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15. Transistor Amplifier
Design and Measurement

| ntroduction

The previous module was devoted to measuring the characteristics of a transistor. In particular,
you measured the amplification parameter B=I./ly, (B is aso known as hge 0n your digital multimeter.) |
is the current out of the collector of the transistor and I}, is the current out of the transistor base for PNP
transistors. The value of 8 will vary from transistor to transistor. The base current is said to control the
collector current and this equation I = 81, iscalled the "transistor action" equation. Y ou also measured
the voltage between the collector and emitter V. and graphed | as a function V. This graph is called
the "load line". The graphs of the above voltages and currents characterize a particular transistor (e.g.
2N2222) and are called the "transistor characteristics'.

This module is devoted to the design of a transistor amplifier and this involves choosing the
values of five resistors and three capacitors. Also, you will measure and calculate the amplifier voltage
gain g=Vqu/Vin Where Vi, isthe input AC voltage and V is the output AC voltage.

Three Basic Rules of Amplifier Design

There are three basic rules that we will use to design the transistor amplifier. You already know

these rules from your work in the previous module.

1. The base-emitter voltage is always about 0.6-0.7 volts for silicon transistors. REASON: This is
because the base-emitter junction behaves like a diode and a diode has a constant voltage drop when
biased in the forward direction.

2. The current amplification of the transistor 8 is large (typically 100-300). REASON: Small changesin
the base current |, produce large changes in the collector current 1, and this is the basic idea behind
transistor operation.

3. The collector current and the emitter current aimost the same size I, = lo. REASON: lg= Iy + | due
to conservation of charge and since the collector current [.>> |, as a consequence of Rule 2 it follows
that I = le.

There is no one amplifier design and a lot of designs will work OK. What will be given below is
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a sort of "transistor amplifier cookbook" design. This cookbook design will work well under most

situationsjust like a recipe usually works when you cook.

The Basic Common Emitter Transistor Amplifier

The basic transistor amplifier circuit isindicated below:

Lol

W
battery

It is called a "common emitter" amplifier since the emitter is common to both the input circuti and the
output circuit. There are additionally three capacitors but they do not play arole in the basic transistor
amplifier design which mainly involves setting DC voltages. R; is called the collector resistor and Re the
emitter resistor. (R. is actually two resistors in series one of which will be call Ry and is called the
"gain" resistor since it controls the voltage gain or amplification;' however, we disregard the second
resistor for now. By the way, Ry will be important as it sets the overall gain of the amplifier.) Riand R,
are caled the hias resistors and they help set the base current I, (by making sure that the base-emitter
voltage is at least Ve = 0.6V for silicon transistors). The emitter resistor has the purpose of controlling

"thermal runaway" which can burn up atransistor but more on thsi in amoment.
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The Battery Voltage

The battery voltage is chosen such that it must be |ess than the maximum voltage the transistor can handle
between the collector and emitter (so the transistor does not burn out). We will use Vparery = 12V since

thisisreadily available in the lab and the 2N2222 is ok with thisvoltage. (If you look at the data sheet at
the end of this module you see the absolute maximum Ve = 40V for the 2N2222 which is the collector-
emitter voltage at the operating point) Asarule of thumb, the battery voltage is chosen less than half the
maximum Ve Since this allows for an addition AC voltage due to amplfication.

Choosing R and Re.

The first thing we need to do is choose an "operating point" for the amplifier. The "operating point” is
the DC values of I, I, and V¢ which are the quiescent or steady state values. When an AC input voltage
is applied to the amplifier, there are deviations from these values which are denoted by lower case letters

ic, ip, and Vee.

Choosing an Operating Point

COOKBOOK RULES:

(1) Choose an I such that the transistor actually does amplify. (8 is say 100 and NOT unity as
happensif I and Vg istoo small or aternatively if I, and I, are too large.). This seems sort of obvious
but it is sometimesoverlooked. There are alot of choices here as you observed in the previous module.

(2) Giventhevalueof I, at the operating point, it iseasy enough to determine the base current Iy,
at the operating point using I, = 1./ B.

(3) Choose the operating point collector-emitter voltage as somewhere in the range
V”% < Ve < VD%L A Ve somewhere in this range will allow for amplification of a maximum input

voltage without distortion. For definiteness, we will choose Ve = \/"a‘?)ﬂ in our example below.

EXAMPLE: The 2N2222 transistor might have |, = 4 mA at the operating point since as you saw in the
previous module this leads to a8 of say 150 which means the transistor is actually working. If =200 and
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lc = 4mathen |, isjust

I, =4. %1073 /200.

