacitor, the
upper cutoff frequency, F2, will be low enough so that it is easy
to measure.



� 

19. The cutoff frequency of the low-pass collector filter is:

1 
Fe.

= ---
2'71'rLCo 

Calculate F
e:i 

assuming rL = 1.32k0 and Co = 0.1 µF. 

Fc_(CAL) = ------

20. With C1 = C2 = C3 = 47µF, adjust the frequency of the signal source
to 1 OkHz. Connect a O .1 µF Mylar, capacitor in parallel with the 2.2k0

load resistor.

21. Reduce the frequency of the signal source until v0 = 0.707 of the
mid-frequency value. Record the measured value of F2.

22. The cutoff frequency of the low-pass base filter is:

Calculate Fb
2 
assuming (Rs'IIR1N(BASE) = 3800 and C1N = 0.1 µF.

Fbo(CAL) = ------

23. Remove the 0.1 µF Mylar capacitor from AL. Connect the capacitor
between the base of the transistor and ground. Adjust the frequency
of the signal source to 1 OkHz.

24. Reduce the frequency of the signal source until v0 = 0. 707 of the
mid-frequency value. Record the measured value of f 2.

Discussion 

The values of F
e:i 

and Fb2 
calculated in steps 19 and 22 respectively, are: 

F
e.

= 4.18kHz. 

F
t>, 

= 1 .2kHz. 

Consequently, the values of F2 measured in steps 21 and 24 respectively, should 
be approximately equal to the calculated values. 
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Brown 110 

Red 1100 

Brown Orange 11000 

Yellow 0.11 Meg. 

Green 1.1 Meg. 
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Black 12 
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Yellow 0.12Meg. 
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Blue 12.0 Meg. 

Black 13 

Brown 130 

Red 1300 

Brown Orange Orange 13000 

Yellow 0.13 Meg. 

Green 1.3 Meg. 

Blue 13.0 Meg. 

Black 15 

Brown 150 
Red 1500 

Green Orange 15000 
Yellow 0.15 Meg. 
Green 1.5 Meg. 
Blue 15.0 Meg. 

Black 16 

Brown 160 

Red 1600 

Blue Orange 16000 

Yellow 0.16 Meg. 

Green 1.6 Meg. 

Blue 16.0 Meg. 

Black 18 

Brown 180 

Red 1800 
Gray Orange 18000 

Yellow 0.18Meg. 
Green 1.8 Meg. 
Blue 18.0 Meg. 
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COLOR CODE FC 

First Second 

Band Band 

Black 

Red 

Red 

Yellow 

Violet 

5-BAND RESISTORS

(+1%)

4-BAND RESISTORS

(
+10%

)+5% 

Band 1 

1st Digit 

Color Digit Color 

Black 0 Black 
Brown Brown 

Red 2 Red 

Multiplier Resistance 

Band n 

Black 

Brown 

Red 

Orange 

Yellow 

Green 

Blue 

Black 
Brown 
Red 

Orange 

Yellow 

Green 

Blue 

Black 

Brown 

Red 

Orange 

Yellow 

Green 

Gold 

Black 

Brown 

Red 

Orange 

Yellow 

Green 

.. -

, ,,,,,,,, 

Band 2 

2nd Digit 

20 

200 

2000 

20000 

0.20 Meg. 

2.0 Meg. 

20.0 Meg. 

22 

220 

2200 

22000 

0.22 Meg. 

2.2 Meg. 

22.0 Meg. 

24 

240 

2400 

24000 

0.24 Meg. 

2.4 Meg. 

2.7 

27 

270 

2700 

27000 

0.27 Meg. 

2.7 Meg. 

Standard C 

BANDS: 1 2 3 

Ill '-i."'. ,,_ .  ,,,,,_. ·:-,,: ·  

-Zt. \frh ·tt¼. .-� 

BANDS: 1 2 ' 
Mu 

Band 3 

3rd D 

Digit Color 

0 Black 

Brown 

2 Red 

Orange 3 Orange 3 Orange 

Yellow 4 Yellow 4 Yellow 

Green 5 Green 5 Green 

Blue 6 Blue 6 Blue 

Violet 7 Violet 7 Violet 

Gray 8 Gray 8 Gray 

White 9 White 9 White 

-,-�� � - - - �-



IR RESISTORS 

First Second Multiplier Resistance First Second Multiplier Resistance 

Band Band Band n Band Band Band n 

Gold 3.0 Gold 4.3 
Black 30 Black 43 
Brown 300 Brown 430 

Black Red 3000 Orange Red 4300 
Orange 30000 Orange 43000 
Yellow 0.30 Meg. Yellow 0.43 Meg. 
Green 3.0 Meg. 

Yellow 
Gold 3.3 

Green 4.3 Meg. 

Gold 4.7 
Black 33 Black 47 
Brown 330 Brown 470 

Orange Red 3300 Violet Red 4700 
Orange 33000 Orange 47000 
Yellow 0.33 Meg. Yellow 0.47 Meg. 
Green 3.3 Meg. Green 4.7 Meg. 

Orange 
Gold 3.6 Gold 5.1 
Black 36 Black 51 
Brown 360 Brown 510 

Blue Red 3600 Brown Red 5100 
Orange 36000 Orange 51000 
Yellow 0.36 Meg. Yellow 0.51 Meg. 
Green 3.6 Meg. Green 5.1 Meg. 

Gold 3.9 
Green 

Gold 5.6 
Black 39 Black 56 
Brown 390 Brown 560 

While Red 3900 Blue Red 5600 
Orange 39000 Orange 56000 
Yellow 0.39 Meg. Yellow 0.56 Meg. 
Green 3.9 Meg. Green 5.6 Meg. 

Gold .... 6.2 

>lor Code * Note Wide Red 

Black 62 
Brown 620 
Red 6200 

Multiplier Space

I /Tolerance
Blue 

·[�,:;;,,»,-.,..�,x.. ·&--:.-% 

Gray 4!.%%t(·f
<

.. 7-¾½._

:S:--* 

Orange 62000 
Yellow 0.62 Meg. 
Green 6.2 Meg. 

Gold 6.8 
Black 68 
Brown 680 
Red 6800 
Orange 68000 
Yellow 0.68 Meg. 
Green 6.8 Meg. 

Gold 7.5 
._ , __ ,_ .. ,,,,,.-,,.,.,.,,-� ....... ,. m-,• ,�w�""="==� Black 75 

Brown 750 

'\Tolerance
Violet Green 

tiplier

Red 7500 
Orange 75000 
Yellow 0.75 Meg. 
Green 7.5 Meg. 

:it used) 

git 
Multiplier Resistance

Tolerance
Gold 8.2 
Black 82 
Brown 820 

Digit Color Multiplier Color Tolerance Gray Red Red 8200 

0 

2 

Black 1 
Brown 10 
Red 100 

Silver ±10% 
Gold ± 5% 
Brown ± 1% 

Orange 82000 
Yellow 0.82 Meg. 
Green 8.2 Meg. 

3 Orange 1,000 Gold 9.1 

4 Yellow 10,000 Black 91 

5 Green 100,000 Brown 910 

6 Blue 1,000,000 While Brown Red ·9100

7 Silver 0.01 Orange 91000

8 Gold 0.1 Yellow 0.91 Meg.

9 Green 9.1 Meg.



11rown llU 

I 
llrown 

Red 1100 Red 
Orange 11000 Red Orange 
Yellow 0.11 Meg. Yellow 
Green 1.1 Meg. Green 
Blue 11.0 Meg. Blue 

Red 
Black 12 Black 
Brown 120 Brown 
Red 1200 

Yellow 
Red 

Orange 12000 Orange 
Yellow 0.12 Meg. Yellow 
Green 1.2 Meg. Green 
Blue 12.0 Meg. 

