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PREFACE

This book combines the advantages of both the textbook and the so-called
review book. As a textbook it can stand alone, because it contains enough descrip-
tive material to make additional references unnecessary. And in the direct manner
characteristic of the review book, it has hundreds of completely solved problems that
amplify and distill basic theory and methods. It is my intention that this book serve
equally well as a basic text for an introductory course, and as a collateral problem-
solving manual for the electrical engineering student at the junior- or senior-level,
who has had a course in circuit theory. It is also a useful supplement for the student
taking advanced courses in related areas that require a knowledge of transistors.
The analysis and design problems should benefit professional engineers encountering
transistors for the first time.

Although the principles of transistor circuit design and analysis are developed
in an academic manner, a practical emphasis is maintained throughout; i.e., the stu-
dent is shown how to “size up” a problem physically, and to estimate the approximate
magnitudes of such parameters as quiescent operating point, impedances, gain, etc.
Moreover, a scrupulous effort is made in the solved problems to keep sight of under-
lying analytical and physical principles, thereby establishing a strong background
for the practical problems that arise in the analysis and design of circuits.

New concepts, definitions, and important results are tinted in grey throughout
the text. The solved problems are generally comprehensive, and incorporate numerous
applications. Supplementary problems are included not only for exercise but also to
strengthen the skill and insight necessary for the analysis and design of circuits.

After a preliminary discussion of semiconductor principles in Chap. 1, a com-
plete chapter is devoted to graphical analysis of semiconductor circuits. Thus the
foundation is laid for succeeding chapters on small- and large-signal parameters.
Nonlinearities, in particular, are easily investigated by means of the graph-
ical methods described.

Chapter 3 provides a thorough coverage of the small-signal equivalent circuit,
with emphasis on the tee-equivalent and hybrid configurations. The hybrid-x circuit
is introduced in connection with the high-frequency limitations of transistor behavior.

Chapter 4 presents a variety of bias circuit configurations, including leakage
effects, stability factors, temperature errors, and methods of bias stabilization.

Chapter 5 establishes the basic formulae for the small-signal amplifier. Multi-
stage amplifiers, together with various feedback circuits, are considered in Chap. 6.
Power amplifiers, both single-ended and push-pull, are covered in Chap. 7.

Chapter 8 rounds out much of the material on feedback developed in earlier
chapters, and investigates the operational amplifier and the stability of high-gain
feedback amplifiers by Nyquist and Bode techniques.

The appendices provide a convenient reference to transistor characteristics,
important formulae, asymptotic plotting, and distortion calculations.



I am deeply grateful to Mr. Sidney Davis, who made important contributions
to both the first and second editions in organizing the problems, unifying the nota-
tion, and commenting on the contents as a whole. I also wish to acknowledge the
editorial efforts of Raj Mehra of Simon & Schuster, Inc., towards the revision of the
first edition.

Alfred D. Gronner
White Plains, New York
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CHAPTER

SEMICONDUCTOR
PHYSICS AND DEVICES

1.1 Basic Semiconductor Theory

//e—“ﬁ\

< ~
7 Nucleus\

Valence band

(b)

Valence band (a)

Fig. 1.1 Models of (a) germanium and (b) silicon atoms, and their simplified
representations.
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Conduction band
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Conduction band

Energy gap

A\

Valence band
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Fig. 1.2 Comparison of energy gaps
between valence and conduction
bands for (a) conductors, (b) semi-
conductors, and (c) insulators.
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Fig. 1.3 The generation of mobile electron-hole pairs due to thermal agitation in a
germanium crystal shown two-dimensionally.

PROBLEM 1.2 Why does the conductivity of a semiconductor increase, rather
than decrease with temperature, as does the conductivity of a metal?

Solution: As temperature increases in a semiconductor, the number of electron-
hole pairs generated by thermal agitation increases. The liberated electrons and
holes are current carriers, and thus provide increasing conductivity.

But at very high temperatures, when sufficiently large numbers of free elec-
trons and holes are generated, collisions tend to increase resistance by reducing
the average speed of the current carriers.

1.2 Effects of Impurities

S NOR =kO)

®» e ® o

Positive ions

Negative ions

Free holes

LN -NORC,

‘Free electrons

Fig. 1.4 Movement of electrons
and holes in two types of semi-
conductors.
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(b)

Fig. 1.5 Effect of impurities on pure germanium crystals. (a) Donor impurity provides
mobile electrons. The positively-charged atoms are not free to move. (b) Acceptor
impurity provides mobile holes. The negatively-charged atoms are not free to move.
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PROBLEM 1.4 Would you expect minority catrier current flow in response to an
applied voltage? ’

Solution: Minority carrier flow occurs in response to an applied voltage since it
is a current carrier. Majority carrier flow, however, is ptedominant, except at

high temperatures where thermal ly-generated electron-hole pairs lead to a higher
Depletion layer

proportion of minotity carriers,
Elecf_r_ic field
7, ’—\\\
1.3 The p-n Juncti o | ZZZSNN] o
. e p-n Junction
0:016,050.0!

0®
[OXO]
O
@

|

0 O2® O
! ®_
@,

C21{OIC)
O® ®!

Junction

@ Donor atoms

@ Acceptor atoms
4+ Holes
— Electrons

® Imperfections, etc.

Fig. 1.6 A p-n junction. (a) lonized

regions on each side of the junction

form a depletion layer. (b) As a re-

sult of the depletion layer, a contact

potential, represented symbolically

by a battery, is established across
the junction.
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Fig. 1.7 (a) Unenergized p-n junc-
tion. (b) The effect on the p-n junc-
tion of application of forward bias.
(c) When the battery connections
are reversed, the electrons and
holes are drawn away from the
p-n junction.

Transistor Circuit Analysis
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Majority
carrier
conduction

Vr ; Vp
f Minority —a| 0.6v (e
carrier for Si,
Crystal conduction 0.3 v
breakdown ay —1I] for Ge
1=1,(e*T -1)
(a)
!
VR ' Ve
PROBLEM 1.5 Explain the flat character of the saturation current of the p-n
junction. -1
Solution: The reverse current is dependent on the number of minority carriers in (b)
the semiconductor crystal. When a few tenths of a volt reverse voltage is applied,
all the thermally-generated minority carriers are swept across the junction. Re- Fig. 1.8 Current vs. voltage across

verse current is limited by the number of available minority carriers. a pn junction. (a) The magnitudes
of the leakage current I and forward

The saturation or reverse leakage current increases sharply with temperature
. . : voltage V are greatly exaggerated.
(Fig. 1.9).. As a very approximate rule of thumb, this leakage component doubles (b) A scaled drawing of a diode
for every 10 °C increase in temperature. characteristic.



Fig. 1.10 Comparing silicon and

germanium diode characteristics.

Note the modified scales for plus

and minus ordinates. Voltages

Vrg and Vgg are forward volt-

ages caused primarily by the po-
tential barriers.

8 Transistor Circuit Analysis
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Junction temperature, °C—»

Fig. 1.9 Typical variation of I, with temperature for germanium and
silicon diodes.
PROBLEM 1.6 Would you expect germanium or silicon to have the greater value
of reverse leakage? Why?

Solution: Since reverse leakage is predominantly due to minority carriers gen-
erated by thermal agitation, it is evident that germanium, with its lower energy
gap (0.72 ev for Ge compared to 1.1 ev for Si) between valence and excited elec-
tron states, would have the greater leakage. The greater energy gap of silicon
allows it to be used at much higher temperatures (to 150 °C approximately) than
germanium, whose maximum junction temperature is slightly above 100°C.

PROBLEM 1.7 Sketch a curve similar to Fig. 1.8a, roughly comparing a silicon
and a gemmanium diode. How does the width of the energy gap affect diode
characteristics?

Solution: Figure 1.10 provides the required sketch. In the forward direction,
more voltage is required to overcome the barrier potential (related to the energy
gap) for silicon. In the reverse direction, the tighter covalent bonds mean greater
crystal breakdown voltages. The saturation current, as previously discussed, is
higher for germanium. Note the different scales in the forward and reverse
directions.
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PROBLEM 1.9 At room temperature, find the incremental resistance r; as a
function of I. Introduce numerical values for k, T, and q.

Solution: Room temperature, 25°C, corresponds to 273 + 25°C = 298°K. Substi-
tute in (1.10) using numerical values for k and q:

¥ 2199, (1.11)

where [ is in milliamperes.
PROBLEM 1.10 What is the incremental resistance of a forward conducting p-n
junction with 2 ma current?
Solution: Substitute in (1.11):

26
I

26
2

R

=13Q.

Iy

PROBLEM 1.11 If forward diode resistance r; is 13 Q at 25°C and 2 ma, what
is the resistance at 125°C and 2 ma?

Solution: Refer to (1.10) in which r; is directly proportional to absolute T

temperature: .

—~

398
13) = —
s 298

273+ 125

(13)=17.4Q.
273+ 25

Tfyp50¢ =

PROBLEM 1.12 A diode has a forward drop of 0.6 v at 10 ma where the tem-
perature is 25°C. If current is held constant, what is the forward drop at 125°C?

75° 50° 25° 0°

IF,

b— e — o ———

- -

Fig. 1.11 Family of forward diode
characteristics for different tem-
peratures. At I = Ip, ., a constant
forward current, the curves are ap-
proximately uniformly spaced for
equal temperature increments.

Vg —»



“«—V (Reverse bias)

I,

—.(jusund 36DY09Y) J—

Fig. 1.12 Leakage componentsin a

semiconductor: I; = saturation com-

ponent due to minority carriers, Iy, =

surface leakage component, I 7=
total leakage.
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Approximately what additional voltage is required at 125°C to increase current
to 12 ma?

Solution: At 125°C and constant current, the diode forward drop decreases by
(2.5 mv/°C) x 100 = 250 mv. The forward drop at high temperature is now only
0.350 v.

Using the method of Prob. 1,11, 7; = 3.5Q. The additional voltage corre-
sponding to a current increment of 2 ma is

AV =r,Al=3.5x 2x 107 = 0.007 v.

There is a 7 mv increase in voltage.

PROBLEM 1.13 A germanium diode has a saturation leakage of 200 pa at 25°C.
Find the corresponding leakage component at 75°C.

Solution: From Fig. 1.9, it is estimated that the leakage increases over the
temperature range by a ratio of 20: 1, The high temperature leakage is therefore
4 ma.

PROBLEM 1.14 A silicon diode has a saturation leakage of 10 pa at 25°C.
Find the corresponding leakage components at 75°C and 125°C.

Solution: Again refer to Fig. 1.9. The leakage increase ratio is about 6: 1,
leading to a 60 ua leakage at 75°C. At 125°C, leakage becomes 40x 10=400 a.

PROBLEM 1.15 A silicon diode operates at a reverse voltage of 10 v and has
a total leakage of 50 ya. At 40 v, the leakage is 80 ya. Find the leakage re-
sistance R; and the leakage currents,

Solution: The total leakage consists of a voltage-independent component I,
and a surface leakage component I, :

ILT=Is+lLI

50ua=1, + 10, (1.12a)
RL

80pa=1I,+ 20 (1.12b)
R,

where R; equals the equivalent resistance corresponding to surface leakage.
Now subtract (1.12a) from (1.12b) and solve for Rp:

0pa=39 R -3 . 1m0,

R, 30
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Thus I, r =1, + V/1 MQ whete V is the applied reverse voltage. We then
solve for I, as follows:

50ua=18+11—0, I¢ =40 pa.
The final expression is

Ipp =(40 + V) pa. 1008}
AN

The 40 pa component varies sharply with temperature, as previously discussed.

2v I !
(a)
] Increased
' temperature
1 Forward
40 characteristic

I, mqg ——p

20
14

0
0 0.6 1 2
V, volt memi

PROBLEM 1.16 A diode breaks down under a reverse voltage of 40 v. A 60 v
battery is applied to the diode through a 1000 ) resistor. Find the power dissi- (b)

pation at the junction. Fig. 1.13 Graphical solution of

Solution: The diode drop is 40 v, leaving a 20 v drop across the resistor. The Prob. 1.17.

current, by Ohm’s law, is 20/1000 = 20 ma. The p-n junction dissipation is 40 v x
20 ma = 0.8 w.

PROBLEM 1.17 A diode is in series with a 100 () resistor and a 2 v battery
(Fig. 1.13a). Find the circuit current and show, qualitatively, the effect of in-
creased temperature.*

Solution: The problem is easily solved by superimposing a load line corre-
sponding to the 100 ) resistor on the diode forward characteristic. The graphi-
cal solution of Fig. 1.13a, as shown in Fig. 1.13b, is much easier to obtain than
an analytical solution based on (1.7). The load line is drawn with a slope of
magnitude 2v/20 ma = 100 £2. The load line intersects the diode characteristic at
point P, which is the operating point. From the curve it is estimated that the
diode voltage = 0.6 v and diode current = 14 ma. At higher temperatures, the char-
acteristic curve shifts to the left and the operating point is located at P,

V (forward bias) —»

Fig. 1.14 Forward characteristic of
diode approximated by two-line seg-
ments (piecewise linear approxima-
tion). The equivalent model is a bat-
tery in series with Vg, as long as
there is substantial forward
conduction.

*In this and the following problems, the diode is operated as a forward-biased device.



0f=—— e ———

I, ma —»

i
(]
!
I,
L
1
I
(]
[
i
!

0.184 0.210

V, volt —s

(a)

26 mv

(b)

0.184v

108} +|
ij_ 26 my

—_—_0.5v 10ma

'l: =2.6Q

(c)

Fig. 1.15 Solution to Prob. 1.18.
(a) Diode characteristics, (b) cir-
cuit, and (c) equivalent model.

!
20°c !
rise |
0~ = ~4—--
Ambie'nr
tem pe'rature

I, ma —»
-

]
]
]
l
]
!

1 1
0.134 0.184 0.210

V, volt —

Fig. 1.16 ldealized diode charac-
teristic showing effect of 20°C
rise in temperature.
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PROBLEM 1.18 A diode having the characteristics of Fig. 1.15a is energized
as shown in Fig. 1.15b. Calculate the forward current.

Solution: The diode equivalent circuit used to calculate the current is given in
Fig. 1.15c. Current is (0.5 - 0.184)/(10 + 2.6) = 25 ma. This analysis may be
compared with the graphical method of Fig. 1.13.

PROBLEM 1.19 In Prob. 1,18, show the effect of a 20 °C rise in temperature,

Solution: A 20°C rise in temperature means a 50 mv (20°C x 2.5 mv/°C) shift
to the left in the diode forward characteristic, This is shown in Fig. 1.16 as a
shift in the idealized characteristic. The high temperature current is

0.5-0.134 _

29 ma.
10+ 2.6

Actually, r; is somewhat reduced at this higher current, but the error in neglect-
ing this is small.

PROBLEM 1.20 A germanium diode, for which saturation current I, =10 pa,
is conducting 2 ma at room temperature. What is the forward voltage drop?