0. 00002

or Ip=0.02 mA = 20 pA which might be just large enough for you to measure. The collector-emitter

Choosing the Collector and Emitter Resistors

The purpose of the collector resistor R, is to set the collector current 1. as well as the emitter-
collector voltage V. In other words, R; helps to set the transistor at the "operating point" of the ampli-
fier.

The purpose of the emitter resistor R, is to prevent "thermal runaway". If the emitter resistor i<
not present, the collector current might increase as the transistor heats up. Asaresult of I, =1./8 there
isthen an increased base current which further heats up the transistor etc until the transistor burns up. At

the very leadt, this effect is a cause of amplifier instability.

COOKBOOK RULE #4: We choose the voltage across R, equal the voltage across R.. It follows
that Re = R. if we follow this rule. (Recall Rule #3 says that the collector current is amost the same
size as the emitter current that is 1. = I¢.) Kirchoff's loop rule says the voltage across Re , plus the

voltage across R; , plus Ve equal the battery voltage Vpatery. SO We may write

Ic (Re +Rc) +Vee = Vhattery Or  Rc = (Vbattery - Vce) / (2 1¢) (1)
This is enough to determine the emitter and collector resistorssince Re=R;, and | ¢ , Vce, and Vipat tery

have already been determined so

Example: Using Vpatery =12V, Ve =4V, I =4 mA and R = R; together with equation (1) yields

12-4
¢ 240.004

1000.

s0 Re = R. = 1kQ. You might not be able to find this value resistor in the lab and if so, you should just
use a resistor that is as close as possible. The voltage across the emitter resistor plus the voltage across

the collector resistor is (Vpatery — Vce) and since Re = R. it follows that the voltage across each resistor is

just (Voattery — Vee)/2. For the example, thisis (12 V- 4 V)/2=4V.
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However, the way the battery voltage divided up is somewhat arbitrary. It would just as well to take
Vee=Vbattery / 2 with the remainder divided equally across R, and R.. You might try this and see what

changesit makesin the amplifier operation.

The Choice of the Bias Resistors R; and Ry.

The bias resistors R, and R, essentially work as a voltage divider for the battery voltage Vpatery.

The values of R; and R, are chosen so that the base-emitter junction is biased in the forward direc-
tion at least 0.6 volts since otherwise the transistor will not work.

The cookbook design (below) makes sure that the bias resistors are large compared with R anc
R. so that the voltage divider works the same way regardless of the size of I, (and 1,). When the bias
resistors are large we can essentially disregard the rest of the circuit in the process of determining R; and

R, so asimplified circuit is shown below:

|
3

—> |y

=)

A current |y goes through resistors Ry and R, and a current |, just goes through R; and enters the base

W
battery

from the connection with R; and R,. Conservation of current allows us to conclude the current in Ry is
the sum of these currents that is (Ig + I). Previously we determined the base current I, using I = I/ 8.

For example, if =200 and I = 4 mathen Iy isjust 0.02 ma.
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4. %1072 /200

0. 00002

The voltage between the transistor base and the ground is Vp,e=0.6 volts plus the voltage across the
emitter resistor. From the diagram above, it should be clear thisis also the voltage across the resistor R,
S0

Ve + Ve =1 g Ry oOr IpR, =4.4V (2)
since for our example, Ve = 0.6V and Ve =4.0V so equation (2) becomes 4.4 V=IgR, but | o and R,

are not known. The voltage across both resistorsisjust the battery voltage

(lo + 1p) Ry + 1o Re = Vipatery (3)
For our example, 1o Ry=4.4V, Iy = 0.02mA, and Vpatery = 12V s0 plugging into equation (3) we get

(lo+lp) Rt + 44V =12V 4
and thus
(lo+1lp) Ry =7.6V (5)

Remember we know I, = 0.02 mA so if we know |g we could calculated R; so we still have too many
unknowns.
COOKBOOK RULE: Itisagood ideato choose Iy >> Iy sincein this case changesin Iy, (due to for

example, an input AC voltage) will not change the bias voltage. Our cookbook ruleis

Ip=251, (6)
although many other choices will also work. (Later you should try say 1o =501, and see if your ampli-
fier still works. Also try 1o =1, and see what happens.) Since I, = 0.02mA in our example, equation
(4) meansthat Ig is

Iy =25%0.02

0.5

or lo=0.5mA Equation (5) now yields R, (neglecting I, << lg)

7.6
Ry= —
0.5 %103

15200.

so Ry = 15kQ . Equation (3) now yields R,
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4.4
R, = —
0.5
8.8
SOR; = 8.8k

R; isroughly 9 times R. and this is important since R;+R, must be large enough to keep the bias current

small.