Gold 
Black 13 

Black 
Brown 130 

Red 1300 
Brown 

Orange 13000 
Violet Red 

Orange 
Yellow 0.13 Meg. 

Green 1.3 Meg. 
Yellow 

Green 
Blue 13.0 Meg. 

Black 15 

Brown 150 

Red 1500 

Orange 15000 
Yellow 0.15 Meg. 
Green 1.5 Meg. 
Blue 15.0 Meg. 

Black 16 

Brown 160 

Red 1600 5-BAND RESISTORS 1 

Orange 16000 (+1%)Yellow 0.16 Meg. 

Green 1.6 Meg. 

Blue 16.0 Meg. 

Black 18 

4-BAND RESISTORSBrown 180 

Red 1800 

(
+10%

)Orange 18000 

Yellow 0.18 Meg. +5% 
Green 1.8 Meg. 

Blue 18.0 Meg. 

Band 1 Band 2 
1st Digit 2nd Digit 

Color Digit Color 

HEATH COMPANY Black 0 Black 
BENTON HARBOR. Brown Brown 

MICHIGAN 49022 Red 2 Red 

Orange 3 Orange 

Yellow 4 Yellow 
Green 5 Green 

Copyright © 1978 
Blue 6 Blue 
Violet 7 Violet 

Heath Company 
Gray 8 Gray 

All Rights Reserved 
White 9 White 

Printed in the United States of America 

220 

2200 

22000 Orange 
0.22 Meg. 

2.2 Meg. 

22.0 Meg. 

24 
Orange 

240 

2400 

24000 Blue 

0.24 Meg. 

2.4 Meg. 

2.7 

27 

270 

2700 
White 

27000 

0.27 Meg. 

2.7 Meg. 

Standard Color Code 

BANDS: 1 2 3 
Multiplier T I 
I ./ o erance

1(1!:-l ····j 

?* 

lllack 33 

Brown 330 

Red 3300 

Orange 33000 

Yellow 0.33 Meg. 
Green 3.3 Meg. 

Gold 3.6 

Black 36 

Brown 360 

Red 3600 

Orange 36000 

Yellow 0.36 Meg. 

Green 3.6 Meg. 

Gold 3.9 

Black 39 

Brown 390 

Red 3900 

Orange 39000 

Yellow 0.39 Meg. 

Green 3.9 Meg. 

* Note Wide
Space

:m ••,•� A,J t u. ,t!, JmH . .l --�!! 

BANDS: 

Digit 

0 

1 

2 
3 

4 

5 

6 

7 

8 

9 

1 2 

Multiplier 

Band 3 (if used)

3rd Digit 

Color Digit 

Black 0 

Brown 

Red 2 

Orange 3 

Yellow 4 

Green 5 

Blue 6 

Violet 7 

Gray 8 

White 9 

Multiplier Resistance 
Tolerance 

Color Multiplier Color Tolerance 

Black Silver :t10% 
Brown 10 Gold :t 5% 
Red 100 Brown :t 1% 
Orange 1,000 
Yellow 10,000 

Green 100,000 
Blue 1,000,000 
Silver 0.01 

Gold 0.1 

Violet 

Brown 

Green 

Blue 

Red 

Blue 

Gray 

Violet Green 

Gray Red 

While Brown 
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B-21 Appendix B

INTRODUCTION 

This appendix is a compendium of the circuit configurations, parameters, and 
design guides found throughout this text. The caption indicates the unit from 
which the material was obtained. For instance: 

TABLE 1-3 

Approximate BJT Formulas (from Page 1-35) 

Indicates that the discussion concerning this table can be found in Unit 1 near 

Page 35. 

� 
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MJE170 thru MJE172 PNP (SILICON)

MJE180 thru MJE182 NPN 

COMPLEMENTARY PLASTIC SILICON 

POWER TRANSISTORS 

. designed for low power audio amplifier and low current, high 
speed switching applications. 

• Collector-Emitter Sustaining Voltage -
VcEO(sus) = 40 Vdc -MJE170, MJE 180 

= 60Vdc-MJE171, MJE181 
= 80Vdc-MJE172, MJE182 

• DC Current Gain -
hFE = 30 (Min)@ le= 0.5 Ade 

= 12 (Min)@ le= 1.5 Ade 
• Current-Gain -Bandwidth Product -

fy = 50 MHz (Min)@ le= 100 mAdc 
• Annular Construction for Low leakages -

lcBO = lOOnA(Max)@Rated Vea 

MAXIMUM RATINGS 
MJE170 

Rating Symbol MJE180 

Collector-Base Voltage Vea 60 

Collector-Emitter Voltage VeEO 40 

MJE171 MJE172 
MJE181 MJE18_2 

BO 100 \ 

60 80 

Emitter-Base Voltage VEB ---1.0-

Collector Current - Continuous le ---- 3.0 ----
Peak ----6.0-

Base Current 19 1.0 ----

Total Device Dissipation@ TA = 2s0c Po 1.5----
De<ate above 25°e ---0.012-

Total Device Dissipation@ Tc:: 25°C Po -12.5---
Derate above 2s0c ----0.1-

Operating and Storage Junction TJ.Tstg -- -65 to +150--
Temperature Range 

THERMAL CHARACTERISTICS 
Characterist.C Symbol Max 

Thermal Resistance, Junction to Case BJe 10 

Thermal Resistance, Junction to BJA 83.4 
Ambient 

FIGURE 1 - POWER OERATING 
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Watts 
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Unit 

0etw 
oe,w 
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015S 
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Appendix B 

MJE170, MJE171, MJE172, MJE180, MJE181, MJE182 (continued) 

ELECTRICAL CHARACTERISTICS IT c = 2s0c unless otherwise noted I 

( Characteristic I Symbol Min Max Unit 

OFF CHARACTERISTICS 

Collector-Emitter Sustaining Voltage VcEO(susl Vdc 
Uc= 10 mAdc. 19 = 0) MJE 170, MJE 180 40 -

MJE171, MJE181 60 -
MJE 172, MJE 182 80 -

Collector Cutoff Current Icso µAde 
(Vea = 60 Vdc, 'E = OJ MJE170, MJE180 - 0.1 
(Vea = 80 Vde, 'E = OJ MJE171, MJE181 - 0.1 
(Vea = 100 Vde, 'E = OJ MJE 172, MJE 182 - 0.1 
IVcs = 60 Vdc, IE = 0, Tc = 150°CJ MJE 170, MJE 180 - 0.1 mAdc 
(Vee = 80 Vdc, le= 0, Tc= 150°C) MJE171, MJE181 - 0.1 
(Vea = 100 Vde, IE = 0, Tc = 150°C) MJE 172, MJE 182 - 0.1 

Emitter Cutoff Current IEBO µAde 
(VsE = 7.0 Vdc, le = 0) - 0.1 

ON CHARACTERISTICS 

DC Current Gain hfE -
0c = 100 mAdc, Vee = 1.0 Vdcl 50 250 
0c = 500 mAde, Vee = 1.0 Vdcl 30 -

0c = 1.5 Ade, Vee = 1.0 Vde) 12 -

Collector-Emitter Saturation Voltage VcE(satl Vde 
(le = 500 mAde, 19 = 50 mAdcl - 0.3 
0c = 1.5 Ade, 19 = 150 mAdc) - 0.9 
0c = 3.0 Ade, Is= 600 mAdc) - 1.7 