Solution: Use the diode equation (1.7) and solve for voltage drop. We have

Ly

I=I,(e*T -1y, [1.7]

Substituting numerical values,

v | 4
2x107° =107 [e%-026 _7] or 199 x 107 = ¢0-025,

Taking the natural logarithm of both sides,

_V__s31,

0.026

V=5.31x0.026=0.14 v

PROBLEM 1.21 A diode with 10 pa saturation current is in series with a 100
resistor. What current is developed with an applied voltage of 0.220 v?

Solution: The problem is solved by trial and error. Assume a series of values
for V, the voltage across the diode itself, typically between 0.1 v and 0.2 v. Let
kT/q=0.026v. Compute / using (1.7). To the IR drop across the 100 £ resistor,
add the assumed V to establish a figure for applied voltage. Interpolate (perhaps
graphically) to find where the calculated applied voltage equals the actual ap-
plied 220 mv. This occurs for I = 1 ma, with a 120 mv drop across the diode.
(Problems of this kind are very well suited for solution on a digital computet.)

PROBLEM 1.22 In the preceding problem, what is the applied voltage for a

22 ma current?

Solution: The solution to this problem is direct. The IR drop is 2.2 v. Since
I and I are known, the diode equation is readily solved for diode voltage, 0.2 v,
corresponding to a total applied voltage of 2.4 v,

1.4 The Transistor




Semiconductor Physics and Devices 13

R, .
I
n P
Ji
(a)
.\R,,’A 1=
"
IS
p n
Ja
(b)
IB=IE —IC
R, + + N
Ig IB¢ Ic
n p n
]1 ]2

(c)

Fig..1.17 Juxtaposition of two p-n
junctions to make a transistor. (a)
Junction J, is forward-biased, (b)
junction J, is reverse-biased, and
(c) an n-p-n junction transistor.

p

oO—— Emitter Collector p—————O0 + + O—— Emitter Collector p————0—

(a) :-p-n (b) ;-n-p

Fig. 1.18 A junction transistor showing flow of currents in normal amplifier operation.

RL Vo

L =il
Vee

Fig. 1.19 Common-base connection of a p-n-p transistor. Lower case letters
represent small-signal components of voltage and current superimposed on
steady d-c bias components.
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PROBLEM 1.25 A transistor has an o of 0.98. For an emitter current of 2 ma,
calculate the base current Iy, Also calculate B=1Ic/lg.

120

Solution: For the stated conditions, collector current equals 0.98 x 2 = 1,96 ma.

The difference between emitter and collector is necessarily the base current of
100 40 pa. Therefore,

_Ic_ 196
80 B = IB = '0.—04 = 49, ‘
60 PROBLEM 1.26 Sketch the curve of B vs. 0. for o between 0.95 and 1.
® 0 \ Solution: Calculate points using the formula 8 = a/(1 - a): |
- \
& "~ a B
20 P~ 0.95 0.95/0.05 =19
0.96 0.96/0.04 = 24
. 0.97 0.97/0.03 =32
1 0.99 0.98 0.97 0.96 0.95 0.98 0.98/0.02 =49
. 0.99 0.99/0.01 =99
Fig. 1.20 Variation of 8 with . 1.00 1.00/0 = e
Note that large changes in 8 cor- The curve is plotted in Fig. 1.20. Note the sharply increasing current gain as
respond to small changes in «. .

a = 1. A transistor with an o of 0.99 has three times the B of a transistor with
an o of 0.97.
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PROBLEM 1.27 A transistor has a 8 of 60. Find Q.
Solution: Start with the equation 8 = @/(1 -~ @). Solve for a:
oa=B-ap,

o = B .
1+8

1.17)

Substitute 8 = 60, and solve for o:

60
o = — = 0.984.
61 84

The point may be estimated from the curve of Fig. 1.20 as ¢ = 0.98.

1.5 The Ebers-Moll Model of the Transistor

Emitter, Base, Collector,
E B C
VEB Veg —*
Ipg
Ic
n p n
(a)
B
VeB Ip Ves
E —_— - C
Ig Ic
(b)

Fig. 1.21 (o) Representation of
n-p-n transistor showing stan-
dard polarities of voltages and
currents. (b) Alternate represen-
tation of n-pn transistor.
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~lgr=arIcr aplgp==IcF

% N—o———oc

Ipp Icr

B
Fig. 1.22 The Ebers-Moll model of the transistor.

Eo ¢

Fig. 1.23 Ebers-Mol! model with forward-biased emitter
junction and reverse-biased collector junction.

B

Fig. 1.25 Equivalent tee-circuit
with' leakage current omitted.

Icpo

B

Fig. 1.24 Simplified tee-model with equivalent repre-
sentation of emitter diode.




Semiconductor Physics and Devices 17

1.6 Basic Transistor Amplifier Circuits B

Fig. 1.26 More accurate equivalent
tee-circuit for the common-base

connection.

Commeon-collector or emitter-

Common-emitter connection follower connection

Common-base connection

_ o
[ 1c=313=<1 oc)IB IE:<T1-&>IB

(a) _
(b) (c)

Fig. 1.27 Common circuit configurations for the p-n-p transistor. For the above, Ig =Ig +Ig, a=Ig/lIg, B=1Ic/Ig.
The circuits are simplified. Bias and load resistors are not shown.

Common-base connection Common-emitter connection Vep - Vee

(a) (b) Common-collector or emitter-
follower connection

(c)

Fig. 1.28 Basic transistor circuits using an n-p-n transistor.
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7 — .

6V~ 6 ma_,
f 5 5 ma_,

4m

c 4 — f
E 3 ma
o 3 e ]
~ ]

2 2ma . =Y

1 1 ma .

J Icpo Ig=0

0 5 10 15 20 25 30 35 40 Ip—p
CB, VOt =i
(a) ~ (b)

Fig. 1.29 Common-base (a) output and (b) input characteristic curves.

1.7 Transistor Leakage Currents

Icgo
(a)
+ Igpo
(b)
Icko

(c)

Fig. 1.30 Leakage components for

the principal transistor configura-

tions. Since the emitter circuit is

not normally reverse-biased, Iro
is not significant.




Semiconductor Physics and Devices 19

Ic

IceEo

---1Icko

—Icpo O Ig—»

PROBLEM 1.29 A transistor has an Icg = 50 pa when measured in the grounded .
. . . Fig. 1.31 Ledkage components on
base configuration. If 8 = 100, find I¢cgo. an I vs. Ig curve. For Ig = 0,

Solution: Icgo = (B + 1) Icpo = 101 x 50 2 5000 pa, or 5 ma. only the Icgo leakage current

flows.

1.8 Transistor Breakdown

BVcpo

Ic

BVcpo BVcEo BVcEs Reverse voltage —p»

Fig. 1.32 Breakdown voltages for different transistor connections; BVcgg corresponds
to breakdown voltage for a resistor R, connected from base to emitter. This curve must
lie between BVcgp (R =) and BV¢cgs (R=10).




Icgo

-6

UIg
: I¢
ff—
- ———
"

Ip

B

Fig. 1.33 Simplified d-c transistor
equivalent circuit, common-base
configuration.

C
(B+1) Icgo
B
Bis
4

Ic

B rp E —
C

—_—

Ip

Ig

E

Fig. 1.34 Simplified d-c transistor
equivalent circuit, common-emitter
configuration.

20 Transistor Circuit Analysis

1.9 D-C Models

PROBLEM 1.30 The common base d-c equivalent circuit of an n-p-n transistor
is shown in Fig. 1.35 driving a resistance load R, . Using the equivalent circuit,
calculate the d-c input and output resistances, R; and R,, respectively. Neglect
leakage current I oo, and the small resistor rr shown in the emitter circuit.

Solution: The basic equations required to find R, are
Ve =— (Ve +IsRg), I=alg, Ig=Q1-)Ig.
Referring to Fig. 1.35b and combining equations,

Ve [Q-a)Ig Rg+ Vel
~Ig —Ig ’

R,.=(1_a)RB+VBE.
I

For this idealized configuration, output resistance R, is infinite as long as V¢p
is an effective reverse bias. Output current is, of course, A I g, regardless of Ry..
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Icgo

Fig. 1.35 Common-base amplifier. (a) D-c circuit, and (b) equivalent model,

PROBLEM 1.31 Analyze the circuit of Fig. 1.36 for input and output impedances

(resistances), R, and R,, respectively. Neglect leakage components and the rela-
tively small ohmic resistance in the base circuit.

Vee (B+1) Iceo

Ry,

Vee

(o) (b)

Fig. 1.36 Common-emitter amplifier. (a) D-c circuit, and (b) equivalent model.

Solution: From the equivalent circuit the basic equations are Icgo

Ve =Vgsg +Rglg, Vc=Vcc-RLIC, IC=BIB, IE=(B+1)[B.

Combining equations,

VB=VEB+RE(/3+1)IB-

The input impedance R, is the sum of Vep/Ip and Rg (1 + B). It is characteristic
of this type of circuit which features moderately high input resistance.
The output resistance, R, =, since the output current is supplied by an

ideal current source. The output impedance is very high as long as the circuit
biasing is correct.

E
1.10 The Hybrid-TT Equivalent Circuit Fig. 1.37 Simplified tee-equivalent

circuit used as a basis for deriva-
tion of hybrid-m equivalent circuit.
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B Tpp’ B
°' - "‘\0‘\0.\7 -

Vpio EmVb'e

E

Fig. 1.38 Simplified representation
of hybrid-7 equivalent circuit for the
common-emitter connection.

rpp! B' Iy’
B M
Vble tple 8m Vb'e
E

Fig. 1.39 More accurate hybrid-m
equivalent circuit for the common-
emitter connection.

E

Fig. 1.40 Hybrid-m equivalent circuit incorporating capaci-
tances for a more accurate representation of high-frequency
characteristics.

1.11 Supplementary Problerhs

PROBLEM 1.32 Explain (a) kernel, (b) valence electron, (c) excitation level,
and (d) free electrons.

PROBLEM 1.33 Explain the meaning of holes in semiconductors.
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PROBLEM 1.34 What is the significance of electron-hole pair generation? What
are its main causes?

PROBLEM 1.35 Define majority carrier and minority carrier current components.

PROBLEM 1.36 For kT/q= 0.026 v and a saturation current of 10 pa, plot I
from v=-5 to v=+1. Use (1.7) and suitable increments to obtain a smooth
curve. ‘

PROBLEM 1.37 For a germanium diode, [, = 0.0005 a at 25°C, determine the
leakage current at 75°C.

PROBLEM 1.38 Find the incremental resistance of a diode at room temperature
(25°C) with a forward current of 1 ma.

PROBLEM 1.39 Explain the behavior of a p-n junction which is (a) back-biased
and (b) forward-biased.

PROBLEM 1.40 In a transistor in the common-base connection, i, = 0.1 ma and
i, = 5 ma. Determine ¢ and 8.

PROBLEM 1.41 Why is the current gain of a transistor in the common-base con-
nection always less than unity?

PROBLEM 1.42 Why is the voltage gain of the common-collector circuit always
less than unity?

PROBLEM 1.43 Forlcpo = 10 pain the grounded base configuration and 8= 50,
find ICE o-

PROBLEM 1.44 Show the directions of all currents in a p-n-p transistor for the
three common connections.



CHAP

TRANSISTOR
CIRCUIT ANALYSIS

2.1 Characteristic Curves

Fig. 2.1 Voltoges and currents in
a p-n-p transistor,

Fig. 2.2 Common-base n-p-n tran-
sistor cireuit; Ry is a load
resistor.

24
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1.0 10
10ma
8ma
0.8 8
T— Vep=0 T 6ma
< 0.6 s 6
> I’:—' VCB>1V 13
Q o
K ~
> 0.4 4 r dma
0.2 - . 2 Lo 2ma
Ig=
0 0
0 2 4 6 8 10 12 14 0 5 10 15 20 25 30

Ig, ma —»

(a)

VCB » volt —p
(b)

Fig. 2.3 Common-base {a) input and (b) output characteristics of the 2N929 transistor at room temperature.

Fig. 2.4 Simple d-c circuit for ob-
taining the curves of Fig. 2.3.
Shown is a common-base connec-
tion for a p-n-p transistor. With an
n-p-n transistor, the polarities of
all voltages and currents are

reversed.
1.0 10
35pa | 30pa
0.8 8
25
T wameeee V CE 2 1v // -
= 0.6 P// — 1 — —| 20pa
5 0 — \s .
g — : - RE—
l;l - i e bp
> 0.4 ~ 4 /l
10pa
: L~
‘__——"4’
0.2 2 Spa ]
o ok Ig=0
0 100 200 300 400 500 600 700 0 5 10 15 20 25 30 35
IBy Ha —p VCE,VOH——-»

(a) (b)

Fig. 2.5 Common-emitter (a) input and (b) output characteristics of the 2N929 transistor at room temperature




1.0
0.8
1 VCE_>.1V
£0.6 /_____—r-—_
g P VCE=0
i | ]
20.4
0.2
0
0 20 40 60 80
Ip, pla—m
(a)
10
8
1 6
2 20pa
Ll "
k 10pa
2
Spa
0 ‘P;IB=4.5[18 IB=0.
0 5 10 15 20

Vec, volt —a
(b)

Fig. 2.6 Common-collector (a) input

and (b) output characteristics at low

base current of the 2N929 transistor
at room temperature.

resistor
Vep Vee
+ +

Fig. 2.7 Simplified d-c circuit for
obtaining the curves of Fig. 2.5.

Protective
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2.2 The Operating Point

PROBLEM 2.1 The tabulation below lists sets of values of given transistor cur-
rents and/or voltages. Verify by inspection of the curves of Figs. 2.3 and 2.5
that the currents and/or voltages are consistent. *

IE=3ma VCB=3V VEB=0'57V

Ig=10ma Vcp=20v Ic =10 ma
Ig=10ma Vgg=5v Ic =10 ma
Ig=0 Vep =20v Ic=0
Ig=30pa Vep =20v Ic =8.5 ma
Ig =10 pa Vee =30v Ic =3 ma

PROBLEM 2.2 Given the common-emitter characteristics of Fig. 2.5, and I =
20 pa, and Vop = 20 v, find the collector current and the base-emitter voltage

drop.

Solution: Point P in Fig. 2.5a shows the base-emitter voltage drop Vgg = 0.58 v.
Point P of Fig. 2.5b shows the collector current Ic = 5.4 ma.

PROBLEM 2.3 For a common-collector configuration using the 2N929 transistor,
VEc=2v and Ig = 0.6 ma. Find the collector current Ic and the base-emitter

voltage drop Vg g.

Solution: Use the common-collector characteristic curves of Fig. 2.6, (Note
that if common-collector curves are unavailable, common-emitter curves are almost
identical for most transistors.) In Fig. 2.6b, operating point P is located. By
interpolation, Ip = 4.5 pa (between the Iz = 0 and 5 pa curves). Thus, I = 0.6 ma.
In Fig. 2.6a, point P is located corresponding to Ig = 4.5 pa, and Veg > 1 v.