Lab Exercises. Amplifier at Operating Point

Build the common emitter amplifier circuit using a 2N2222 transistor and Rc =1, 000, R.=1, 000 Q,
Ry =15,0000, and R, =9, 000Q. You will not be able to find those exact resistor values but get one
as close as possible. Uses 12 Volts for the battery voltage. Y ou should get something like Ic =4mA
and I, =0.02mA. Check to make sure your amplfier is actually working by measuring the base current
and collector current. The base current is small but it should be barely measureable with you meter.
Recall that the transistor equation say 1c=8 |, where $=150 in the case of the 2N2222. If 1,=0 then
|c=0 and your amplifier is not working. Soindirectly if Ic isNOT zero you could infer I, isnot zero but
the object of thislab isto verify thisrelation not assumeit istrue.

Try making an amplifer were the voltage across the collector resistor is 3 volts, the voltage across the
emitter resistor is 3 volts and the collector-emitter voltage of the transistor is 6 volts with the battery 12
volts. Choose all four resistors so the amplifier is at the operating point. Measure |, and I and make

sure they are not zero.

The Complete Common Emitter Transistor Amplifier

The complete common emitter transistor amplifier circuit isindicated below:
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There is now an additional resistor Ry between the emitter resistor and the transistor. Also there are three

capacitors.

The Choice of Ry

The input voltage is entirely AC since the input capacitor Cinpw  blocks any DC voltage from
getting to the transistor. (Later we will explain how to choose Ciypi.)  Also, the emitter capacitor C,

will be chosen so that it effectively short circuits AC voltages around R.. (Later we will explain how to
pick C..) The voltage between the emitter and base is fixed at 0.6 volts DC and there is no AC voltage
between the emitter and base. The entire AC input voltage appears across Ry so that in terms of the AC

emitter current i we have from Ohm'slaw
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. Vi nput (7)
Ry

The output capacitor serves to block the DC from the output voltage so the output voltage is entirely AC.

The output AC voltage Voupu 1S given by

Voutput:icRc:ieRc (8)
since to a good approximation ie = ic. The battery acts as a short or just a wire for AC so the top of the
collector resistor is at the ground potential as far as AC is concerned.  Utilization of equation (7) in
equation (8) yields

Re

Voutput = — Vinput (9)
fromwhichthe ACgaingis

Vout put Re (10)
g — -
Vi nput Rg

Now R; has already been determined (Rc = 1 kQ inthe example.) The amplifier gain g must be less than

B the current gain of the transistor. Suppose we want the amplifier gain g=25 then equation (10) deter-
mines Ry=R:/g. (Inthisexample, Ry=1k/25 = 400.) Againyou will probably NOT find a resistor
with this exact value in the lab so use one as close as possible. Notice the value of Ry is small and thisis

typical.

1000. / 25

40.

The Values of the Capacitors

Choosing the input capacitor

The relevant part of the amplifier as far a choosing Cinpy IS concerned is
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bhase

ground

The value of R, has already been determined. (For example, R, = 15k().) The above circuit passes the
larger frequencies of the input voltage on to the base and ground (that is the voltage across R,). The

resistor and capacitor act as a voltage divider of the input voltage. The voltage acrosstheresistor Vg is

R
VR = - _ Vinput

/ 11

where w=2xf and f is the frequency of the signal generator that provides the input voltage. The resistor
R=R, and the capacitor C=Cjnp,. If the amplifier is for audio frequencies, then the lowest f=20 Hz.

Choose C so that Vg = VT"“‘ at the lowest audio frequency so that at the lowest audio frequency, half the

input voltage appears across the resistor. So we can write equation (11) in the form

Vi R

1
2 Vi nput 1 (12)
R+ o

where both R and w have known numerical values (e.g. w=27rx20 and R=15,000 ().) It should be clear
from equation (12) that increasing w increases the voltage across the resistor.
We can solve for C with Mathematica obtaining
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R = 15000. ;
w=2%7%20.;

1

w? % CO2

NSoIve[O.5== R/ R? 4 , {CO}]

{{C0 - -3.06294 107}, {00 - 3.06294x107"}}

You can solve equation (12) easily yourself. The physical (positive) solution is about C=0.3 uF for the
input capacitor. The output capacitor is determined by similar reasoning since AC (but not DC) is passed
along to the output which may be a speaker or another stage of amplification. Choose Cinpy in the lab as

close to the above value as possible.