Base-Emitter Saturation Voltage Vee(satl Vdc 
Uc= 1.5 Ade, le = 150 mAde� - 1.5 
0c = 3.0 Ade, 19 = 600 mAdc) - 2.0 

ea.Emitter On Voltage Vee(onl Vdc 
0c = 500 mAde, Vee = 1.0 Vdcl - 1.2 

DYNAMIC CHARACTERISTICS 

Current-Gain - Bandwidth Product ( 1 J IT MHz 
!le= 100 mAdc, Vee = 10 Vdc, f,est = 10 MHz) 50 -

Output Capacitance Coo pF 
(Vee= 10 Vde, 'E = 0, f = 0.1 MHz) MJE170/MJE172 - 50 

MJE180/MJE182 - 30 

11> ti- = lhfe I• ftest 

FIGURE 2 - SWITCHING TIME TEST CIRCUIT 

vee 

FIGURE 3 - TURN-ON TIME 

51 

t,,tf,S:10ns 
-= DUTY CYCLE • 1 .ml -4 V 

+JO V 

SCOPE 

Ra Mid Re VARIED TO OBTAIN DESIRED CURRENT LEVELS 

D1 IIUST BE FAST RECOVERY TYPE, 11: 
11805300 USED ABOVE 19 -100 mA 
11506100 USED BELOW 19 •100 mA 

For PNP ta1 circuit, ,_ Ill poloritill. 
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MJE170, MJE171, MJE172, MJE180, MJE181, MJE182 (continued) 

FIGURE 4 - THERMAL RESPONSE 
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FIGURE 5 - MJE170, MJE171, MJE172 
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There are two limitations on the power handling ability of a 
transistor - average junction temperature and second breakdown. 
Safe operating area curves indicate le - Vee limits of the tran
sistor that must be observed for reliable operation; i.e .. the transistor 
must not be subjected to !7eater dissipation than the curves indicate. 

The data of Figures 5 and 6 is based on T J(pk) = 15o"C: Tc is 
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FIGURE 6 - MJE180, MJE181, MJE182 

----
-----

I I I 

2.0 3.0 

1�••$.1:$ 
- � , 

- -=- " 500µs 
>I _ .... - " "' 5.0 rm 

de 
TJ • 1so•c ' ' ' 

' 
BONO ING WIRE LIMITED --.... ' THERMALLY LIMITED@ ,, Tc. 25°c (SINGLE PULSE) ,, 
SECOND BREAKDOWN LIMITED 
CU RYES APPLY BELOW 

RATED VCEO -f MJE1BO , , , 1, i MJE18I 
T MJE182 

1.0 7.0 10 20 30 

-

50 70 100 

VCE, COLLECTOR·EMITTER VOLTAGE (VOLTS) 

variable depending on conditions. Second breakdown pulse limits 
are valid for duty cycles to 10% provided TJ(pk) < 150°C. TJ(pk) 
may be calculated from the data in Figure 4. At high case tempera• 
ture. thermal limitations will reduce the power that can be handled 
to values less than the limitations imposed by second breakdown. 
(See AN-415) 

100 

70 

� 50 
w '-' z « ... 
u 30 
t 

...... 
-

-... 

FIGURE 8 - CAPACITANCE 

TJ" 25°e --
-
-... PNP MJE 170/MJE 172 -..... -NPN MJEI80/MJEI82 -........... 11 

............ r--;.._ Cib 

---i---.. 
I'-.. 

'i.. 

U 20 
-- -

10 
0.5 0.7 1.0 2.0 3.0 

Cob 
-

-

5.0 7.0 10 

VR, REVERSE VOLTAGE (VOLTS) 

.... -
20 30 50 

'-..__./ 



MJE170, MJE171, MJE172, MJE180, MJE181, MJE182 (continued) 

PNP NPN 

MJE170, MJE171, MJE172 MJE180, MJE181, MJE182 

FIGURE 9 - DC CURRENT GAIN 

200 200 
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MPS-A20 {SILICON}

MPS-K20, MPS-K21, 
MPS-K22 

NPN SI LICON ANNULAR TRANSISTORS 

... dftlgned for UM In audio, radio, and talevlsion applications. 

• MPS-K20, MPS-K21, MPS-K22 ara 3, 5 and 9 
Transistor Kits Available in Varied hFE Ranges -
SN Tabla 1 

• High Breakdown Voltage -
BVceo • 40 Vdc (Min)@ le = 1.0 mAdc 

• Low Collector-Emitter Saturation Voltage -
Vce(sat) � 0.25 Vdc (Max)@ le = 10 mAdc 

• Low Output Capacitance -
Cob• 4.0 pF (Max)@ Vee= 10 Vdc 

MAXIMUM RATINGS 

Ratina Svmbol Value 

Collector-Emitter Voltage V
CEO 

40 

Emitter-Base Voltage VEB 
4. 0 

Collector Current - Continuous l
e 

100 

Total Device Dissipation@ TA • 25 •c PD 
111 300 

Derate above 25 •c 2. 73 

Operating and Storage Junction TJ' 
T 111 -55 to •135 

Temperature Range stg 

THERMAL CHARACTERISTICS 

Characteristic Svmbol Max 

Thermal Resistance, Junction to Ambient 8 J
AIIJ 0. 367 

Unit 

Vdc 

Vdc 

mAdc 

mW 

mW/"C 

·c 

Unit 

"C/mW 

(1) Continuous package Improvements have enhanced th._ guaranteed M1ximum Ratings H 
follows: Po • 1 .0 w •Tc• 2s0c. oerat• above 2s0c - 8.0 mwl'c, T J • -65 to + 1S0°C. 
BJc - 12s0c/W. 

NPN SILICON 
AMPLIFIER 

TRANSISTORS 

�--··· 17��
0.01& 0

,.� 

o.m J
OIA HOLE (TYP)-

j LJ_ � 
o.045J l� 

5o(TY¥.�R. 

,.,__ � 
f:� fb

-

o.oas R 0.045 
jf.0§!,· � 

CASE 29-02 
T0-92 



MPS-A20, MPS-K20, MPS-K21, MPS-K22 (continued) 

ELECTRICAL CHARACTERISTICS (T,. = 25•c unless otherwise noted) 

Characteristic 

OFF CHARACTERISTICS 

Collector-Emitter Breakdown Voltage 
(IC = 1. 0 mAdc, IB = 0)

Emitter-Base Breakdown Voltage 
(� = 100 µAde, IC = 0)

Collector Cutoff Current 
(V CB = 30 Vdc, � = 0)

ON CHARACTERISTICS 

DC Current Gain 
(IC = 5. 0 mAdc, VCE = 10 Vdc) 

Collector-Emitter Saturation Voltage 
(IC = 10 rnAdc, IB = 1. 0 rnAdc)

DYNAMIC CHARACTERISTICS 

Current-Gain-Bandwidth Product 
(IC = 5. 0 mAdc, V CE = 10 Vdc, f = 100 MHz)

Output Capacitance 
(V CB = 10 Vdc, � = 0, f = 100 kHz)

Symbol Min 

BVCEO 40 

BVEBO 4.0 

ICBO
. 

hFE 40 

V CE(sat). -

fT 
125 

cob 
. 

Max 

. 

. 

100 

400 

0.25 

. 

4.0 

FIGURE 1 - SIMPLIFIED AC EQUIVALENT CIRCUIT (Common Emitter) 

BASE lb 
Ccb COLLECTOR 

c, Co 
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Unit 

Vdc 

Vdc 

nAdc 

. 