The base-emitter drop is found to be Vee = 0.53 v,

PROBLEM 2.4 The operating point of a common-emitter circuit using the 2N929
transistor is I¢ = 5.6 ma, and Vgp = 20 v. Find I, Vgg, Veg, and I,

*The characteristic curves of the .-Texas Instrument 2N929 n-p-n silicon transistor are used for most

of the problems in this chapter.

Fig. 2.3a
Fig. 2.3b
Fig. 2.3b
Fig. 2.3b
Fig. 2.5a

Fig. 2.5a

|
|
_!
%
S
|
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Solution: Use the characteristic curves of Fig. 2.5b to locate point P, at Vog =
20 v, I = 5.6 ma. By interpolation, I = 21.5 pa. From Fig. 2.5a, Vpg = 0.585 v.
By summing voltages,

VCB = VCE —_ VBE = 20 - 0.585 = 19.42 V.
Since the algebraic sum of the three transistor currents must equal zero,
IE =Ic +IB =6.02 ma.

This analysis gives all six parameters of the operating point.

PROBLEM 2.5 For a common-base connection using the 2N929 transistor, I¢ =
5 ma and Vg = 5 v. Determine the remaining four voltage and current parameters
for the operating point. (Note that in most data sheets only common-emitter curves
are provided by the transistor manufacturer. Therefore use only the common-emitter
curves of Fig. 2.5 to solve this problem.)

Solution: Start by estimating that for the conditions of this problem, Vpg lies
between 0.5 v and 0.6 v. Therefore, for Vocg = 5 v, Ve = 5.6 v. For Vcg =5.6 v
and [ ¢ = 5 ma (given), from Fig. 2.5b, I is estimated at 20 pa (point P,).

For Ig = 20 pa and Vg >1, Vg = 0.58 v in Fig. 2.5a. More accurately:

Veg = Vge + Voep = 5.58 v,
Ic +Ig =5.0 ma + 20 pa = 5.02 ma.

Il

Ig

All parameters are known.




Increased Ve,

28

Transistor Circuit Analysis

Fig. 2.8 Load lines superimposed on transistor collec-

Vcg —*

10
Reduced R ——
Load line L R Ic — 35pa
I 1 | e
N slope = - —.
\\ RL \ VCE e
_VCC < Increased .I: — Vee 25pa
Ry, ~ Vee \ 20
4 N 205
\\ b — — 15
T \ \\ ;/183 //pa
NU \\ \\ \\ IBz \ 10ua
N < PONK
z . e, —
i Ip =131 6‘% 5[1:8—
\
! \\ \ ‘__-/
T ~N N\
Vcg, Transistor vohagi! Ry, volfk \\\\ Ig=0
0 | ™S, 15 20 25 30 35
0

Vee Veg, volt e

Fig. 2.9 Graphical analysis using the load line.

tor characteristics for the common-emitter connection.

PROBLEM 2.6 A common-emitter circuit using the 2N929 transistor has a load
resistance Ry = 5000 Q in the collector circuit; Voo = 30 v, I = 3.7 ma. Find
IB’ VCE’ IE} and VBE'

Solution: The set of curves in Fig. 2.9 shows a superimposed load line repre-
senting the voltage-current characteristic of the collector circuit resistor. At
Ic =3.7ma, Ig =15 pa, and Vop = 11.6 v. Hence, Ig =Ic +I5=3.7 + 0.015 =
3.715 ma.

From Fig. 2.6a, which is applicable to the 2N929 transistor, Vgg £ 0.57 v
for Veg >1v,and Ig = 15 pa.

Note that both voltage across the load resistor and the collector current can
be much larger than Vg and I, indicating the possibility of large current, volt-
age, and power gains for the common-emitter circuit.
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1.0 10
10 ma
0.8 8 8ma
T — !
= 06 — \ 6
: (/ g
a -
|6
& 0.4 S
Load
0.2 line 2 \ 2 ma
(b)
0 0 \ IE =0
0 50 100 150 200 250 300 350 0 S 10 15 20 25 30 35

IB: ya —p» VCB,VOI?—-’

Fig. 2.10 Base circuit load line. Fig. 2.11 Common-base characteristics with superim-

posed load line.

PROBLEM 2.7 For a common-base connection using the 2N929 transistor, Vcc =
25V, IC =3 ma, and RL = 5000 Q. Find IE’ VBE’ and VCE'

Solution: Refer to Fig. 2.11. Draw a load line corresponding to the 5000 Q load
resistance. For Ic = 3 ma, V¢p = 10 v corresponding to point P. Emitter current

Iz © 3 ma. From Fig. 2.3a, which is applicable to the present problem, Vpg =
0.57 v.

PROBLEM 2.8 For the common-collector configuration of Fig. 2.12a using the
2N929 transistor, Vgg = 30 v, I = 3.7 ma, and R, = 5000 Q. Find Ig, I¢, VgE:

Vi,and V, .
10
F3spa 30pa
8 ——"” 35pua
2N929 L~ /
e 20pa
)VEC T 6 ~
o 2 — 15w
VgV .,EP . 4 ~
T 10pa
I ‘l | | ;3\\ /
VEE 2 Spa]
| msamennoree"1
C) Ig=0
0
0 5 10 15 20 25 30 35

Vec ., volt—»
(b)

Fig. 2.12 (a) Elementary common-collector am plifier. (b) Common-collector output char-
acteristics with superimposed load line.
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Solution: Refer to Fig. 2.12b for the load line construction. From the load line,
VEC = 11.6 v,

Ig =15 pa,
Ve = 0.57 v (from Fig. 2.6a),
3.7 ma x 5000 Q = 18.5 v,
3.7 ma x 5000 Q + Vg, = 19.07 v.

= &
oo

Fig. 2.13 Elementary common-
emitter amplifier.

PROBLEM 2.9 Given the common-emitter transistor amplifier of Fig. 2,13, ca-
pacitor C presents negligible impedance to a-c. Resistance Rp is adjusted so that
Ig =15 pa. An input a-c current having a 5 pa peak-to-peak (p-p) amplitude is im-
pressed at the input terminals. Using point-by-point graphical construction, plot
ig (t). Also repeat for a 30 pa p-p input current amplitude,

Solution: The required graphical construction is developed from Fig. 2.14, The
intersections of the load line with the collector family of curves leads to the I
vs. Ig transfer characteristic of Fig. 2.15. The small and large sinusoidal base
currents are shown superimposed on the 15 ya quiescent current. Observe the
clipping of the output, resulting from the large amplitude input current, which
drives the transistor into the nonlinear region.
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Fpaa——————P SR
25 pa
Collector
current,
6
20 pa
o
% . 15 pa Ti
&}
~ vp\‘\ 10 2a Collector
current,
2 e small
Spa, signal
In =
0 \ B
0 5 10 15 20 25 30 40

Veg, volt —e

Fig. 2.14 Common-emitter output characteristics
with superimposed load line.

PROBLEM 2.10 For the common-emitter circuit using the 2N929 transistor with
a 5000Q load and V¢ = 30 v, find:

(a) Ig needed to operate at I¢ = 5 ma.

(b) The power P dissipated in the collector junction.

(c) The d-c voltage V. across the load, and the power P, dissipated in the
load resistor.

(d) The input d-c power Py to the base.

(e) The variation in the parameters I¢, Vcg, and Vy, if I is decreased by
S pa.

(f) The variation in the parameters Vg, Pg, and Py, if Ig is decreased by
5 pa.

Solution: (a) Refer to Fig. 2.16. Draw the load line corresponding to 5000 Q.
At lIc =5 ma, Ig = 20 pa.

(b) D-c power is current multiplied by voltage. From Fig. 2.16, V¢cg = 5.3 v,
I = 5ma, and P T~ 26 mw.

(c) The power P, = IRy = 125 mw. The voltage V; =30v - 5.3 v =24.7v.

(d) The power Pg = Vgglp. From the applicable curve of Fig. 2.17, Vg =
0.58 v. Hence, Pg = 0.58 x 20 x 10°® = 11.6 pw.

(e) Since I, must remain on the load line of Fig. 2.16, the new operating
point must be at the intersection of the load line and the Ig = (20 ~ 5) or 15 pa
characteristic. From this new operating point, it is found that

10
/35pa 30 pa
8 / 25 pa
/
__—-/ 20pa
6 i
g P [See Prob. 2.1‘00] // }a
: |
L 4 P [see Prob. 2.\0‘0L/ -
P2
\Q-Pl
Spa
2 &,
£§5000//-
Ig=0
0
0 5 10 15 20 v ra—

VeE, volte—

Fig. 2.16 Common-emitter output characteristics
with superimposed load line.

—g~-—6<r-' ——————————

o

—————— ————

1Time
|

iB y 30[/8
Peak-to-peak

Fig. 2.15 Collector current variation
with sinusoidal base current drive.
Note the large-signal distortion re-

sulting from saturation.

0.7
I Slope ]
=2.2mv/pa
1
0.6 / CE="Y
0.5 f pp——
[
3
>
~ 0.3
&
S
0.2
0.1
4]
0 20 40 60 80

Ig, pa————

Fig. 2.17 Low level input character-
istics in common -emitter connection.
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Vee =116 v,
I¢c = 3.7 ma,
Ve =30v-11.6 v=18.4v,
Use A notation to designate changes in these patameters with the shift in I :
AVep=116-53=6.3v,
Alc=3.7-5ma=-1.3 ma,
AV, =18.4-'24.7 - -6.3v.

The negative signs indicate that the changes are reductions.

(f) The reduction is Alg = -5 pa.

From Fig. 2.17, Vg = 0.569. Hence, Vg is 0.011 v lower at the reduced
base current. This is most accurately estimated from the tangent at the original
operating point as the rate of change of Vg with Ig. Thus,

AVgp =0.011 v,
APp = Vae,Ip, ~ Vpe, 15, = [(0.569 x 15) — (0.58 x 20)] x 10~ = =3 x 10" w.
Now find AP, = Pp,~Pp:
P, =1c2Ry = (3.7 x 10%)? x 5000 = 58 mw atlp, =15 pa,
Py =1c2Rp = (5 x 107)* x 5000 = 125 mw at Ig, =20 pa,
APy =58 - 125 = ~67 mw.

PROBLEM 2.11 From Prob. 2.10, determine the d-c current gain, i.e., the ratio
of collector to base current. Also find the incremental current gain, i.e., the ratio :
of a change in I to a change in Ig. ﬁ

Solution: From Prob. 2.10(a), Ic =5 ma, and Ig = 0.02 ma. Thus,

D-c current gain = L‘E = ——§— = 250,

Ig 0.02
From Prob. 2.10(e), Al = -1.3 ma for Alg = —0.005 ma. Thus,
Alg -1.3

Incremental current gain = =
Al -0.005

= 260.

PROBLEM 2.12 Using the conditions of Prob. 2.10, determine the input resist-
ance (static d-c value), and the incremental resistance to small input changes.

Solution: Static input resistance is

VBE _ 0.58 v
I, 20x10~°a

= 29,000 Q.

Incremental input resistance is

AVee _ —0.011

= = 2200 Q.
Alg  ~5x10%a

Note the very large difference between static and incremental resistances. The
input resistance is decidedly nonlinear.
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PROBLEM 2.13 Referring to Prob. 2,10, find the ratio of output power (in Rp)
to input power (to the base of the transistor) for static and incremental conditions.

Solution: Static (d-c) power gain is P _ M_“__’___ =10,800.
Pp, 116x10°w

—- -3
From Prob. 2.10(f), incremental power gain is 21;;: = _6:37XX11()?6 = 22,300,

PROBLEM 2.14 For the conditions of Prob. 2,10, find the incremental voltage
gain, A Vo /A Vgg.

Solution: From Prob. 2.10(e),

-6.3
Z0.011

AVy =-63v, AVgg =-0.011v, Voltage gain = 570.

PROBLEM 2.15 Forthe 2N929 transistor in the common-emitter circuit of Fig. 2.13,
calculate the static and incremental output impedance for Veg = 10 vandlp =15 pa
from the transistor characteristics.

Solution: Incremental output impedance is defined as A Vog/A Ic for constant
Ig. To obtain it, use A Veg =+5v (arbitrarily), so that Vcg ranges from 10 v to
15 v. Since AV¢pg is noncritical in the linear region of the characteristics, it is
selected for convenience. Referring to Fig. 2.18a-b,

Point P15 VCE =10 vV, Ic = 3.7 ma
Ig = 15 pa (given).

Point P,: Vee=15v, Ic =3.8ma
Incremental output impedance = AVer = L =.50,000 Q = 1 .
Al 0.0001 h,,
Static output impedance = Ver _ 10 =2700 Q = —1— .
I 0.0037 hog

The much higher incremental output impedance as compared with the static
value is, of course, due to transistor nonlinearity. Note that hog and h,, are the
static and incremental output conductances for the common-emitter connection by

definition.
10
45’13 2N929 ! Vcc
soim, | PN
Ic
8
25
/B
et -
P 20
g : .
£ LA | 15 Pyl N f
< A ] Aveg i
P, P, L 10 15
2 fpm—— S
- (b)
o Ig=0
) 5 10 15 20 25 30 35 Fig. 2.18 (a) Determining transistor small-signal out-
Veg s volt —a put impedance from the common-emitter output charac-

teristics. (b) Enlarged view of (a) showing transistor
(a) characteristics in region of interest.
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PROBLEM 2.16 For the transistor circuit of Prob. 2,15, using the characteristic
curves of Fig, 2,17, calculate the static and incremental input impedances, Use a
+5 pa increment for I 5,

Solution: From Fig. 2.17, for Vo > 1 v,
IB=15pa, IB=20pa, AIB=5[L8,

Ve = 0.569, Veg = 0.580, AVgg =0,011v,

0.569
Static input imped = ——"___-38,0009Q = A,
atic input impedance 15 < 10~ 3 IE

Incremental input impedance = 0.011 2200 Q = h,,.
5 x 10-¢

Parameters h;r and h;, are static and incremental input impedances, respec-
tively, in the common-emitter circuit. Note that the values of input impedance
are the same as would be deduced from the calculations of Prob. 2.10, in which
Vce is not constant, due to the load resistance Ry. The reason is that the Ver
vs. Ip curve is insensitive to collector voltage except when this voltage is very
low. Since the calculations are carried out with respect to I g = 15 pa rather than
Ig = 20 pa as in Prob. 2.13, Ay is much higher, due to the nonlinearity of the
base-emitter junction.

PROBLEM 2.17 Using the common-emitter circuit of Prob. 2.15, calculate the
static and incremental ratios of collector current to base current for Vop constant.

Set Ig = 15 pa as operating point, and Alg = +5 pa as increment. Refer to Fig.
2.18,

Solution: Choosing Veg = 10 v (Fig. 2.18a),
IB=15#a» Ic=3.65ma,
Ig =20 pa, Ic=5.1ma.