Choosing the output capacitor

The output capacitor can be chosen using a similar argument to finding the input capacitor value. How-
ever, in this case, the role of the output capacitor is to make sure the DC voltage is not passed along to a
second amplifier stage thus disturging the bias voltage of that stage. Also, the output voltage is developed
across the output capacitor and the output voltage can be taken as half the total AC voltage across Coput

and Rc. Choosing Copu=0.3 uF should work

Choosing the emitter capacitor

We want the emitter capacitor to be a short circuit for AC around the emitter resistor. The time
constant of the resistor and capacitor is 7=RC where r=1/f and f=20 Hz is the lowest AC frequency.
R=Re isaready known (for example, R, = 1, 000 (2.) so we can compute the value of C=C,. Specifically

f=20.;
t=1/F;
RE = 1000. ;
CE=t/RE

0. 00005

0 Ce = 5 uF.

So the emitter capacitor should be roughly 5 uF.
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An Experiment: Amplfication of an AC signal

Build a common emitter amplifier according to the cookbook design. Choose Ry so the g is

approximately 25. After you pick Ry calculate the gain g you expect.

Attach a signal generator with a Sine wave output at about 500 Hz to the terminals marked Vinpu
in the diagram above. Also, attach the probe of channel A of your oscilloscope to the input terminal so
you can measure the input voltage. Attach the probe of channel B of your oscilloscope to the output
terminal and measure the output voltage. What is the measured gain g of your amplifier? Does it agree
with your calculated gain?

Double the value of your Ry . Calculate the new gain? Did the gain increase or decrease?

Measure the new gain of your amplifier.

APPENDIX: Some 2N2222A Characteristicsfrom various websites:

o~ |
g = 200 ph
40 -
I’ 160
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40 Figure 3-9 Common-cmitter o
Iepo put characteristics of a ZN21
0 } 0 n-p-n silicon transistor. A k
[i] 2 i 1 B 8 10 line corresponding 1o ¥ m1(
Collector-smitter voltage Vo, V and R; = 500 is superimpose:

Fairchild is one of many manufacturersof the 2N2222A and the characteristics are listed below.

I
FAIRCHILD
SEMICONDUC TOR®

PN2222A MMBT2222A PZT2222

? &
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TO-32 30T-23 B SO0T-2X3 B
EBQC Mark-1P
NPN General Purpose Amplifier
= This deyice |5 far =€ 36 3 medium powesr amplfier and swich
requinng collecior cunments up bo S00mA
» SouUrced from process 19.
Absolute Maximum Ratings * 1,-25°C unless atherwise noted
Symias Parameter Valua
Vipen Collecior-Emitter Volage a0
Vipan Collecior-Base Vollage 75
Vepn Emitier-Base Vallage B0
I Collecior Cunnans 1.0
Tata Operating and Storage Junction Temperature Range - 53~ 150
= Thede msings e milng viles dbdee w=h e aervioeally ol ey semecsnduts’ dasion mdy D | Frps ined
ROTER
1] Ttewe iabngs in Edsed o0 8 i f unzion Bnsecalcie of 1590 Segneed .
21 Theewe are sben =y dale |l Tha Sy afock] B Soniulfed Sn aspiEilsm isaving pueed & b Ay coyole Spaialorm
Electrical Characteristics r,-25°C uniess ofhensise noted
symbol | Parameter | Teat Condltion [ min. | ma
Off Characierietice
BV gmce | Collecior-Emitier Breakdown Voiage * | I = 10mA, Ig =0 a0
BV gmcen | Collecior-Base Breakdown Volage Io = 10pA, Ig =0 75
SVgmepo | Emitter-Gase Breakdown Voltage g = 10pA, I =10 6.0
— Collector Cutof Curent Vs = 60V Veagor = 2.0V T
— Collector Cutof Curent Vg = G0V, Ig =0 00
Vg =60V, Ig =0, T, = 125°C 1
— Emilier Cuio Current Vg =30V, =D i
|3|_ Bage Cubalf Cumant 'l"rEE - G0 "-'rEa:n-ll] - 3 W 20
On Charactariatics
Nee DC Curent Gain Ig = DLIMA, Vg = 10V 35
Il = 1.0mA, Vgg = 10V 3
o = 10MA, Vg = 10V 75
lg = 10mA, Wop = 106, T, =-55°C 35
lp = 150MA, Veg = 100 ° 100 aa
o = 150MA, Vg = 10V * 5
I = SO0MA, Weg = 100 * 40
[T— Collecior-Emitter Saturation Vollage © | | = 150mA, Vg = 10V 0.
I = SODMA, Ve = 10V 11
VEEua Base-Emitier Saturation Wolage I = 150mA, Ve = 10V 0.6 i
g = SO0MA, Vg = 10V 21