Vdc 

MHz 

pF 

FIGURE 2 - SMALL SIGNAL CURRENT GAIN 
Note: 

Data for MPS-A20 is pr-ntod in terms of the equivalent 
circuit shown in Figure 1. Values for its components may be 
found or calculated es follows: 

rb' - See Figure 8 
re =26mVIIE 

Ce
= 

2,rft re 

ccb • cob - 0.2 pF (See Figure 6) 

9m• 1/re 
lie= (hfe +1) hob (See Figure• 2 & 7) 

C0 • 0.2 pF 

Low frequency h paremeton may be found from: 

hie • rb' + (hfe + 1) re 
hfe = See Figure 2 
hre = Nevligible 
hoe

= (hfe + 1) hob 
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MPS-A20, MPS-K20, MPS-K21, MPS-K22 (continued) 
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2N3903 (SILICON) 

2N3904 

Appendix B I B-11 

(T0-92) 

NPN silicon annular transistors, designed for gen
eral - purpose switching and amplifier applications , 
features one-piece, injection-molded plastic package 
for high reliabilitv. The 2N3903 and 2N3904 are com
plementary with PNP types 2N3905 and 2N3906, re -
spectively 

MAXIMUM RATINGS 

Rating Symbol Value Unit 

Collector-Emitter Voltage VCEO 40 Vdc 

Collector-Base Voltage VCB 60 Vdc 

Emitter-Base Voltage VEB 6.0 Vdc 

Collector Current IC 200 mAdc 

Total Device Dissipation @ TA = 25°C PD 350 mW 

Derate above 25°C 2. 73 mW/°C 
Operating and Storage Junction T J' Tstg -55 to +150 oc 

Temperature Range 

THERMAL CHARACTERISTICS 

Characteristic Symbol Max Unit 

Thermal Resistance, Junction to BJA 0.357 
°C/mW 

Ambient 
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2N3903, 2N3904 (continued)

ELECTRICAL CHARACTERISTICS IT A • 2s0c unloss otherwiM noted I 

I Chnctlristlc 1 ,,_ .... 1 sr-i 
Off CIWIACTERISTICS 

Colloctor-- Br-. Vol-
nc • 10 .,UC, 1s • O) 

Colloctor•Sml- a,-,. Vol_. 
nc • I.OIIIAdc. 1,, •Ol 

S•tt:Ltr• .... BNatdowD Vol.tap 
(1s • 10 .,UC, fc • OJ 

Collector CU<GII c..rr..t 
(VCI • 10 Vdc, VSB(oll) • I.O Vdc) 

-CUtcl!C.UNIII 
(
VCI • SO Vdc, V&B(oll) • S. 0 Vdc) 

ON CHARACTERISTICS 

DC Cwnat Gala:• 
11c • 0.1 IIIAdc. VC& • I.OVdc) 

(fc • I.OIIIAdc, VC& • I.OVdc) 

(IC • 10 mAdc. V Cl • I. 0 Vdc} 

nc •OOIIIAdc, VCI • 1.0Vdc) 

11c • 100 IIIAdc, V CS • I. 0 Vdc) 

CoUectar-Bm.ltWr laturattoa Voltap-
nc. 10 IIIAdc, 1a. 1.0 IIIAdc) 
11c • 50 IIIAdc. 1,, • 5. 0 IIIAdc) 

--lml- a...nUan Vol_. 
nc • IOIIIAdc, 1,, • l,OIIIAdc) 

nc • 50 .,Ade, i,,. 5. o IIIAdc) 

SMAl.l-SIGNAL CHARACTERISTICS 

c..rr..1-Gola--- -· 
"t: • 10 IIIAdc, V Cl • 20 Vdc, I • 100 Miu) 

01.atplt Ca.pac:ltuc:• 
(V CB • 5. 0 Vdc. 1s • O. f • 100 >Ju) 

JAp;at Cas-cttance 
CV

81 
• 0. 5 Vdc, fc • 0, I• 100 >Ju) 

lllput lmpodam:e 
11c • I. 0 mAdc, Y CE • 10 Vdc, I • I. 0 >Ju) 

Voltap P'MCl:lack Ra.lio 
11c • l.OmAdc, VCI • 10 Vdc. I• 1.0>Ju) 

Small-stpal Cv.rreat G&lA 
lfc • 1.0mAdc. VCE • IOVdc. I• l.O>Ju) 

Outpat Admlttanc:, 
11c • 1.0 mAdc, VCE • 10 Vdc, I• 1.0 >Ju) 

NotN rtsure 
11c • 100 -· VCE • 5.0 Vdc, Rs• I.Ok ohms, 
r • 10 Rs to 15. 7 >Ju) 

SWITCHING CHARACTERISTICS 

Dtl&J Ttme (Vee• s.o Vdc. VBE(olfi • 0.5 Vdc, 

Rt.M Ttm• 1c • 10 n>Adc, 1a1 • I. 0 n>Adc) 

It.crap Tl.mt 
(Vee• 1.0 Vdc, 1c • 10 IIIAdc, 

Pall Tlme 181 • 1,,z • I. 0 IIIAdc) 

• P.alN THt: PlllM Wldtl\ • SOO ,-, Duty Crc:I• • J. °'1. 

BVCBO 

BVcEo· 

BVIBO 

'en 

1iiL 

15 ,,,£. 2NS� 
2NSIIO& 
2NS903 
2NSIIO& 
2NS903 
2HSIIO& 
2Nst03 
2NSIIO& 
2NS903 
2NSIIO& 

11, 11 VCE(a.a.tt 

17 VBZ(a&.t}• 

2NSiOS l.r 
2NSIIO& 

s coo 

3 Clb 

IS .,. 2N3� 
2NSIIO& 

14 bro 2N:Si03 
2NSto4 

II •r• 2N3i03 
2NS904 

12 ...

9, 10 HF 
2N3003 
2NS904 

I, 5 '• 
1, 5, I '· 

2NS903 2. T 's 2NSIIO& 
2, I ,, 
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0.2 

p., 

Vdc 
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AGUIE 1 - DELAY AND RISE TIME EQUIYALEIIT TUT CIRCUIT FNIURE 2 - STORAGE AND FALL TIME EQUIVALENT TEST CIRCUIT 
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2N3903, 2N3904 (continued) 

Appendix B I 8-13 

TRANSIENT CHARACTERISTICS 
- T, = 2s•c •·•T, ·= 12s·c

FIGURE 3 - CAPACITANCE 
10

7.0

--

- �
e., -..... 

............. 

2.0 
e,. 'r--

r-,� 
r-,.._ 

--

1.0 0.1 0.2 0.3 o.s 0.7 1.0 2.0 3.0 s.o 7.0 10 20 30 40 

300 
200 

' 
'-

REVERSE BIAS 'IOt.TAGE l'/OlTSl 

FIGURE 5 - TURN-ON TIME 

le/11 • 10 
'-"-
"-

'' 

" '-,1'-
100 
70 j so

! 

'r--.. 