Static current ratio is

Ic _ 3.65
I 0.015

=246 =hFE'

Incremental current ratio is

Alc 1.45x 10
Aly~ 5x10-°

=290 = A,y

PROBLEM 2.18 A commonly-used two-transistor circuit is shown in Fig, 2.19,

Find the quiescent operating point and the over-all incremental current gain
Al /Ay,

Solution: Since Ig, is undefined, assume I¢, = 5 ma, which corresponds to a
5.3 v collector voltage V¢ E, on the 5 KQ load line of the applicable curve of Fig.
2.16. From Fig. 2.16, Ig, = 20 pa, and from Fig. 2.19, Ig, =g, .
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50
o] Vee = 30v 0.3ua
40
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o 30
lICz 3 0.2ua
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= |
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Ie, 0 5 10 15 20 25 30 35
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Fig. 2.19 Simplified schematic diagram CErY
for Prob. 2.18. Fig. 2.20 Common-emitter output characteristics in

the very low current region of the 2N929 transistor.

Consider Fig. 2.20, the common-emitter curves for the 2N929 transistor ap-
plicable to the low current region. Forlg =l¢, = 20 pa and Vcg, =30 v,

Ig, =0.166 pa = 166 ma,

scaled from the figure. To determine incremental gain, change Ip, to 0.166/2 =
0.083 pa, which yields (from the curves used above) Ig, = 10 pa and I, = 2.4 ma.
Hence,

AIBl=83 ma, Alcz=4-9—2-4=2'5 ma,

2.5 x 10°®

Txaor o

Incremental current gain =

for the two amplifier stages.

PROBLEM 2.19 In the circuit of Fig, 2.21, switch Sw is closed. Assume an op-
erating point at Ig = 10 pa, Determine from the characteristic curves the incre-
mental voltage gain for a change of + 10 mv in Vg, the voltage from base to ground.

Solution: Refer to the curves of Figs. 2.16 and 2.22. From the slope on Fig.
2.22, 10 mv (A Vgg) corresponds to Alg = 3 pa at the specified operating point.

From Fig, 2.16, points Pﬂ1 and P, locate the operating points for Ip = 10 pa
and Ig = 13 p a, respectively.

AtP: Ig=10pa, Ic = 2.4 ma, Vee = 18 v,
1 [

At P2: IB =13 ia, Ic = 2.9 ma, Vee 15.6 v.

And therefore,
Alg =3pa, Alc=0.5ms, AVcg =-24v.

Thus,

Voltage gain A, = ﬁm = =240,
10 mv

Note that a small increase in Vg leads to increased collector current and a
reduced collector voltage. This is represented mathematically by the negative
voltage gain. Because of the exceptional sensitivity to base-emitter voltage, the
base is usually fed a current input. The gain calculated above is in effect the
a-c gain to small-signal voltages about the quiescent operating (bias) point.

Rr = 5K

Fig. 2.21 Circvuit for Probs. 2.19-20.

0.7 Slope at /
IB=10#V VcE 214
=3.33mv/, Lecsmommmmne=]

0‘6 //

ralln

" Veg=0
/

o
w

e
IS

VBE + volt e——p
e
w

0.2

0.1

0 20 40 60 80

IBI §O

Fig. 2.22 Calculation of input im-
pedance at an operating point from
the common-emitter input
characteristics.
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PROBLEM 2.20 Repeat Prob. 2.19 with switch Sw open.

Solution: Because Ry and Rg are in series and the collector current is nearly
equal to the emitter current, the load line of Fig. 2.16 is applicable to the present
problem.

The most direct approach is to find the base to ground voltages which lead to
the same operating points as P, and P, in Fig. 2.16, and then calculate voltage
gain from these values. At P,, from Prob. 2.19,

IB=10lLa, Ic=2.4 ma,
IcRg =2.4 max100Q = 0.240 v,
At P

29

AVgg =10 mv, Ig =13 pa, Ic =2.9 ma,
IcRE =2.9max 1008 =0.290 v.

The total change in base to ground (input) voltage is the increase of 10 mv in
base to emitter voltage plus the change in drop across the emitter resistor. Hence,

Change in base-ground voltage = (0.29 — 0.24) + 0.01 = 0.06 v.
As in Prob. 2,19, the change in output = A Veg = -2.4 v:

Effective voltage gain A, = ﬂ =-40.
0.06

The calculated voltage gain is substantially reduced by the introduction of
the Rg resistor. Note that the 10 mv contribution, which is the increase in base-
emitter voltage, is a relatively minor factor in establishing gain. The drop across
Ry is a negative feedback voltage which stabilizes gain. As Vp is increased,
the increased emitter drop tends to reduce the base-emitter voltage. If the base-
° emitter voltage is relatively small, the base-ground voltage approximately equals
the emitter resistor drop. Thus,

Vee
Ry, = 1K =5v

Fig. 2.23 fCi';”iL""zd;;‘P”' current  as long as the voltage gain is much higher with Ry short-circuited.
or rob. . .

PROBLEM 2.21 Refer to Fig. 2.23. If Iz varies as shown between 0 and 25 ra,

10 35pa_J what is the variation in output voltage V,? What is the variation if Ig varies be-
30pa | tween O and 35 pa?
8 2548 Solution: Figure 2,24 shows the common-emitter characteristics applicable to the
———  present problem. A load line is drawn corresponding to Voo = 5 v and a 1000
t 6 20pa load resistor. From the load line, it is apparent that as long as I > 20 pa, the
2 operating point remains at P,, The transistor is saturated and is said to be on.
..E; At 15pa, The col{ector-emitter voltage drop cannot be substantially reduced by further in-
creases in I g,
10pa Similarly, if Ip = 0 or less (reversed in polarity), the operating point moves to
2 2= P, where the collector-emitter drop equals Vi, and the transistor is said to be
\ 5pa off. Therefore,V, varies between 5 v and about 0.7 v.
7, T5=0 The mode of operation described hete is called switching, since the output is
00 s " " 0 either on or off, with output voltages independent of I in the extreme nonlinear
regions.

Veg, volt—e

Fig: 2.24 Selution to Prob. 2.21.  pROBLEM 2.2 Using the circuit of Fig. 2.23 but with R, — 0.25 MQ, find the

variation in V, as Ig varies between 0 and 10 pa.
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Solution: Refer to Fig. 2.25, which is the common-emitter characteristic for low
values of collector current. Draw the load line for a 0.25 MQ) resistor. The verti-
cal axis intercept of the load line corresponds to a collector current of

_5v 4
250,000 Q

Collector-emitter voltage varies between 0.25 v at P, (Ic=19pa)and Sv at
P,(Ic = 0). The on collector current is determined by the circuit and not by the
value of I g, as long as Ip is greater than the value needed to sustain I¢, in this
case, about 0.2 pa.

0 pa.

2.5 Supplementary Problems

PROBLEM 2.23 From the curves of Fig. 2.5 for the 2N929 transistor, deter-
mine the operating points (a) I¢ when V¢g =30 v and Ig = 0.01 ma, (b) g when
Veg =15 v and I¢ = 5 ma, and (c) Vcg when Ig = 30paand Ic = 8 ma.

PROBLEM 2.24 Using the characteristics of the 2N929 transistor of Fig. 2.5,
draw a load line for Voo = 30 v and Ry = 10,000 Q. Find I¢ and Vg forIp =
0.01 ma.

PROBLEM 2.25 Repeat Prob. 2.24 with Ry, = 4000 Q.

PROBLEM 2.26 A transistor with a very high 8 is connected in the common-
base mode. Draw a load line for Ve = 20 v and Ry, = 5000 €, and find Vcp
and I¢ for Ig = 1 ma.

PROBLEM 2.27 For the common-emitter circuit using the 2N929 transistor with
a 6000 Q load and V¢ = 30 v, find (a) Ip needed to operate at I = 5 ma, (b) the
power Pg dissipated in the collector junction, (c) the d-c voltage V., across the
load and the power P, dissipated in the load resistor, (d) the input d-c power
Pg to the base, (e) the variation in the parameters Ic, Vcg, and Vy, if Ip is de-
creased by 5 pa, and (f) the changes in Vgg, Pg, and P if Ip is decreased
by Spa.

PROBLEM 2.28 From Prob. 2.27, determine the d-c current gain, i.e., the ratio
of collector to base current. Also, find the ratio of a change in I¢ to a change in
Ig (incremental current gain).

PROBLEM 2.29 Using the conditions of Prob. 2.27, determine the input resis-
tance (static d-c value), and the incremental resistance to small input changes.

PROBLEM 2.30 Referring to Prob. 2.27, find the ratio of output power (in Ry )
to input power (to the base of the transistor) for static and incremental conditions.

PROBLEM 2.31 For the conditions of Prob. 2.27, find the incremental voltage
gain AVL/AVBE.

1c, Ha —

50
0.3pua
40 |
30
0.2pa
20 ¢P;
\ 0.1pa
10
0 P2 IB=0
o] 5 10 15 20

VCEI volt ==t

Fig. 2.25 Solution to Prob. 2.22.



CHAPTER

SMALL-SIGNAL
EQUIVALENT CIRCUITS

3.1 Introduction

1.0 10 T T
35ua 30pa ’
A B 25pa
0.8 8 t Alg -+
1
Alel : Al, — 2|0pa
prmm—— L.
0.6 oyt ﬁss 6 AVertS ———
- |Alg f - 15pa
4 | g L~
. 0.4 - 4 —
9 [ Vee = 10v . S 10pa
Q ! At operating
~ ! oint h /
! Ig=30ua P Sy
0.2 2
i
: __——/
0 | 0 y’ Ig=0
0 100 200 300 400 500 600 700 0 5 10 15 20 25 30 35

Vee ., volt——i
(a) (b)

Fig. 3.1 Type 2N929 common-emitter characteristic curves. (a) Input characteristics,

(b) output characteristics, and (c) enlarged view of critical region of output character-

istics. Note that A4 = reference point; C = final point; Alcl =0.25ma for AVgg =5y,
where AICl is the change in I¢ due only to the change in Vee; AIC2 = 1.4 ma for

Arg

5 pta, where Alcz is the change in I¢ due only to the change in Ig.

3.2 Hybrid Equivalent Circuit
(c)

38
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Ic
<
Vce
Vpe =higlp + hreVcE
Ic =hpglp + hogVcE
(a)
2

hjeip + hreVee

Vbe

hfeip + hoeVee

(b)

Fig. 3.2 Block diagram representa-
tion of the hybrid equivalent circuit
for the common-emitter connection.
{a) Large-signal parameter (d-c)and
(b) small-signal parameter.
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PROBLEM 3.2 Illustrate the physical significance of (3.9) and (3.10) by ref-
erence to Figs. 3.1a-c. Also establish numerical values for the parameters at
the operating points on the input and output characteristics.

Solution:  Consider Figs. 3.1b-c in relation to the expression

ic = hoe Vee + hfe l;‘:n [3-9]

and remember that h,, and h,, are assumed constant for small-signal operation.
Now A is the reference point, and C, a new point that shows the shift due to
changes, v., and i,. On the Iz = 30 pa curve, Ig is constant, so that i, = 0;
hence 1. = hoe vee. At point B, Veg = 15 v and AVcg = vce = 5v. The change

Algy =i, in I is due only to a change in V. The slope of the characteristic
curve is

Al

0.25 ma

oe —
5v

=h

=50 x 10™° mhos.

Now consider the component change in I due to a change in I, Vig = con-
stant (v, = 0):

Al
AIC: = h!e AIB» AIBZ = hie’
From Fig. 3.1c,
1.4 x 107
Alz, = 1.4 ma, Alg =5 pa, hy, = = 280.
c; = Am 5=k = 510

With parameter values substituted in the expression for i,

1. = hoe Vee + hfelb

=50 x 10" v, + 280 i.

revce

A similar procedure can be followed with respect to the input characteristics
of Fig. 3.1a, whose defining equation (3.10) is repeated here:

Voe = hre Vee + hie ib. [3.10]

The input characteristic curves, for all but very low values of Vg, are al-
most independent of Vop. Thus, for practical operating points, h,, may be set
equal to zero, so that v, = h;,7,. From Fig. 3.1a, at Iy = 30 ua,

Vhe = iphje + heovee

(a)

< Aly =100 ga,  AVpg = 0.13 v,
(o]
Mi: Vbe _ 0.13 - 1300 Q
hieib h,e Vee AIB ib 100 x 10—6 !
l hy, = 1300 Q,
E and (3.10) reduces to v,, = 1300 i,.

i =hoeVee T Bgelp

{b)

Fig. 3.3 Equivalent circuit (model)

representation of the common-emitter

configuration. {a) Input side and (b)
output side.
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Vbe

PROBLEM 3.4 For the 2N929 transistor whose characteristic curves and opera-
ting points are defined in Figs. 3.5a-b, compute the h-parameters for the common- El

emitter connection, and draw the equivalent circuit. Vpe = Njelp+ BreVece

hioip + hoeVee

Solution: The output operating point, 4, is-defined in Fig. 3.5b as

Fig. 3.4 Complete hybrid parameter
Ig =15 pa, Vee =12 v, model for the common-emitter con-

nection. This circuit applies to

Proceeding as before in Probs. 3.1-2, small-signal operating conditions.

-3
- = Al _ 0.3 x 10 =30 x 10™° mhos,
A VCE IB 10
3
he o M| L4x107 g,
Alg |vgg 5x10
B -DVee| o 022,500,
Al |veg 100 x 10
V,
o = é_i = O (essentially), for Vog > 1 v.
A VCE IB

The equivalent circuit corresponding to these parameters is shown in Fig. 3.6.

1.0 10 T
/35pa 30pa ‘
Vep >1v L~ 25pa
0.8 8 A
—
1 = ] /I
’{// Vea—0 | 20pa
|AVBE=0'22V 1 6 /
= b g D — | 15pa
S €
. Q) Alcz I c /
@ ~ 4 HH{V g=constant)+ —AL-K i
m —r - C, Oua
> A AVCE‘—:loV B =0.3ma /
0.2 2 7 S/Ila
15=0
0 . 0
0 100 200 300 400 500 600 700 0 5 10 15 20 25 30 35
IB,’I.O—-b VCE,VOI'——»
(a) (b}
Fig 3.5 Computing h-parameters for Prob. 3.4. (a) Input characteristics and iy Bie= 290y, i
(b) output characteristics. — 22002 -
B o——— VN4 p—oC

b AAM——

hgye = 30 X 107° mhos
(= 33,000}

Eo- —OFE

Fig. 3.6 Eguivalent circuit corre-
sponding to the h-parameters

derived in Prob. 3.4.
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PROBLEM 3.5 We are given the circuit of Fig. 3.7 whose operating conditions
and parameters correspond to those of Fig. 3.6. The input capacitor is assumed
to have zero a-c impedance.

(@) For an input signal vg = 10 mv mms, calculate the currents i, and i, and
the voltage across and power in R, .

(b) Calculate the current gain A; = i,/iy. (This is not the same as k., since
the external resistance Ry enters into the calculations. Parameter By, is defined
for short-circuit conditions; i.e., v,, = 0.)

(c) Calculate the voltage gain 4, = v o/ Vps.

(d) Calculate the power gain, i.e., the ratio of a-c load power to transistor
a-c input power.

(e) Calculate the input impedance Z,.

(f) Calculate the output impedance Z,.

It is assumed that h,, = 0. This is generally a valid or realistic assumption for
small-signal operation which results in simplified calculations.

s
Rp R =
Rg= 2N929 5000 §)
Ry = hjo = 290 i P =
g 1e b i, =
1000 Q 22000 %=
vg = ’
10 mv rms vg = 1"'———‘\/\/\!—_6 R = vL
10 mv rms hoe =30 %10 ' mhos & 5400 ()
(= 33,000 )
Fig. 3.7 Circuit for Prob. 3.5. The bias point is set -
at a base current of 15 pa supplied through Rg. Ca- Fig. 3.8 The a-c hybrid model corresponding to the
pacitor Cp blocks the d-c bias current to prevent its circuit of Fig. 3.7,

flowing in the low impedance generator circuit, com-

ponents Rp and Cg are neglected in calculations,

and vg and R4 are a-c generator voltage ond internal
resistance, respectively.

Solution: The first step is to draw an a-c model for the circuit of Fig. 3.7, as

shown by Fig. 3.8. Calculations are then made in a straightforward manner using
ordinary circuit theory.

(a) To calculate i,:
Vg _ 10~
Ry + h;, 1000 + 2200

The current generator develops A, i5, or 290 x 3.1 x 10™° = 0.90 ma.
The current source output divides between h,, and R, in accordance with

iy ¥ 3.1 %107 a.

Ohm’s law:
1
io=hyiy| —Pee 12090 (— 1 Y ma -0.90 1
1 Rph, +1 5000 x 30 x 10~° + 1
Ry +
oe,
~0.90
1.15

= 0.78 ma.
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The voltage across Ry, is vi =5000x(-0.78x10"*) = -3.9 v rms. The voltage
is negative because of the assumed cument and voltage polarities of Fig. 3.8.
The power dissipated in Ry = 0.78 x 3.9 v = 3.04 mw.

(b) The calculation of current amplification is

. -3
4, fe _ 078x107 o)

i, 3.1x10"

(c) To calculate voltage amplification, input voltage is taken as the input
voltage at the transistor base:

A YL _ =39 _ -3.9 -39 oy

YT . iphn 31x107°x22x10°  6.8x107

Note that input voltage = i,Z; where Z; = h;,. The minus sign in the voltage gain
calculation arises because i, is flowing away from the assumed positive side of
of R;. In the common-emitter circuit at low frequencies, the output voltage is
180° out of phase with the input signal.

(d) Calculation of power gain: Load power, previously calculated, is 3.04 mw,

Power input = iy x e = (3.1 x 107%)(6.8 x 107%) =21 x 107" w,

3.04 x 10~

21 % 107 = 145,000,

Power gain =

ot calculated somewhat differently,
Power gain = |4,4,] = 252 x 574 = 145,000.
(e) Input impedance = h;, = 2200 Q.
(f) Output impedance = 1/h,, = 33,000 Q. This is the a-c impedance seen
looking toward the transistor from Ry .

3.3 Tee-Equivalent Circuit

Bip
()
-/
r'p rq
B A —
=

>
Vhe % e
£ ]

Fig. 3.9 The tee-equivalent circuit
for the common-emitter connection.
The parameters rp, 1o, rq, and ﬁ are
constant only for small-signal oper-
ation. The fixed bias currents and
voltages are not shown.

hgeip
. h v s
i reVe 1
L hje —b>+ ¢ hye b
BT—M—®—< c
Vi,e Vje
E

E o6—

Fig. 3.10 Common-emitter hybrid

model.
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Iy l_bp
o0— M/ -
§(B+1)ip
Impedance A B
— re td
o \ 4 L

Fig. 3.11 Calculation of input im-
pedance of the tee-configuration,

Transistor Circuit Analysis
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290i,
rp = 22000 | ry = 33,0000
B o—AAN M
—
ip
Eo—

Fig. 3.12 Equivalent tee-circuit,
identical to the hybrid circuit of
Fig. 3.6 because A, is assumed

to be zero.
hfeib
B hi o
+ hye
Vi Bevee Vo

Fig. 3.13 Simplified circuit diagrom

showing how to measure h,,.

—OE
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PROBLEM 3.9 For the equivalent circuit of Fig. 3.8, determine the errors in
voltage gain (4,) and current gain (4,) resulting from the assumption that A, = 0.
(In this problem, A,, = 2 x 10.)

Solution: The equivalent circuit with the same operating point as in Prob. 3.5
but with the h,, v., voltage source inserted, is shown in Fig. 3.14. It will be
recalled that v, = -3.9 v, yielding an hovee =2 x 10 x ~3.9 =~ —0.8 mv rms.
If i, is held constant, vg must decrease by 0.8 mv to 9.2 mv. For this condition,
the output current i, is unchanged. The input voltage v,, becomes

by, 00 2200

Voe = 9.2 x = 6.3 mv,

by + R, ™ 2200 + 1000
-39 618 574 i
=53 105 (vs. ~574, neglecting h.o).

The approximate gain is 7% lower than the “‘exact’ value. This approxi-
mation error is almost always acceptable, since the variability in transistor

parameters is much greater than 7%. The current gain is unchanged, because it
depends primarily on hy,.

PROBLEM 3.10 Obtain the tee-equivalent circuit from the hybrid model of
Fig. 3.14,
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Solution: The h-parameters are

By, =2200 Q,

h,, = 30 x 10~° mhos,
h,, =2 x 107,

hy, = 290.

Substitute in the conversion formulae:

B = hlo = 290:
1

4

33,000 Q,

I

l‘d = hoe
_h, 2x107*
° h 30 x 10~

oe
hre

= 6.67 Q)

r

ty = By — (1 + hyo) 22 = 2200 — 291(6.67) = 260 Q.

oe

hye Bip=290i,
= 30 X 107 mhos

R, hjo
=10000) =2200%)

B —0C
— rg=33,000{) o—
lb 'C
1o =6.67()
i,
E

Fig. 3.15 The tee-mode! derived

from the hybrid circuit
of Fig. 3.14.

Fig. 3.14 Hybrid equivalent circuit, common-emitter connection.

The tee-equivalent circuit is shown in Fig. 3.15. Note the substantial
change in r, in contrast to Fig. 3.12. The coupled voltage (i, through r,) in-
troduces a large effective resistance value, equivalent in over-all effect to the
previous 2200  base resistance.

3.4 Common-Base Parameters

PROBLEM 3.11 Determine the common-base h-parameters for the 2N929 tran-
sistor at an operating point Ic =4 ma, Vgp =12 v.

Solution: Refer to (3.20) and (3.21). These expressions are most easily in-
vestigated by letting i, = Alg =0, and in turn, v, = AVog =0, then graphically
determining the relationships among the remaining variables.

Consider Fig, 3.16a:
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Alc,

AIC1 -~
AV |lg

AB

Alg,

BC .. 2x10%
hob = - =

Ves Alp  2x10°

h,y =

It is clear that for a high-quality transistor with low leakage current and high-
current gain, the collector family curves are almost useless in establishing the
output circuit parameters in the common base configuration.

1.0
10 [ 10 ma
8 ma
s b 0.8
Avge
(o] 6 ma A ———i—L
1 6 +* T 0.6 e — T o=~ )
I
3 " d Arg Bl |
€ | 55C2 [
. " 4 ma >
0 4 - . 0.4
~ A AVCB B gs]
Y
2
2 o8 0.2
IE=0
0 0
0 5 10 15 20 25 30 35 0 2 4 6 8 10 12 14

VCB ; Voltm——p

(a)

Ig, ma——p

(b)

Fig. 3.16 Type 2N929 common-base characteristic curves. (a) Output characteristics and (b) input characteristics.

The input characteristics are more amenable to calculation. Referring to
Fig. 3.16b,

0.06 v

= ——— =75
8x107%a

Ver
Parameter h,, = 0, since Vgg is almost independent of Vp.

The h;; parameter can be established with fair accuracy from the characteristic
curves; the remaining hybrid parameters cannot. The parameters can still be
measured by a-c techniques, as previously explained, but it is usually more con-
venient to compute them from the generally available common-emitter parameters.

3.5 Derivation of Common-Base Parameters
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i

;
i

Fig. 3.19 Hybrid model for the

common-base configuration.
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Fig. 3.23 Common-base tee-
equivalent circuit.

Common- Common- Tee-
Hybrid base collector equivalent
h; r
h —iE h ry + —
ie 1 + b;b ic b 1 _a
h;ph r
hr ibob _ hr 1- hr e
° 1+h, 7 ¢ (1= d)r,
~-h a
Bse Sl L ~(1 + By,
’ o ) —
{a) Common-emitter configuration.
h,p 1
hoe I hOC oy <
1 + hfb (1 - Ot)rc
ib ic
— -

(c) Approximate parameter conversion formulae.

B L C
+
Vbe hrevee heeip hoe Vo hie
J Bre
E B hfe

h,e

2200 Q
2x10*

290

30 x 10 mhos

1

]

(d) Typical values for type 2N929 transistor

(b} Hybrid equivalent circuit. atlec=4ma, V=12 v,

Fig. 3.24 Conversion to common-emitter h-parameters.
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ig ic

[

(a) Common-base configuration.

i i

h €
ib > -——
E &
+
Veb hepven

i
T C
Veb
J B

hypie hop

(b) Hybrid equivalent circuit.

Common- Common- Tee-
Hybrid emitter collector equivalent
h; h;
h. __fe _ e ro +(1 - d)r
‘b 1 + h!e htc ° ) °
hb hiehoe_h h _lﬁ_hichoc 27
’ 1+h,, r e hyc Te
Byp _ hee _ L1tk —a
1+ hy, hy.
A, hoo _hoc 1
° 1+ h, hye re

(c) Approximate parameter conversion formulae.

h,, - 0.268 x 10°*
hyy = —0.996

h,p = 0.103 x 10°° mhos

(d) Typical values for type 2N929 transistor.

Fig. 3.25 Conversion to common-base h-parameters.

Common- Common- Tee-
Hybrid emitter base equivalent
h; r
h; h; _ib I, + e
1c e 1 4 h,b b 1 _ a
A, | 1oh,>1 | 1ohy-fipforcy | g _fo
+ hyy (1-a)r,
1 -1
hre |~ +he) 1tk 1-a
(a) Common-collector configuration. + e
h 1
h h _-ob -
oc oe 1+h,b (l—OL)rC

i
<=

! 75

hge Vec

L

hjc

iby
B
+
Vbe hreVec hycip
CL * *®

(b) Hybrid equivalent circuit.

(¢) Approximate parameter conversion formulae.

h;. = 2200 Q
h,, =0.9999>1.0
b, = - 291

h,. = 30 x 10°° mhos

(d) Typical values for type 2N929 transistor.

Fig. 3.26 Conversion to common-collector h-parameters.
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p:;:- Common- Common- Common-
eter emitter base collector
o hle _ hlb 1 + h[c
1 + hfe hlc
r hye +1 1-h, _ iii
c
hoe hob hoc
hre hrb 1- hrc
r b — (Lt Byp) e
° hoe * ° ob hoc
(a) Tee-equivalent ci rcuit, common-base. ry h;, hro(L+hyo) _h_fé h;. +M
hoe hob hac
& iy =Bi h _he ~(1+h,.)
1—0 B fe 1+ h”, fc
(¢} Approximate parameter conversion formulae.
a = +0.996
- oy e
.. rg=rc (1 a)—1+,3 r. =9.7MQ
b, re = 6.667 Q
F ry = 260 Q
(b) Tee-equivalent circuit, common-emitter. (d) Typical values for type 2N929 transistor.

Fig. 3.27 Conversion to tee-parameters.

PROBLEM 3.14 Figure 3.28 shows a single-stage, a-c transistor amplifier.
The collector characteristics for the type 2N929 transistor are given in Fig. 3.29,
Determine:
= (a) A-c voltage gain, for a 10 mv input signal.
(b) Input impedance.
(c) Output impedance.

Solution: (a) Thisisa common-collector circuit, thus requiring common-collector
parameters to be used in the analysis. Let us first establish the d-c operating
point at which the small-signal parameters are to be determined. Since Iy 2 I
for the very low base current of this example, a load line can be superimposed
on Fig. 3.29, even though the 5000Q resistor is in the emitter circuit, The op-

erating (Q) point is determined as

Fig. 3.28 The a-c emitter-fol lower

amplifier for Prob. 3.14. Choke L

and capacitors C, and C, isolate
a-c and d-c circuits.

Vee = 116 v, Ic = 3.7 ma, Ig = 15pa (as given).

This is close to the operating point of Fig. 3.6, in which the h-parameters were
determined for the common-emitter connection. These parameters are repeated
below for convenience:

h;e = 22009,
hee =2x 107
b = 290,

h,, = 30 x 10~ mhos.

The above parameters are converted to common-collector parameters using the
conversion formulae of Fig. 3.26c:
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h,, = h;e = 22009,
hrc = 1)

hlc = _(1 + hle) = "2911
h,. = h,e = 30 x 107° mhos.

The common-collector hybrid equivalent circuit therefore takes the form of
Fig. 3.30. Using this equivalent circuit,

Vec = Voo
10 T
)/3543 30
8 258
\ 20pa
6
[} 15pa
€ o R; =
" 7~ Operating / " L
Lo point 1018+ hor_:s— 5K
— He 30 X 10°° mhos
2 < Spa c
!‘—/ Fig. 3.30 Common-collector equivalent circuit corresponding
o 1g=0 to the amplifier of Fig. 3.28.
0 S 10 15 20 25 30 35

Vce, volt—e

Fig. 3.29 Determining the operating point
in Prob. 3.14.

The basic equations are

Vg — Ry Voo ,

iy=1p

hic
hfc ib
i =i = hoc _ htc ib
o — le ™ = ]
R, + 1 AR +1
hoc
v, = —i,Ry.

Since v,. = v,, we may combine the above equations to solve for v, in terms

of ib:
V. = — hy Ry, Vé"hrcvo
° 1+ hoc RL hic )
Simplifying,.
v, <1____ﬁ._RL__xllzs_)=__.ﬁ&_<_v_g_' (3.33)
1+ hoc RL hic 1+ hoc RL hic
Substituting numerical values,
h 1 h 291
1+h, R, = 115, 1o - -~ — - 4.54% 107, fe =- = -253,
T foc FL B, 2200 x 1+h, R, 115

Thus,

° 2200 = 2200 .

Amplifier voltage gain is now determined:
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Vo 575 ~
-2 - =1-0.00174 > 1,
V¢ 14575

The voltage gain is slightly less than unity.