'-
' 

... ' 

'- I'-
' ' 

30 
20 

10 
7.0 
s.o 

" ' 
"-

,.. " '-, t.@Vcc = 3.0 , V 
'- '-'- -40V 

.............. 1sv_1 �i'-... '" .......... 
� ........... 
t.@V01 0 

.ov 
1.0 2.0 3.0 S.O 7.0 10 20 30 SO 70 100 200 

le, COU£CTOR CURRENT lm.ll 

FIGURE 7 - STORAGE TIME 

500 :=:=:==:::::=::::::::::;::::::==:=:=:,=::::,:::;,:r,t',r,�rrLr,_-¾'�'- _'
300 I I I 1.,-1., -
200 lcll, .. JO 11 I t-��---+�---+�-:=�t.-1��tttt1".':==-::_!=�=�::t::�=-�==-t¥ t· - 20 

j 100 �:S'.t:::: 
� 70 
! SO lc/11 20 ,.........._� 
� t--+-+--+-+-+-+-++++--+-+----t-+--t-r 1e11, = u1d. 
�30�+�++H��➔+��+rr*-H 
�20�+�++H��➔+----t11�rr�-� 

10 

5,0 1.0 2.0 3.0 5.0 7.0 10 20. 30 SO 70 100 200 
le. COU£CTOR CURROO 1mA1 

FIGURE 4 - CHARGE DATA 
5000 

..-vJ-�v
3000 
2000 

,... lcJl1 • I0 

1000 
j 700 

I 500 d 300 
200 

i--100 
70 
so 1.0 

500 
300 
200 

100 
� 70 
i so 

°' 30 .; 
20 

10 

S,O 1.0 

-�

t. 

-

�.•

.• -

V / 
.,. V / 

/ / 
-·
-

Or �
----

a.. 

2.0 3.0 5.0 7.0 10 20 30 SO 70 100 200 
le. COU£CTOR CURREIIT lmAl 

"

� 

2.0 3.0 

..... 

FIGURE 6 - RISE TIME 

�� 

� 

Ill I Ycc • 40V 
lc/11 • 10 

.....,,_ 

5,0 7.0 10 20 30 SO 70 100 200 
le. COU£CTOR CURROO lmAl 

FIGURE 8 - FALL TIME 

I 
500 

300 
200 

'\, .. 
I \;i'= la/ -

' Ycc • 40V -

100

! so 
;I 
i; 30 

20 

10 

5,0 1.0 

":it .. �I 

..... ' le/11 -20 

- lc/11 "' 20 

1_1,, lc/11 • 10- ' ..

lc/11 � 10 � -... �� -- -
·- -�� 

2.0 3.0 5.0 7.0 10 20 30 SO 70 100 200 
le. COLUCTOR CURRENT lmAI 



8-14 I Appendix B 

2N3903, 2N3904 (continued)
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2N3903, 2N3904 (continued) 

STATIC CHARACTERISTICS 

FIGURE 15 - NORMALIZED CURRENT GAIN 2.0 
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2N3905 (SILICON) 

2N3906 

CASE 29(1) 
(T0-92) 

PNP silicon annular transistors, designed for gen
eral purpose switching and amplifier applications , 
features one-piece, injection-molded plastic package 
for high reliability. The 2N3905 and 2N3906 are com
plementary with NPN types 2N3903 and 2N3904 re-
spectively . 

MAXIMUM RATINGS 

Rating Symbol Value Unit 

Collector-Emitter Voltage VCEO 40 Vdc 

Collector-Base Voltage VCB 40 Vdc 

Emitter-Base Voltage VEB 5.0 Vdc 

Collector Current IC 200 mAdc 

Total Device Dissipation @ TA = 25°C PD 
350 mW 

Derate above 25°C 2. 73 mW/°C 

Operating and Storage Junction T J' Tstg -55 to+ 150 oc 

Temperature Range 

THERMAL CHARACTERISTICS 

Characteristic Symbol Max Unit 

Thermal Resistance, Junction to 9JA
0.357 

°C/mW 
Ambient 

'---./ 



2N3905, 2N3906 (continued) 

ELECTRICAL CHARACTERISTICS ITc • 2s0c unlessotnerwiSe notedl 

ai..ct.rirtic 

OFF CHARACTERISTICS 

Collect.or-Bue Brnltdown Volt.ace 
Uc•IOjl,\dc, 'a:•0) 

Collectar--Smlttu Bteakdown Voltap (1) 
Uc• 1.0 mAdc, 1,,. O) 

Smttter-Bue BNu.dc:Jw'n Vol.tap 
Uz • 10 .,UC, 1c • O) 

Colltctor Cutoft Currea.t 
(V CE • SO Vele, V BE'� • S, 0 Vele) 

-CuloG Cunm 
(V CE • SO Vele, V 

B
lt(off) • S. 0 VeleT 

ON CHARACTERISTICS 

DC Current Qain'{ 1) 
(1c • 0.1 mAdc, VClt • 1.0 Vele) ;j: 1.0 mAdc, VCB • l.0 Vele) 

('c 10 mAdc, V Cit • 1. 0 Vele) 

('c • 50 mAdc, VCI • 1. 0 Vdc) 

(1c • 100 mAdc, V CB • 1. 0 Vele) 

Coll«t«-Smitter lllbaation Voltap' { 1) 
('c • 10 mAdc, 1,, • 1. 0 mAdc) 
<1c • 50 mAdc, 1,, • 5. 0 mAdc) 

Bue-Smtttar 11.nar&t:Soa. Voltap ( 1) 
('c • 10 mAdc, '9 • 1.0 mAdc) 
(1c • 50 mAdc, 1,, • 5, 0 mAdc) 

SMAl.l·SIGHAL CHARACTERISTICS 

C\ll'NAt•Galn-Budlridth Prodt.act 
('c • 10 ...UC, V C& • 20 Vdc, f • 100 lllls) 

OUtpat Cqacttuce 
IYcs •5.0Vele, 'a: •0, f • IOOklls) 

lllplt Capacttuc• 
IYu • o.5 ve1e, 1c. o, t. 100 klls) 

bq,at lmpodooce 
('c • l.OmAdc, Ve&• IOVdc, I• I.Oklls) 

Vol.tap Peedlack Ratio 
(1c • I.OmAdc, VCB • IOVdc, I• I.Oklls) 

Small-111-1 eun ... 1 Gotn 
0c • I. 0 mAdc, Ve• • 10 Vele, I • I. 0 l<H&) 

Ou.tpd AdmtUuce 
('c • I.OmAdc, VC& • IOVdc, I •1.0l<H&) 

JrfolN Pipe 
0c • 100 jl,\dc, V C& • 5, 0 Vele, R8 • I. Ok obm, 
f • 10 11s to 15, T l<Ba) 

SWITCHING CHARACTERISTICS 

Dol&J' Tuae (V
CC 

• S.O Vdc, VU(off) • 0.5 Vele, 

ltlNTimt 1c • 10 mAdc, 'el • l, 0 mAdc) 

ltonp 1\me (V
CC 

• S.O Vdc, 'c • 10 IIIAdc, 

Pall Ttmt 'ei • 's2 • 1. 0 mAdc) 

2NS905 
INStoll 
2NS905 
2N3IOI 
2NSI05 
INSIOI 
INS!I05 
2NS90e 
2NS905 
INS90e 

2NS!I05 
INStoll 

INSI05 
INSI06 

INSI05 
2NSIIOII 

2NSI05 
2NSI06 

INSI05 
INSIOI 

INSI05 
INSI06 

2NSIOl5 
IN3tOI 

2NSIOl5 
INSIOI 

f1) PolH THI: PwN Width• SOO ,a, Doty Cycle• I. 0\. 

f;g.No. 

BVCBO 

BVCBO 

sv1teo 

1cu 

1111. 

" ..... 

16, 17 VCE(oat) 

1' VBlt(,oal) 

',, 

s c
ob 

s c,. 

IS "i. 

,. ..... 

11 "t. 