(®) If vy = 10 mv, then v, = v, ¥ 10 mv. Now substitute in (3.22) and cal-
culate iy, in order to determine the input impedance Z;:

is Vbe ~ Ree Voo _ Vg - h,c v,

= = . [3.22
hic hic ]
Since the voltage gain is only slightly less than unity, let
Vo = Vg 1- AVO ’
Vv,

o

where Av,/v, is the per unit deviation of output from that corresponding to ex-
actly unity gain. Substituting this expression in (3.22),

i = Y8 _hee y 1 AVe) (3.34)
hic hic Vo
Let A, = 1, and simplify:
. _‘—’_g; Av,
° hic Vo )

Substitute numerical values:

By = 2200, QYo =0.00174, 7z, - 2200

i
V,

A 0.00174

=1.264 x 10°= 1,264 MQ.

(c) The output impedance is obtained by inspection of Fig. 3.30 as

Substituting numerical values,

1
" 1/5000 + 30 x 10~

o

= 43501,

;
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PROBLEM 3.15 For the emitter-follower of Fig. 3.28, using the ‘“‘exact’’ value
of h,., calculate the percent deviation from unity gain and the input impedance.
Use the equivalent circuit of Fig. 3.30.

Solution: Rewrite (3.33) to obtain the voltage gain v,/vg:

~ho Ry (__1_)
AV _ XO_ _ 1+ hoc RL hic (3.35)
Vg 1- hg Ry, » hye
1+ hoc RL hic
Equation (3.35) may be expressed as
1
Av - hrc

1 [1+h,. R (52>]

L ht‘c RL hrc

The quantity in brackets is very much less than unity. Therefore, dividing
and keeping the first two terms of the quotient,

A, = 1 [1 + (l_ih_oc_&z> <1’_i£>] . (3.36)
hrc htc RL hrc
For h,; = 1,

1+hoo R\ fhye) 1 a- L oL
hee R ) \Byc 575’ " B 575
This is the value that was obtained in Prob. 3.14. More accurately,

By =1-h,=1-2x10""
1 1

- = 14+2x 107,
h, 1-2x 10~
A, = (1+2x107)(1-17.4x 107),
A, = 1-154x 10~

The deviation from unity voltage gain is 0.154%.
The input impedance may be calculated from (3.34):

ip = —& [1 —h,, ( - éﬁ)] " [3.34]
hic \

z, =Y _ : (3.37)

From the previous gain calculation,

1- A% _y_15.4x 10~
VO

h, =1-2x107",

Vo

© 1-h, (1_ éﬁ): 1-(1-2x10™)(1-15.4 x 10™*) = 17.4 x 10™.

Substituting in (3.37),

z, - 2290 10 - 1.264 MQ.

17.4



Fig. 3.31 The a-c amplifier circuit
for Prob. 3.16.

hgeip

>

(b)

Fig. 3.33 Model for the ampli-
fier of Fig. 3.31. (a) Exact
equivalent circuit and (b)
simplified output circuit.

> l
S

Vo

B
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The input impedance is not particularly susceptible to the error introduced
by using the approximate value of A,, .

PROBLEM 3.16 Calculate the input impedance Z; and the voltage gain v,/ v,
for the circuit of Fig., 3.31.

Solution: Figure 3.31 is treated as a common-emitter circuit where Ry is a cur-
rent feedback resistor. Since Iz and Ic are nearly equal, the effective load line
resistor is Ry, + Rg, as shown in Fig. 3.32. The Q point is approximately 3.7 ma
at 11.2 v. This is close enough to the operating point of Prob. 3.4; therefore the
same h, parameters may be used:

h;, = 22004,
h., =2x10",
hfe = 290:
h,. = 30 x 10~° mhos.
10 - %, T
1" 35 i 30pa |
T 25pua
8 S ’i
/20ya
6
1 T~ e 15pa
£ Operating
o4 \ L point //
IR 10pa
4 {
2 t —>L 1 p Spa
: &1@0 4/
ﬁ : 'Q IB=0 :
0
0 5 10 15 20 25 30 35

Ve volt —p

Fig. 3.32 Finding the operating point for the
circuit of Fig, 3.31.

The equivalent circuit takes the form of Fig. 3.33a. The emitter resistor
acts as a coupling element between the base and collector circuits, and is best
dealt with on an approximation basis. This practice is almost always legitimate
in transistor circuitry where parameters are rarely known to a high degree of ac-
curacy. The following two approximations are very helpful.

1. Let h,, =0, since v, &, is very small for A, h,, << 1. (This may be
checked after the voltage gain has been approximately determined, as explained
below.)

2. Let i, ¥ i, an excellent assumption for high current gain transistors.

Using the above approximations, the output equivalent circuit can be simpli-
fied as shown in Fig. 3.33b and analyzed by conventional methods:

hfe ib <I’11 ) .
i el (R"fe ’; . (3.38)
— Rz + R, + (RBg + Ry ) h,e
h,,
From Fig. 3.33a,
Vg _ ibhie RE h[e ib

+ .
1+ (Rg + R)A,,
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Solving for Z; = Vg/ip,

Reh
Zi=h; + E _fe . 3.39
: 1+h,, (Rs +Ry) 3.39)
Substituting numerical values,
Z, = 2200 + 22000 _ 27,3000
1 + (30 x 10-°)(5100)
The output voltage v, is
Vv, =—RL ic - —RLhie ib .
1+h,. (Re +RL)
Substituting Vg/Z; for iy,
Vo = _RL hfe X V_gn
l+h,,(Rg +R.) Z;
The voltage gain is
A, = Yo _ —Ry, hye < L‘ (3.40)
Vg 1+ hoe (RE + RL) Zi
Substituting for Z; and simplifying,
~-R, h
v L fe (3.41)

B hie + hie hoe (RE + RL) + hfe RE )

Before substituting numerical values, observe that if h; is very large, the
voltage gain reduces to

(3.42)

This approximate formula is very valuable in estimating the approximate behavior
of circuits having the configuration of Fig. 3.31.

The numerical results of this problem confirm the validity of (3.42). Us-
ing (3.41),

~ 5000 x 290
2200 + 2200(30 x 10~°)(5100) + (290)(100)

~5000x 290  _
2200 + 337 + 29,000

A, =

This compares well with a value of — 50 determined from the approximation of (3.42).
Check the validity of our assumption that h,, v.. is negligible. Assume
vg= 10 mv. Then v, = A,vg = 460 mv. Thus,

Bro Veo =2 x 107 x —460 = —0.092 mv.

This voltage aiding the input signal is less than 1% of v, confirming the sound-
ness of the earlier assumption.

The characteristics of the above circuit can.be further clarified by solving for
input impedancé and voltage gain using the common-emitter tee-model. The pa-
rameters were determined earlier in Prob. 3.8:

291
= 2600, ., = 6.674Q, L= ——— = 9.7 MQ,
i fo=6 fe = 30x 10~
B = 290, ry = —X=— = 33,0000

1+8
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PROBLEM 3.17 Using the above parameters, solve the tee-equivalent circuit of
Fig. 3.34 for Z, and A,.

Solution: The tee-circuit is easily solved using conventional two-mesh analy-
sis. Since most engineers are more adept in using voltage generators, these are
substituted for the current generators of Fig. 3.34, yielding the modified circuit
of Fig. 3.35.

The mesh equations are

.

Fig. 3.34 Tee-equivalent circuit
for common-emitter connection
showing resistor Rg.

Vg=(ts + 1, + Rg)ip + (r, + Rg)i,, (3.43)
Bre i R+ )iy + fo +Re+ —<— +R.)i,.
1+ 1+8
The second of these equations may be rewritten as
0=(Re+ry - BV it [ro+ R+ = + R 3.44
(Er 1+Blb fe+E+1+B+L1 (3.44)
Using determinants, solve (3.43) and (3.44) for i,:
i 1 Vg_ Iy + RE
b= r
A0 e + Rp + —%— 4+ R,
=T B L

H

r
re + Rp + —¢ +RL)
e

where A is the determinant of the system equations. Solving for Z,=vy/iy,

A

I

+R
+B L

Z; = (3.45)

ro + Rg +

The determinant A is

rb+re+RE re+RE

A= RE+t,——&°~ r, + Rg + —¢
1+8 1+8

Te

+ Ry,

=rb<re+RE+

1

+B

+ RL) + (te + Rg)(rc + RL).

(3.46)

‘L Substituting (3.46) in (3.45),

Zi =15 + (re + RE)(tc + RL)

(3.47)

Fig. 3.35 Equivalent circuit solved

rC .
by using mesh currents.

+8

(te +RE)+ 1 +RL

Insert numerical values:

(106.67) (9.7 x 10° + 5000)
6
(106.67) + 27X 19° 000
201

Z; = 260 + = 27,1009,

This checks very closely with the value of input impedance calculated for
the hybrid circuit of the previous example.

Simplifying (3.47) by making the following approximations,

Ie << (re + RE)(rc +RL)’

ro + Rp << +Ry, ry
+ Ry,

1+p8 r,
1+
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we obtain

Z, ~ (re +RE)(rc +RL)
i= .
Te

1+

(3.48)

+RL

A further level of approximation with consequent simplification is introduced
by assuming that

Te

1+8

>> Ry,

which leads to

Z; = (1+ B)ro +Rg). (3.49)

Check this approximate Z; with the more accurate value of 27,1009 by sub-
stituting numerical values:

Z; = (1+290)(106.7) = 31,000

This approximation is perfectly satisfactory for many purposes.
Now calculate voltage gain. Determine i, by the use of determinants,

1 ty +1, + Rg Vg
IC_K fe+RE——‘§_t—c‘ 0
1+p8
Bre
== |~vg |1t + Rg —
A[ ‘(’ TETIB
Since v, = —i, Ry, and A, = v, /vy,
R Br

A, ==L [r, +Rg - <1, 3.50
A (’ e 1+ﬁ> (3.30)

We now substitute the expression for the determinant:

A=rb(r,+RE+ fe
1+

F + RL> + (re + Rg)(r. + Ry {3.46]

Simplifying (3.50) and (3.46) by the following approximations,
tC

1+8

re >> 1, + R, >>te + Rg, t. >> Ry,

the equation reduces to

Agrb < Te +RL)+rc(te+RE)v

1+8
"R, IBICB
A, = - . 3.51)
rb( 1 +°B + RL) +1, (e + Rg)
Substituting numerical values,
290

~(5000) 22 9,7 x 10°
(5000) 297 27

A, =
6
260 (&zx—m— , 5ooo> +9.7 x 10° (106.7)
291
_ _46.3.



i i
—b—hie <

B =
+

Vbe NreVee he i

]

AAA
\A A4

hoe Vee

62 Transistor Circuit Analysis

This confirms the previously calculated value of — 46,
The expression for gain (3.51) can be further simplified. The second term in

the denominator of (3.51) is often much greater than the first term when Ry is
present in the circuit. Therefore,

A= ‘RL :3
v = ?
To + RE 1 + B
or simply,
4,> =R

. 3.52
— (3.52)

As a check, substitute numerical values from the above problem:

~5000
106.7

~47.

v

This is obviously an excellent check of the approximate expression,

c ,

hie =2200Q) A, =290
hre=2X%X10"* h,, =30 x 10~° mho

()

il

ip :
—= 57 B’ Tv’c 1o
B VWY 0'A'A's y C
v Sty <
be < Ip’e Slce Vce
< <
E€mVp’e
E o E

(b)

Fig. 3.36 (a) Hybrid equivalent cir-

cuit for common -emitter connection.

(b) Hybrid-7 equivalent circuit for

common-emitter connection, Capaci-

tive components are not shown in
this low-frequency model.

—OE
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.1 Conversion from hybrid
T parameters.,

TABLE 3
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2200 Q,
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291
2200

! =30 x 10"‘—2><10"‘<

Teo

so that r,, = 286,000 Q.

): 3.4 x 107¢ mhos,

PROBLEM 3.20 Repeat the previous problem using ry,s = 255 Q.
Solution: Proceed as before:

290
LA} ,
én = gz = 0149 mho

1945

o= 245973 100
e =10 - o} 1006,

I'y’e = 1945 Q,

130510 = 2x 10~ 2L = 0 mho,
1045

tce

so that r , = o,

65

[3.63]

(3.56]

[3.60]

[3.61]

[3.63]

For rppr > 255 Q, r.e would be negative, making it inconvenient for calcula-

tions.

PROBLEM 3.21 Figure 3.37 shows the hybrid-# amplifier model. Using the hy-
brid-z values found in Prob. 3.20, calculate load power, and current and voltage

gains.
Rg = oy = rhte = i
1K g 2550 g’ 9.73 x 10°Q -

Fig. 3.37 Hybrid-m amplifier circuit for Prob. 3.20.

Solution: Start by replacing the current source and Ry of Fig.
equivalent voltage source shown in Fig. 3.38. The basic equations

Vg = (Rg + tpp’ + Tpre) Iy = Tpre Ip)
VL == rye Iy + (tpre + tp’c + RL) i,.
Substituting numerical values and solving by determinants,
i, =3.38 p a,
i, = 0.44 p a.
Since vy = ryre (i, = i),
vy = 745 ryre (i, = 1) =412 v,

and continuing,

R, = rpp” = rpre =

8
1IKQ p 2250 9.73 % 10°)

Vi, =0.149 vy, Ry =745 vy,

Fig. 3.38 Hybrid-w amplifier circuit

of Fig. 3.37, with current source re-

placed by voltage source for easier
caleulation.

3.37 with the
are

—Vee =VL + iz Rr =4.12 + 0.44 % 10~% x 5 x 10° ~4.12 v,

veo _ 412 0894 ma,

'e="R, ~ 5000

PL = ic Vee = 3.12 mw.
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Thus,
4, h_ 824 x10° 244
'Ti, 3.38x 10~ ’
A,=TYee _ “Vee __625,

Vbe Ve + Ipp Ip

3.8 Supplementary Problems

PROBLEM 3.22 Give the generalized definitions of static and incremental h-
parameters.

PROBLEM 3.23 Define mathematically the static and incremental h-parameters
for the common-base connection.

PROBLEM 3.24 For the characteristics shown in Fig. 3.5, find the h-parameters
for a 2N929 transistor when the CE connection is at Vog = 10 v and I¢ = 2 ma.

PROBLEM 3.25 Determine r,, r,, and r4 for the h-parameters of Prob. 3.24,

PROBLEM 3.26 In the circuit of Fig. 3.7, let R, = 10KQ, Rp = o, Ry =
2KQ, Cg =, and Ig = 20pa. Determine (a) the operating point, (b) the
incremental 7h-p'arameters at the operating point, and {c) r,, rs, and ry. Draw this
circuit, replacing the transistor by its tee-equivalent network, and determine the
input and voltage gain using standard circuit analysis and assuming ry infinite
as an approximation.

PROBLEM 3.27 How are r, and ry measured?

PROBLEM 3.28 Design a simple 8 measuring circuit.