12 ...
,, 10 NF 

l, 5 Id 
1, 5, 6 .. 

2, T 1. 

I, I 't 

Appendix B 

Min Mu Ullit 

Vele 
,o -

Vele 
40 -

Vele 
5.0 

- 50 

- '° 

-

eo -

40 -
10 -

50 110 
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so 

eo 
15 -
so 

Vdc 
- 0.25 
- o., 

Vele 
0.65 0.65 

o.• 

1111s 
200 -
2'° -

pF 
- •. 5 

- 10 

t-

0. 5 1.0 
1.0 12 

X 10-4 
0.1 5.0 
1.0 10 

'° 200 
100 ,oo 

1.0 ,o 
s.o eo 

dll 
5.0 

- ,.o 

- 15 -

- S5 .. 

- 200 .. 

- U5 
- eo u 

- 'II 

Fl&Uft 1 - DWY AIID RIS( TIME EQUIVALENT TEST CIRCUIT FICUft 2 - STDUCE AIID FALL TIii£ EQUIYWIIT TEST CactllT 

de; 
+

0.

5 •• u _-106¥ =.t � 300111 
DUTYCYClE-� 

:·rr1·.�:: 
10<1, <500µS ____, ..._ 10.9Y 

DUTY CYClE • 2" -, t, ,--

'Total shunt capacitance al test ii& and connectors 
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2N3905, 2N3906 {continued) 

TRANSIENT CHARACTERISTICS 
-T, = 25•c ---T, = 125•c 

FIGURE 3 - CAPACITANCE 
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FIGURE 6 - RISE TIME 
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2N3905, 2N3906 (continued) 
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2N3905, 2N3906 (continued)
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SILfCON N-CHANNEL 
JUNCTION FIELD-EFFECT TRANSISTORS 

. . . depletion mode (Type A) transistors designed for general-purpose 
audio and switching applications. 

• N-Channel for Higher Gain 

• Drain and Source Interchangeable 

• High AC Input Impedance 

• High DC Input Resistance 

• Low Transfer and Input Capacitance 

• Low Cross-Modulation and Intermodulation Distortion 

• Unibloc• Plastic Encapsulated Package 

MAXIMUM RATINGS 

Characteristic Symbol Rating Unit 

Drain-Source Voltage V05 25 Vdc 

Drain-Gate Voltage Voe 25 Vdc 

Reverse Gate-Source Voltage VGS(r) -25 Vdc 

Gate Current lo 10 mAdc 

Total Device Dissipation@ TA= 25°C Po 310 mW 

Derate above 25°c 2. 82 mW/OC 

Operating Junction Temperature TJ 135 OC 

Storage Temperature Range Tstg -65 to+ 150 oc 

•Trademark of Motorola Inc. 

MOTOROLA Semiconductor Products Inc. 
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2N5457 

2N5458 

2N5459 

JUNCTION 
• FIELD-EFFECT

• TRANSISTORS

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

?YMMETRICAL 
SILICON 

N-CHANNEL 

JULY 1968 - OS 5207 R2 
( Replaces OS 5207 R 1) 

Type A 

Sea1mg Plane 

Leads to fit into 

0.016 
O.IITT 

0.500 
MiN 

OIA HOLE ITYPI-

or°�o -1 LL
_j Loo50 

T.P 

��
I} r���� R . 

-�
0.085 R 0.045 
illi95 · 0.055 

To convert inches 10 millimeters mull1ply by 25.4 
All JEO EC dimensions and noies apply 

CASE 29·01 

T0·92 

PLASTIC 

A SUBSIDIARY OF MOTOROLA INC. 
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-.____/ 

2N5457,2N5458,2N5459 

ELECTRICAL CHARACTERISTICS CT. 2s·c """" o,,,.~� no,,.> 

Characteristic Symbol Min Typ Max Unit 

OFF CHARACTERISTICS 

Gate-Source Breakdown Voltage BVGSS Vdc 
(le;= -IOµAdc, Vos = 0) -25 - -

Gate Reverse Current 1Gss nAdc 
(VGs = -15 Vdc, Vos = 0) - - -1. 0 

(VGS = -15 Vdc, Vos = 0, TA = 100°C) - - -200 

Gate-Source Cutoff Voltage VGS(off) Vdc 
(Vos = 15 Vdc, lo = IO nAdc) 2N5457 -0. 5 - -6. 0 

2N5458 -1.0 - -7. 0 
2N5459 -2. 0 - -8. 0 

Gate-Source Voltage VGS Vdc 
(Vos = 15 Vdc, lo = IOOµAdc) 2N5457 - -2.5 -

(V DS = 15 Vdc, ID = 200 µAde) 2N5458 - -3.5 -

(Vos= 15 Vdc, ID= 400 µAde) 2:-15459 - -4.5 -

ON CHARACTERISTICS 

Zero-Gate-Voltage Drain Current• loss• mAdc 
(Vos = 15 Vdc, V GS 

= O) 2N5457 1.0 3. 0 5. 0 

2N5458 2. 0 6.0 9. 0 

2N5459 4. 0 9. 0 16 

DYNAMIC CHARACTERISTICS 

Forward Transfer Admittance• hsl· 
µmhos 

(Vos = 15 Vdc, VGs = 0, I= 1 kHz) 2N5457 1000 3000 5000 

2N5458 1500 4000 5500 

2N5459 2000 4500 6000 

Output Admittance• jYosj• µmhos 
(Vos = 15 Vdc, VGS = 0, I = 1 kHz) - 10 50 

Input Capacitance Ciss 
pF 

(Vos = 15 Vdc, VGS = 0, I = 1 MHz) - 4.5 7.0 

Reverse Transfer Capacitance Crss pF 

(Vos = 15 Vdc, VGS = 0, l = I MHz) - 1.5 3. 0 

•Pulse Test: Pulse Width ,; 630 ms; Duty Cycle S 10% 

Semiconductor ProduC'fs Inc. 
PHOENIX. ARIZONA 85036 • A SUBSIDIARY OF MOTOROLA INC. 

18'1-S "-INTEO IN l.54 7.71 l.wtl!Al UtMO 123660 '-._.,,/ 



Original Formula Approximate Formula 

le - leso le 
0: = 0: = -

IE IE 

B= 
le - leso B= 

le 
-

Is+ leso Is 

le = o:IE + leso le = o:IE 

le = Bis + leso (B + 1) le = Bis 

le = Bis + leEO 

IE 
- leso Is = 

IE 
Is = --

B+1 B 

TABLE 1-3 

Approximate BJT Formulas (from Page 1-35) 
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Mode 

Cutoff 

Saturation 

Active 

Original Formula Approximate Formula 

Is = 0 
le = IE = leEo le = IE = 0 
V eE(cutJ = V cc - leEo Re VeE(cutJ = Vee 

Is� IB(sat) 

lqsatJ = 
V cc - V eE(sat) Vee 

lccsatJ = -
Re Re 

V CE = V CE(sat) Vce(satJ = 0 

Is = 
Vss - VsE 

Rs 
le = Bls = IE 
VCE = Vee - leRe 

TABLE2-1 

Summary Of Modes And Formulas For The Common-Emitter 

Base-Biased Circuit. (from Page 2-13) 

Ic 

Comment 

Collector and emitter 
terminals approximate 
an open circuit. 

Collector and emitter 
terminals approximate 
a short circuit. 

Operating point is 
usually near the 
middle of the load 
line. 

B • Is (sat) 

Is. 
Vss -Vs£ 

RB 

SATURATION AND CUT OFF POINTS ON THE DC LOAD LINE. A QUIESCENT, Q, OPERATING POINT IN TH£ ACTIVE REGION.