PROBLEM 3.29 In the circuit of Fig. 3.28, if Ig =5 pa, find (a) the maximum
rms output voltage without distortion, (b) the vy that generates the maximum

voltage, and (c) the approximate input impedance.

PROBLEM 3.30 If R, =10°Q in Fig. 3.31, the approximate formula (3.42) is
no longer valid. Why?

PROBLEM 3.31 If h;, =5000Q, A, =300Q, he=10"*Q, and h,, = 10~° Q
for a transistor, find (a) the tee-equivalent circuit parameters and (b) the input ;
and output impedances. f

PROBLEM 3.32 For Fig. 3.2b, define the small signal A-parameter in physical
terms for the common-emitter circuit.



CHAPTER

BIAS CIRCUITS
ND STABILITY

4.1 Introduction

~ PROBLEM 4.1 A germanium transistor has a leakage current of 5 pa at room
P temperature (25°C). If Fig. 4.1 applies, find the leakage at 75°C.

: Solution: The room temperature value is 5 pa. At 75°C, this is multiplied by a
: factor of 30, for a leakage current of 150 pa.

PROBLEM 4.2 A 2N929 silicon transistor has a maximum 25°C leakage current
‘ of 0.01 pa. Find the maximum leakage from Fig. 4.1 at 125°C.

i Solution: From Fig. 4.1, the leakage is multiplied by a factor of 45, for a leak-
age of 0.45 pa.

s
3
]
;
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0.6
100 v a
¥ A
2 1 Veg=2
CE=<V
II = 0.4 S
9 —~20°C
. / 25°C
&
/ s 0.2 7== 700C
Silicon /
10 v v 4 4
f y 4 y .4
y 4 V.4 0
0 / 0 01 02 03 04 05 06 07
=2 /l [/ Ig, ma—
S /1 /
o /// Fig. 4.2 Input characteristics of 2N1308 n-p-n germa-
Y nium transistor vs. junction temperature for the com-
<] mon-emitter connection.
s Lo : 60 T |
o —_——— o 5 ma
% 7/ s O e
x / [/ —_— 25(%C et T 025 ™
o 7/ 50 — N S
8 - - / 0'20‘“‘!
-E) / ,/’ //-—- —_-—’—- 0_20(:15
‘Germanium 40 L//"‘_-—’— e T
. ! / I _ I P
7 £ / — =] 0.15ma
y 4 - 30 Y :
/ CRA] g R —— 3 10ma
A4=——==="""T 77 oioma
Germanium / / 0.05 ma
ltipl 100 NI D R P
0.01 (mu tiply sca!e by ( ) —- S R P o5 ma
—50° -25° 0 25° 50°  75° 100°  125° 10 7 =
B:
Junction temperature, °C —» /S U Y W S - _...I.B=0
Fig. 4.1 Variation ofi;;ggo\(«:/ifh temperature relative 00 L ) 3 p s 5 ;

VCE ; volt—

Fig. 4.3 Collector characteristics of 2N1308 n-p-n
germanium transistor vs. junction temperature for
the common-emitter connection.

Iceo

Ug 4.3 Tee-Equivalent Circuit
Representation of Leakage*

Fig. 4.4 Common-base tee-equivalent
circuit. The directions of current flow
correspond to an n-p-n transistor.

* As we are analyzing only d-c signals in this chapter, Band o correspond to static characteristics.
Currents and voltages are shown with their normal polarities.
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at 25°C, such that

PROBLEM 4.4 For the circuit of Fig. 4.7, determine Rp
Ic = 19 ma at the operating point.

Solution: Refer to Figs. 4.2 and 4.8a. On the latter, draw a load line corre-
sponding to Ry = 100. The I¢ intercept is 5 v/100 Q = 50 ma. Thus, I¢ = 19 ma

at Ig = 0.1 ma (point P,).
From Fig. 4.2, for Ig = 0.1 ma, Ve = 0.22 v. The voltage across Rp is

therefore 5 — 0,22 = 4,78 v. For this voltage, and a base current of 0.1 ma,
478 10° = 47,800 Q.
0.1

PROBLEM 4.5 For the conditions of Prob. 4.4, find Ic at 70°C,

Solution: From Fig. 4.2, Vgg has decreased to 0.12 v. Now Ig is

4.8 v

—  =0.102 ma.
47,800 Q

In Fig. 4.8a, the operating point has moved from P, (Ic = 19 ma) to P,, where
I; =23 ma. This is a considerable change.

BIs

g

Iceo

g

Ig
—_—
——O
B ™D <I— (o}
[}
IE g

E

Fig. 4.5 Tee-equivalent circuitin the
common-emitter connection.

Ic
Icgo

Pgf——~—1lcBo

|

|

|

! — [
Ig 0 B

=~I¢cgo

Fig. 4.6 Leakage in a common-
emitter circuit.

VCC =5v

input

Fig. 4.7 Common-emitter amplifier
with bias set by adjusting Rp.



70 Transistor Circuit Analysis

60 | , - — 70°C
~—— 70[C 0.25m8 7+ - 25°C
(G, -
—_— 25C R g P ]
50 e 8
'/‘:'//,().QOK\S T B 0005 ma
-1 - P - —— "  —— e a5 =)
/ / |m———1— Stzoma o 5 g"— B
40 [ - B e E
f ,/I // 0.153‘31 C) 4
M / L ——==="T" " | 0.15ma T3
E 30 — -&00 t
o / I Pz—— _ ___ﬂ_o._}Oma 2
[/ D N 0.10ma . 0.005 ma
20 1 e Ig=0
___—-——(-).25|lna 0 1 \ |
P2 i R I 0.05 ma 0 1 1.5 2 25 3
10 '
4 Ig= Veg, volt ——=
T T T T T T T ITTTTTRTT IB=0 b)
0 — |
0 1 2 3 4 5 6 7 Fig. 4.8 (a) Collector characteristics of common-emitter
Veg , volt—m connection with superimposed load line. (b) Expanded
(a) region showing load lines.
]
PROBLEM 4.6 Referring to Fig. 4.9, determine Rp so that Veg = 1.25 v at
25°C. With this same Rp, find Vog at 70°C.
Solution: Draw a new load line on Fig. 4.8b. At point P,, Veg = 1.25 v and
Ig = 0.005 ma. From Fig. 4.2, Vgz = 0.22 v. The drop across Ry is 1.5 ~.0.22
= 1.28 v. With a base current of 0.005 ma,
1.28
Rp = ——— 256,000 Q.
77 5% 10 ’
Input At 70°C, Vpg decreases to 0.12 v (approximately — 2.2 mv change per de-

gree C). Base current, at 70°C can be calculated:

_15-012 138

x 10~ = 0.0054 ma.

256,000 256
Fig. 4.9 Resistor Rp is adjusted
for Vog = 1.25 v at 25°C. This results in an operating point (P,) of Vo~ 0.2 v. At such low voltage, the

transistor is almost inoperative, showing the possible critical effects of leakage
change with temperature.

PROBLEM 4.7 In Prob. 4.6, find the quiescent collector current Ic at 25°C
and at 70°C.

Solution: From Fig. 4.8b, Ic =1 ma at 25°C (P,) and 4.5 ma at 70°C (P,).
This is an enormous percentage change and is due to the fact that at low oper-
ating levels, I¢ contains a particularly high leakage component.
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4.4 Constant Base Voltage
Biasing Techniques

PROBLEM 4.8 Referring to Fig. 4.10, determine Rp so that V¢g = 2 v at 25°C.
Find Iz and Ic. Calculate I at 70°C,

Solution: Draw a load line on Fig. 4.8b, The operating point for Vop=2 v is
shown at P, . At this point, /¢ = 1.25 ma and Ip = 5 pa.

To determine Rg, use Thevenin’s theorem which states (with reference to
this problem) that the source resistance Req driving the transistor base equals
the parallel resistance of Rp and 1 KQ, and that the equivalent source potential
V.q equals the open base circuit voltage at the junction of the two resistors.
Figure 4.11 shows how the circuit is simplified for analysis by the application
of Thevenin’s theorem. The base-to-emitter drop is represented by a battery of
0.22 v at room temperature (see Fig. 4.2).

Resistance Rg is now calculated:

R
5 ——E2— _ 0,22
Vea 1000 + Rp
Ry 1000 x Rg
1000 + Rp
=5x 10°°
Solving,
Rg =97 Q.

At 70°C, Vgg is reduced to 0.12 v, and the base current becomes

(2.5 x 13;) ~0.12
= 1.13 ma.

1000 x 97
1097

This is over two bundred times the base current at room temperature. Obviously
we may conclude that constant voltage base-emitter bias is impractical.

The previous considerations may be examined from a somewhat simpler view-
point. The change in base-emitter voltage is 0.1 v. The effective resistance is
97 x 1000/1097 = 88.5 Q. The change in current is 0.1/88.5= 1.13 ma,

The result might have been expected. Figure 4.2 shows that small changes
in base-emitter voltage can lead to very large current changes when the effective
external resistance in the base circuit is small. A large base resistance is nec-
essary to achieve relative insensitivity to changes in Vpg.

PROBLEM 4.9 For the circuit of Fig. 4.12 and the transistor characteristics of
Fig. 4.13:

(a) Determine Iz and I¢ for Vgg = 2 v at 25°C.

(b) Using the above value of I, find Vcg and I¢ at 70°C.,

(c) Determine a new I at 70°C, so that Ic is restored to its 25°C value.

o Ve
=2.5v
1KQ Ry =500}
Ig
—
2N1308

Rp

Fig. 4.10 Voltage divider for adjust-
ing base bias voltage.

Vee =

R =2.5v
.l BN
T -
(a)

o _ 1000xRp e 022
¢a= 1000+ Rp i v
o AN |t l

IB ouuins
Rp
=2.5v [——2—
Veq =2 V<1ooo+RB>
(b)

Fig. 4.11 Simplification of the cir-
cvit of Fig. 4.10 using Thevenin's
theorem.

Vee=2.5v

Ry =500§)

2N1308

o—]

Fig. 4.12 Transistor in common-
emitter circuit with constant
base current drive.
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Solution: From Fig. 4.13:
(a) Point P, at Iy = 0,005 ma; I¢ = 1 ma at 25°C.
(b) At 70°C, for Ig = 0.005 ma, Ic = 4.7 ma and Vg Y 0.2 v at point P,.
(c) Since Iy = —0.025 ma gives Ver =2 v, Ic =1 ma at point P, at 70°C.

60
(e}
. L 70°C 25(0',75)“\3
250C 50 0. IS el
6 |- /
e ————— 0.005 ma // (o0 me
P, —~— P 0.200:
5 - —____—————- IB:0 40 /
g 4 o / s)ma
< 2 / 0.15((),4 )?
23 - 30 e
2 0.10(0.30) ma
20 P,
1
,05(0.15)ma
. . \\ P, 0.05¢( I
0 1 2 2.5 3
P
Veg, volt —» \oi 0.005(0.015)ma
74 =0
0 k ===
Fig. 4.13 Low leve!l transistor characteristics 0 1 2 3 4 5 6 7
of common-emitter connection with superim- v |
posed load line. CE. volt—

Fig. 4.14 Common-emitter collector characteristics of

the 2N1308 transistor at 25°C. The two values of base

current for each curve correspond to two different tran-
sistors of the same type.

Vee=5v
2N1308

PROBLEM 4.10 The transistor used in Fig. 4.15 has the characteristics of

Fig. 4.14, Calculate the following:

(@) Rp, such that Ic = 9 ma with the low (3 transistor. Also determine Vgg.
Fig. 4.15 Common-emitter circuit (b) With Rp fixed, change to the higher 3 unit. Obtain a new operating point,
with approximately constant base and discuss its usability.
current drive for Prob. 4.10. (c) Readjust Rg to achieve Ic = 9 ma for the high B transistor. Discuss the

usability of the new operating point.

Solution: (a) Referring to Fig. 4.14, at I = 9 ma (point P), Ig = 0.15 ma and
Vce = 2.7 v. The operating point is centrally located in the usable area of the
characteristi¢s. Since the base-emitter drop is 0.22 v (see Fig. 4.2), the drop
across Rgis 5v-0.22v =478 v:

4.78
= ——° 31 8000.
7 0.15% 10 ,800 O
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(b) The base current is essentially unchanged with the high 3 transistor, be-
cause I is almost entirely determined by the values of Rp and V. Assuming
Ig = 0,15 ma on the same load line as before, the new operating point is located
at P,, where Ic = 19 ma and Vcg =0.2 v. This point is not in the useful oper-
ating region of the transistor (the transistor is in saturation).

(c) To restore Ic = 9 ma using the high S transistor, reduce Ip to 0.05 ma,
thus returning to the original operating point in the center of the linear region.
A new Rg is now required:

5-0.22
0.05 x 1073

Rg - 95,600 Q.

If we now use the low 8 transistor with the new Rg, the operating point moves to
near cyt-off, point P;.
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Input O-—|

(a)

Fig. 4.16 (a) General bias circuit for common-emitter connection.
{b) Simplified equivalent circuit.

{b)

(B+1)Icpo
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PROBLEM 4.12 Refer to the circuit of Fig. 4.17. Assume Icgo = 3 pa at room
temperature.

(a) Calculate the cumrent I in R; using (4.6), after first determining the ap-
proximate operating point from the collector characteristics and the load line.

(b) Calculate Vog at the operating point. '

(c) Calculate S, M, and N*.

(d) If Icpo = 3 pa at 25°C, what change occurs in I¢c due to the change in
ICBO at 30°C?

(e) If Vg changes by - 2.2 mv per degree centigrade, and is 0,22 v at 25°C,

find the change in Ic resulting from the change in Vg if the.temperature in-
creases from 25°C to 30°C,

Icpo = 3pa at 25°C =

(f) I B is reduced to 0.9 of its nominal value, what is the corresponding Fig. 4.17 Common-emitter amplifier
change in I¢? with voltage divider providing base
(g) For the conditions of (d), what is the change in Ic between 25°C and 75°C? bias voltage.

(Note: For parts (c-f) above, use the approximate expressions for S, M, and N¥,
which apply especially well to small changes.)

Solution: Refer to the basic formula of (4.6) and to Fig. 4.18 which shows the
transistor collector characteristics. The formula is repeated here:

B

—— (kVcc - Ve) + Iceo (RE + Req)

1+

Ic = i . [4.6]

Req

RE +
1+p8
Now determine the numerical values of the parameters:
_ R, - 1380 _0.274, Req = R,R, - 1380 x 3650 - 1000 Q,
R, + R, 3650+ 1380 R,+ R, 5030

Rg = 50, Rg + Req = 1050 02, Vec=5v, kVge = 1.370 v.