Figure2-2 

The DC load line (from Page 2-11) 



EMITTER 
FEEDBACK 

(A) 

COLLECTOR 
AND 

EMITTER 
FEEDBACK 

( B) 

VOLTAGE 
DIVIDER 

(Cl 

EMITTER 
(Dl 

RB

NPN 
CIRCUIT 

NPN 
CIRCUIT 

Vee

Re

RE

-= 

NPN 
-=- CIRCUIT -= 

Vee 

-VH
NPN CIRCUIT 

Figure2-33 

2 
-Vee

RB

2 

2 

2 

= 

NPN and complementary PNP circuits for typical biasing schemes. 
Box 3 shows how the PNP circuit appears on most 

schematic diagrams. 

(from Page 2-88) 

Re

RE

-= 

3 Vee

RE

RB Re

-= = 

3 

3 

3 

A. Emitter Feedback. 
B. Collector and Emitter Feedback. 
C. Voltage Divider. 
D. Emitter. 
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Parameter Approximate Formula 

AC emitter current ic =

V1N 
Re,+ re' 

AC collector current ic = le 

AC base current ic = 

hre 

Voltage gain Av = 

-rl
Re, + re' 

Current gain A, = hre 

Power gain A
p 

= 
h1erL 

Re, + re' 

Input resistance (base) R1N(aASE) = h1e(Re, + re') 

Input resistance (total) R1N = RallR1N(BASe) 

Output resistance Ro = Rc 

Comments 

BAc = hte 

37mV 26mV 52mV 
Typically-- :;;re'::;;:--. For purposes of calculation, use re'= --

le le le 

Ra= R1 IIR2 for the voltage divider circuit. 

Ra = Ra'= 
R __ a_ for the collector feedback circuit. 

Av+ 1 

TABLE3-1 

Common-Emitter AC Formula Summary Guide 
{from Page 3-44) 

'--.....-,/' 



® 

@ 

le 

Vee -1 

/
SLOPE=--

RC+ RE RC+ RE 

Vee 
----

EMITTER FEED BACK.COLLECTOR 
FEEDBACK, AND VOLTAGE 
DIVIDER CIRCUITS 

Ico

DC LOAD LINES 

V CE 

THE AC LOAD LINE 

Figure3-22 

IC

0 

-1
SLOPE =

�
I 

C E

VCC + VEE 

EMITTER BIAS CIRCUIT 

Common emitter DC and AC load lines. (from Page 3-51) 

A. DC load lines. 
B. The AC load line. 

VCE 
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Parameter Approximate Formula 

AC emitter current 4 = 

V1N 
RE,+ re' 

AC collector current le = ie 

AC base current le lb = 

-hte 

Voltage gain Av= rL 
RE,+ re' 

Current gain A, = hfb = 1 

Power gain Ap =
hfbrL 

RE, + re' 

Input resistance (emitter) R1N(EMITTER) = re'

Input resistance (total) R1N = RE)l(RE, + re')

Output resistance Ro = Rc 

Comments 

B 
aAc = � = 

(B + 1) 
= 1, where B = hte 

26mV 52mV 
Typically, -- �re'� -- . For purposes of calculation use re' =

IE IE 
R1N is small compared to a common-emitter circuit. 

v0 and v,N are in phase with each other. 

TABLE4-1 

Common-Base AC Formula Summary Guide 
(from Page 4-11) 

37mV 
--

IE 

.____/ 

'-.___/ 



'--._./ 

Parameter 

AC emitter current 

AC collector current 

AC base current 

Voltage gain 

Current gain 

Power gain 

Input resistance (base) 

Input resistance (total) 

Output resistance 

R1N is large, R0 small, and Av = 1. 

Approximate Formula 

ie = 
VtN 

RL + re' 

ic = ie 

ic 
'I)= -h1e 

Av.= 
rL 

rL + re' 

A;_ = hie 

Ap = 
h,erL 

rL + re' 

R1N(BASE) = h1e(rL + re') 

R1N = Rsllhte(rL + re') 

Ro = [re'+ 

Comments 

Ra!IRs 
]IIRe 

hie 

Applications include buffers and impedance matching. 

v0 and v,N are in phase with each other. 

TABLE4-2 

Common Collector/Emitter-Follower AC Formula Summary Guide (from Page 4-39) 
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Parameter Definition Description 

h,, v, short-circuit input impedance 
i, V2 =0 

h21 

½I 
short-circuit forward current gain 

i1 V2 = 0 

h12 

., I 
open-circuit reverse voltage gain 

V2 i, = 0 

h22 i2 open-circuit output admittance 
V2 i, = 0 

TABLE4-3 

Hybrid Parameters from Page 4-71 

Parameter Formula 

Current gain A,= 
h21 

1 + h22rL

Voltage gain Av = 

h2,rL 
h,2h2,rL - h11(1 + h22rJ 

Power gain Ap = A,Av 

Input resistance R1N = h,, -
h12h21rL 

1 + h22rL

Output resistance Ro = 

h,2h21 
h22 -

h11 + As 

TABLE4-4 

Two-Port Network Hybrid Parameter Formulas (from Page 4-73) 

'--.._.,/ 



/' 

Parameter Description CE 

h11 Short-circuit Input hie 
impedance. 

h21 Short-circuit forward h1e 
current gain. 

h12 Open-circuit reverse h,e 
voltage gain. 

h22 Open-circuit output hoe 
admittance. 

TABLE4-5 

BJT h parameter Notation (from Page 4-74) 

\.__,I 

CB 

h,b 

hfb 

hrn 

hob 

cc 

hie 

h1c 

h,c 

hoc 
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'---" 

CE-CB CE-CC 

h,b = 
hie 

h,c = hie 
hte + 1 

htb = 
-hte htc = -(hie+ 1)

hte + 1 

hrb = 
hiehoe - h,e hrc = 1 - h,e = 1 

hte + 1 

hoo = 
hoe hoc

= hoe 
hte + 1 

cs-cE cs-cc 

hie = 
h,b hie = 

h,b 

htb + 1 hfb + 1 

-htb -1
hte = 

htb + 1 
hie = 

hfb + 1 

h,e 
= 

hiJloo - hrb hrc 
= 

1 - hct,hoo 
+ hrb

htb + 1 hfb + 1 

hoe = 
hoo hoc

= 
hob 

htb + 1 hfb + 1 

TABLE4-6 

Approximate h Parameter Conversion Formulas (from Page 4-75) 



Parameter 

B 

re' 

rb'

re'

Approximate Equivalents 

1 hte = ---

1 -
(h!b + 1) hie+ 1 

� 

:_h!b = h1e---

h!b + 1

hib = hie 
h1e 

hrb - =h· -
hob 

,e 

1 h1e -=-
hob hoe 

TABLE4-7 

Useful Conversions 
(from Page 4-80) 

h1eh,e 
--

hoe 
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Parameter 

I 

Vee 

Vs 

Ve 

Ve 

Av 

Ai,Ap 

R1N 

PAe 

PoMAX 

Single Supply Dual Supply 

Vee -1.4V 2Vee - 1.4V 
R, + R2 R, + R2 

Vee Vee Vee, = Vee, Vee., = -Vee Vee, = 
2 

, Ve� = 2 

Vs, = Vee - IR1 Vs, = Vee - IR1 
Vs, = Vee - 0.7V Vs, = Vee - 0.7V 
Vs

2 
= IR2 Vs, = IR2 - Vee 

Vee 
IVe,I = IV�I = 

2
Ve,= v� = ov

Ve, = Vee, Ve
2 

= 0V Ve, = Vee, Ve
2 

= -Vee 

Av = 
RL 1 Av = 

RL =1 
RL + re' RL + re' 

Ai = hFe, Ap = AAv Ai = hFe, Ar, = AAv 

R1N = R,IIR2llhFe(RL + re') R1N = R,IIR2'IhFe(RL + re') 

(Vee)2 (Vee)2 

---
---

8RL 2RL 

(Vee)2 PAe (Vee)2 PAe ---=-- ---=--
40RL 5 10RL 5 

TABLES-2 

Summary of approximate formulas for the single and dual supply, 
complementary-symmetry push-pull class AB amplifiers. 

{from Page 5-71) 



Mode 

Single-Input, 
Single-Output 

Single-Input, 
Differential-Output 

Dual-Input, 
Single-Output 

Dual-Input, 
Differential-Output 

Differential-Input, 
Single-Output 

Differential-Input, 
Differential-Output 

(v1N) (vd) 
Input Voltage(s) Differential Voltage 

v1 or v2 v1 or v2 

v1 or v2 v1 or v2 

v1 and v2 (v1 - v2) 

v1 andv2 (v1 - v2) 

VIN VIN 

VIN VIN 

Table6-1 

Differential Amplifier operating modes. 

(from Page 6-35) 

(v0) 
Output Voltage 

Ac -- VIN
2r8' 

Ac -- VINr , e 

Ac -- (v1 - v2)2re' 

Ac (v1 - V2) --

r , e 

Ac -- VIN
2r8' 

Ac -- VINre'
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DIFFERENTIAL AMPLIFIER DESIGN GUIDE 

1. Select Is.

2. Calculate Re.

3. Calculate Re.

4. Select Rs.

Vee Re = 

-Is 

Vee - Vse 
Re = ---

ls 

Rs = 1 kO to 1 OkO is typical. 

To obtain a large CMRR, use a BJT constant current source in place of Re. In this case, 
step 3 is replaced by steps 1 through 3 in the constant current source design guide. 

(from Page 6-39) 
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N 
CHANNEL 

J FETs 

p 
CHANNEL 

FETs 

DEPLETION 

N 
CHANNEL 

p 
CHANNEL 

Figure7-47 

FET family tree. 
(from Page 7•81) 
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1-2 Index

AMPLIFIERS 
Common-Base, 1-28, 4-7 
Common-Collector, 1-28 
Common-Emitter, 1-28, 2-13, 3-17 
Common-Source, 7-59 

Common-Drain, 7-65 
Impedance Matching, 4-41 
Power Amplifier, 5-6 
Push-Pull, 5-54 
Quasi-Complementary, 5-73 

INDEX 

AMPLIFIERS - CLASS OF OPERATION 
Class A, 5-1 0 
Class AB, 5-58 
Class B, 5-54 
Class C, 5-80 

BIAS 

Base Bias, 2-8, 2-28, 2-52 
BJT Bias, 1-27 
Collector and Emitter Feedback, 2-48, 2-52 
Collector Feedback, 2-46, 2-52 
Combination Bias, 2-61 
Comparing Bias Schemes, 2-97 
Emitter Feedback, 2-38, 2-52, 4-17 
Hybrids, 4-76, 4-77 
JFET, 7-38, 7-44 
MOSFET, 7-55 
NPN Biasing, 2-88

PNP Biasing, 2-83, 2-88 
Stable Bias, 2-61 
Voltage Divider, 2-62, 2-73 

BUFFERS, 4-41 

CAPACITOR SELECTION, 3-63 

CIRCUIT CONFIGURATIONS 
Common Base, 4-6 
Common-Collector, 4-32 
Common-Emitter, 3-29 

Class A, 5-1 0 
Class AB, 5-58 
Class B, 5-54 
Class C, 5-80 

COUPLING 
Direct, 3-15 
RC, 3-16 
Transformer, 3-16, 5-30 

CROSSOVER, 3-57 

CUTOFF, 2-6 

DARLINGTON PAIRS, 4-46, 5-72 

DESIGN GUIDES - APPENDIX B 
Class A Power Amplifiers, 5-33 to 5-35 
Class AB Power Amplifiers, 5-75 to 5-77 
Common-Emitter, 3-67 to 3-70 
Common-Base, 4-23 to 4-25 
Common-Collector, 4-32, 4-55, 4-58 to 4-60 

DESIGN PROCEDURES - APPENDIX B 
Common-Base, 4-6 
Common-Collector, 4-57 
Common-Emitter, 3-62, 3-65 



f 

� DESIGN SUMMARIES - APPENDIX B 
Common-Base, 4-11

Common-Collector, 4-39

Common-Emitter, 3-44

'--./ 

Diode-PN Junction, 1-7

Distortion, 3-57, 3-60, 5-44, 5-47, 5-49 

Distortion Crossover, 3-57

Negative Clipping, 3-59

Positive Clipping, 3-59

EFFICIENCY, 5-16

EMITTER BYPASS, 3-63

EMITTER FOLLOWER, 4-50

EXPERIMENTS - UNIT 9 

FORMULAS 
BJT, 1-35

Class AB & B, 5-65, 5-71

Common Base, 4-11

Common Collector, 4-39

Common Emitter, 3-44

FETS, 7-26

Hybrids, 4-73

Hybrid Conversions, 4-80

FETS 
Characteristics Curves, 7-16, 7-18 - APPENDIX B 
CMOS, 7-32

IGFET, 7-22

JFET Construction, 7-6

MOSFET, 7-22

Pinch-Off Voltage, 7-12

Transconductance Curve, 7-16, 7-18

VMOS, 7-32

FET/BJT COMPARISON, 7-34 

FREQUENCY SPECTRUM, 4-58

GAIN 
Av (Voltage), 3-7

A (Current), 3-7, 4-11

Ap (Power), 3-7

HALF-WAVE RECTIFIER, 1-9

HYBRIDS, 4-69, 4-71

H PARAMETERS, 4-74, 4-75

JFET, 9-6, 7-3

LOAD LINES - APPENDIX B 
AC, 1-22, 3-50, 4-14, 4-39 

DC, 1-19, 2-11, 3-50

Intercept Points, 2-17, 2-79

Majority Carriers, 1-30

Miller Resistance, 3-41

Model-AC, 3-22

Model-DC, 3-22

NPN-Biasing, 2-88

Operating Point, 1-19, 1-22, 2-30

Q Point, 1-19, 1-22, 2-11, 2-30

OPERATING REGION 
Acitive, 2-7

Cutoff, 2-6

Saturation, 2-7

PARAMETERS - APPENDIX B 
AC, 3-25

BJT, 1-37

BJT h, 4-74, 4-75

Hybrid, 4-69, 4-71

JFET, 7-21

PNP Biasing, 2-83, 2-88

Q Point, - See Load Lines 
Rectifier, Half-Wave, 1-9 
·Reference Point, 2-85, 2-87

Index 1-3 



1-4 Index

RESISTANCE - APPENDIX B 

AC-Dynamic, 1-11 

Input.,_ 3-13 

Output, 3-14 

Miller Input, 3-41 

Miller Output, 3-41 

SATURATION-AC, 3-52 

SEIMENS, 4-72 

TRANSISTOR DEFINITION 1-6 

Bipolar, 1-25, 7-3 
BJT, 1-25, 7-3 

Unipolar, 7-3 

Two-Port, 4-69 
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