60
-——=170°C
0,
50 e ‘,—"L’olf’ma
e ——
” //—’—-__— 20 a
40 .’/ = e
“T /7
7 / -
f / "] L e
g ___.——"'——— 0.15m8
. 30 -
7 R, Pz——_'—_——_ 0.10ma
20 2= el
7 < .J.
,/-———4;_-— 0.05ma
s \ 0.005 ma
S O e oray = =t=yoy Sy
i’ — 0.025 0.005 ma 0
0
0 1 2 3 4 6 M
VCEI vo|f—> —0-025 ma

Fig. 4.18 Common-emitter output characteristics at 25°C and 70°C
with superimposed load line.
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The resistance which determines the

(a) On Fig. 4.18, draw a load line.
Estimate the

slope of the load line is the sum of Ry, and Re (since I¢c £ Ig).
approximate voltage at point A of Fig, 4,17 as

1380
180 137w
™ 3650 + 1380 v

From Fig. 4.2, Vpg = 0.22 v; therefore the voltage at point B is 1.37 -

0.22= 1.15v. For Rg =50 Q, Ig = 1.15/50 = 23 ma. This establishes the op-
erating point at P, (Fig. 4.18) where Ip = 0.125 ma (by interpolation) and

Vee = 1.6 v, and

Va=35

Boe = 62132; = 184 (the d-c value hpg, not hy,).

Having determined the approximate operating point, using (4.6),

-6
_ % (1.37-0.22) + 3x 107)(1050) _ .0 o
50 + .1_9_0_0.
185

Ic

This corresponds to point P, where Iz = 0.12 ma.

(®) At P,, Veg = 1.85v.
(c) The sensitivity formulae are

R., 1000
S 1+ =1+ =21, [4.16]
. 50
M i=j=—002ma/mv [4.17]
Ry 50 ’ '
SI 20,8
N*¥=22 _ 9 =0 .
o 0.9946 = 42 418
since
184
o = = — = 0.9946-
1+8 185

(d) At 25°C, I¢po = 3pa. From Fig. 4.1, for a germanium transistor, Icgo in-
creases to 4.4 pa at 30°C, Therefore Alcgo = 1.4 pa and

Alc =SAICBO =21x 1.4=29 pa.

(e) Since, from 25°C to 30°C, AVgg = ~11 mv,

Al =--L AVpp =-0.02x AVgg = +0.22 ma.
Rg
(f) The effect of a small reduction in B is easily estimated from N* deter-
mined above:
Nominal B =184, o= 134 _ 0.9946,
185

Reduced B = 0.9x 184 = 164, o = 1—; - 0.9939,

Alg = N*A o = -0.0007 x 0.44 = - 0.31 ma.
(g) From Fig. 4.1, Icgo is 22 times greater at 70°C than at 25°C:

AICBO = 3(22'— 1)= 63 pa,
Alc ZSAlco =21 x 63 = 1.32 ma.
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Note that a more accurate calculation can be obtained by using (4.6). An example
comparing the use of the fundamental bias equation with the simple approxima-

tion above is provided in Prob. 4.14.

Vce

Input
(a)
Vee
RL ‘(ID+IC)
il
v
( +1)1 BO
R1 BIB B C.
VBE
+
1
R, B Rg

(b)

Fig. 4.19 (a) Generalized bias cir-
cuit incorporating feedback from col-
lector to base for increased stabi-
lity. (b) Simplified equivalent circuit.
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 (d) Examin,
temperature
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PROBLEM 4.14 Solve the circuit of Fig. 4.20, for the following quantities:

(a) The operating point (I, Vce)

(b) The sensitivity formulae S, M, and N*.

(c) Using the results of (b), compute Ic at 70°C, Assume 3 increases 1.5
times, Icpo goes from 3pua to 66 pa, and Ve changes from 0.22 v to 0.12 v.

(d) Repeat (c) using the exact bias formula,
Use the output characteristics of Fig. 4.21.

Solution: (a) As a first approximation, assume I and Ig are equal (a perfectly
realistic assumption), and draw a load line on the characteristics curve of Fig,.
4,21, Assume further that I < Ip, Ip < I, and therefore, I = Ig. Then,

R,
Vee ~1Ig R) ——— =IgRg + 0.22,
(Vee - IeRL) R.+ R, ERE
Substituting numerical values,

(5 — 100 15)(0.455) = 50 I + 0.22,
Solve for Ig:

Ig = 21.5ma ™ I,

This operating point is shown as P, on Fig. 4.21. Note Ig = 0.12 ma and
VCE =18 v.
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I

Ic, ma—»

0 1 1.8 2 3 4 5

Fig. 4.20 Bias circuit incorporating Vcg . volt =

collector-base feedback.

Fig. 4.21 Collector characteristics with superim-
posed load line for Prob. 4.14,

Hence,

2L.5
= d-c current gain = —— = 179,
Bpc g 0.12
This preliminary calculation has given us an approximate result, in particular, an
approximate value for Bpc. This value, together with the circuit parameters of
Fig. 4.20, permit a more accurate calculation of Ic. For convenience, (4.26) is
repeated here:

‘L [Vcc - VBE (1 + Rl; RL).I +ICBO [R1+RL +RE <1>+ M)]
[4.26]

I~ - 1+ 2 2
c=
Rg (1+ R1+RL> + R + ‘—IS‘L'
2 1+8
The numerical values to be substituted are
B =179, R, =3200 Q, R, = 2670 Q, R =100 Q,
RE =50 Q, ICBO =3 x 10-6 a, VBE=0'22 v, VCC =5v.

Now make the substitutions:

179 3300)
5022 14+ 222 105)(3200 + 100 + 112
. 180[ <+2670]+(3>< )(3200 + 100+ 112)
o=
112 + 100 - 3200
180
= 19.7 ma.

This gives point P, on Fig. 4.21. Since this is in the close vicinity of P, in an
essentially linear region, the value of 8 may be assumed as unchanged. At P,,
VCE = 2.02 V.
(b) The sensitivity formulae are
S¥1+ R, S 200
Ry (1+ R‘+RL>+RL 112 + 100

2

16, [4.34]

i
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-1 -1
M= = =-0,0105. [4.35]
Rg + R 50 + _ 100
1+R1+RL 1_,_3300
R, 2670
From (4.33), assuming low Icpo at room temperature,
w5y, o 2 107,100 - 0316
o 0.9944

(c) By definition, Alc = SAlggo + MAVpg + N*A . The given data is

Alcgo =+63 x 10, AVgg =-0.1v, Ada =0.0019. Input

Note that at 8 = 1.5 x 179 = 269, 0o = 0.9963. For 8 = 179. & = 0.9944. Therefore
Aca = 0.0019. Now substituting numerical values,

Alg

16 x 63 x 107° + (-0.0105)(~0.1) + 0.316 x 0.0019
1.01 x 10~ + 1.05 x 107 4+ 0.60 x 10~°
2.66 ma.

At room-temperature, Ic was 19.7 ma. At 70°C, I¢ = 19.7 + 2.66 = 22.4 ma..
(d) The collector current is

269 3300
—= 15-0.12(1 + — 6 0~¢ 00 00
I 270 : +2670 + (66 x 107°)(3200 + 100 + 112)
c =
112 + 100 3290
270
=22.1x10"% a
= 22.1 ma.

The excellent correlation between approximate and exact results demonstrates
the validity of the approximation.

4.6 Emitter Bias Circuit

R,

Rp
Rg
-VEE
(a)
Ry
Big
nl ( VE
VBE
Rg
~VEE

(b)

(B+1)1cpo

Fig. 4.22 (a) Bias circuit using a
separate saurce of emitter bias

voltage. (b) Simplified tee-

equivalent circuit.



Vee=

3.63v
Output
2N1308
Input
R,=1000() Rp =50
- —VEE ='—1.37V

Fig. 4.23 Emitter bias circuit for
Prob. 4.16.
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PROBLEM 4.16 For the circuit of Fig. 4.23, calculate the values of Ic and S,

Solution: Examine the collector characteristics of Fig. 4.18. Observe that
Vee + Voo =5 v is applied to R; and R, in essentially a series circuit. As
previously described (Prob. 4.12), we get an estimated Ic =23 ma, and a pre-
liminary value of 8 of 184. More accurately, using (4.37),

(Vee - Vee)+ Icgo (Rg +R) 18—'4(1.37 -~ 0.22) + 3 x 107°(1050)
Lo—1 1+8 185
o=lc= =
Rg + R, 50 + 1000
1+8 185
= 20.8 ma,

From (4.38),
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4.7 Bias Compensation

Ic
° | ( o
)
PROBLEM 4.17 For a common-emitter circuit with an n-p-n transistor, show ; RL
how to use a diode to compensate for the effects of temperature change on Vpg. -
Solution: Figure 4.24 shows a circuit using diode compensation. The current I Rg R,
is adjusted so that Vp (the forward diode drop) equals Vpg (thus cancelling one < .
another). The values of R, and R, are adjusted for the required bias. — Vee
The cancellation occurs over a wide temperature range because the diode and R
2

transistor junctions follow identical laws. The circuit becomes equivalent to
that of Fig. 4.16 but with Vg = 0 over the whole temperature range.

PROBLEM 4.18 The circuit of Fig. 4.25 shows a method of compensating for Vp
the effects of temperature on Icpo. Analyze the circuit’s performance. |

Solution: Leakage current Icgo flows in transistors Q, and Q,. If the tran- Fig. 4.24 Circuit with diode bias
sistors are matched, the leakage currents should be equal over the temperature compensation.

range. The Iogo drawn from the base circuit of Q, by Q, results in a reduction

of Blcpo in the collector current of Q,. As the component of I¢, corresponding to

leakage current is Icgo (1 + B), the effective collector leakage is reduced from

(B + Dlcgo to Icpo , thereby providing the required compensation.

~VWias

Fig. 4.25 Method of compensation

4.8 Self-Heating for the effectlof temperature
onlitcpo-
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PROBLEM 4.19 For the circuit of Fig. 4.26 at an ambient temperature of 70°C,
calculate Ic. Include the effect of junction temperature rise due to power dis-
sipation. Assume 6;_, = 200°C/w, and that B is independent of temperature,

Solution: The circuit is identical to that of Fig. 4.17 in Prob. 4.12. We there-
fore use the results of that problem as an initial approximation:

I at 25°C = 20.8 ma,

Alg, (due to change in Io50) = 1.32 ma (for 70°C),
M = -0.02 ma/mv.
Since we are evaluating operation at 70°C,
AT =70°C - 25°C = 45°C,
AVpg =-45x2.2=-99 mv,

Alg, =MAVgp = (-0.02 22) (99 mv) = 2 ma.
-mv

The increased collector current at 70°C can be estimated as

IC(7OOC)=IC(25°C)+ AICx + AIC2 = 208 + 13 + 2 ;24 ma.

60 ,
-——-70°C
0,
ﬂVcc=5v 25-C ”’_‘,—;25‘“3
50 T o
R,=3650() RL =100} P // ‘_’__L_ ,;
/// ——=="T" o.20me
f 0 y - T | a1 e
/7
M / //' B I —
£ N dmempm ™~ 0.15ma
O E—
2 e ———
y/ N 0.10ma
20 7
/ P, \ -
—mT TR 0.05 ma
ol \\
- P X ] K e plhyeunydin %’:.’:_-..-
Icpo =3ua at 25°C 0
4 S 6 7
Fig. 4.26 Circuit for self-heating 0 1 2 3
caleulation. Vcg ., volt—s

Fig. 4.27 Collector characteristics of the 2N1308

transistor with superimposed load line.

From the load line (Fig. 4.27), the operating point P, is at I = 24 ma, Vg = 1.4 v.
Therefore,

Ty =T, + 0;_o(Uc Vo) = 70 + 200(0.024 x 1.4) = 76.7°C.

Since it is assumed that 8 does not vary with temperature, a value which does
not include an Icgo component is required. This is obtained; for all practical
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purposes, from the room temperature characteristics in which I¢po is a very small
percentage of Ic. From point P, on the characteristic curves,

Io =17.5 ma,

IB = 0.1 ma,

B= IL: 175.
Iy

Using the high temperature value of Icpo, Icpo (at 76.7°C) =35 x Iz po at 25°C
(see Fig. 4.1). Now substituting the numerical values in (4.6),

175 (. 1380
175 (55 220 _0.12) + (3 x 35 x 107)(50 + 1000
_176<x5030 )+( 35 107950 + 1000

Ic = 24.3 ma.

50+ 5.7

This value is close enough to the previously calculated 24 ma so as not to re-
quire an improved approximation.

PROBLEM 4.20 In the circuit of Fig. 4.28, calculate I; at an ambient tem-
perature of 45°C. Assume that Icpo =3 pa at 25°C is the specified maximum
leakage, and 0,_, = 100°C/w. Use the characteristic curves of Figs. 4.2-3. The
diode is adjusted for the same voltage drop as Vg at its operating point.

Solution: As a first approximation, the voltage at A is
20
Vy=5(——) +Vp=0.108 + Vp.
w25 (2«7 >

Since V, = Vg, the voltage across Rg is

VE = VA - VBE = 0.108 + VD - VBE = 0.108,

|4
I.=_E _ EO_S_=54ma’=“IC,
60
OVCC =5V
(—'O . 50
; Primary
IC‘ |t d-c resistor: 10}
R1=9109 40 (4 — —
P /
1 4 // L e ™
°_| A p 2N1308 o / 1t ==T " |l0.15ma
~ 30 Sp——
VBE '3 // _—_—-—'/
1 —_————m T
R,=20Q l E Y —dm——r—" 77 0.10ma
20 // -L

i P l ot T 0.05ma
' ? 10 £
/ -—I_—_————-——-_ ——:
= A e e e
0
Fig. 4.28 Amplifier circuit with bias compensation 0 1 2 3 4 5 6
for temperature variation of Vgg. Ve, volt

Fig. 4.29 Collector characteristics of the 2N1308
transistor with superimposed load line.
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Now consider junction temperature effects. Power dissipation = 0.054 V.
On Fig. 4.29, draw a load line for Ry + Ry = 3Q. At 54 ma or point P,, V¢g
=4.84 v (VCE = VCC —_ RL Ic - RE IE)' This gives

Power dissipation = P; = 0.054 x 4.84 = 0.262 w,
Junction temperature = T; = T, + 0;_,(Ic Ve g) = 45 + (0.262 x 100) = 71°C.

Use this estimated operating temperature for a more accurate calculation of I
by means of (4.6). Since Vgg and the diode forward voltage drops are always
equal, they may bozh be ignored with no sacrifice of accuracy.

In the region of interest, 8 can be obtained from Fig. 4.29. It is the d-c B,
excluding any Icpo component, which may therefore be taken from the 25°C
curves (as before). At point P,, I = 50.5 ma, I = 0.25 ma, 8 = 50.5/0.25 = 202,
From Fig. 4.1, Icpo = Icpo (25°C) x 22 = 66 pa. Substituting in (4.6),

202 (5 X E’—) +66 x 107°(2 + 19.6)
_ 203

930 = 52 ma,

I
¢ 2 + 0.097

T; =45 + (100 x 4.84 x 52 x 10™%) = 70,2°C.

This is close enough to the first approximation so as not to warrant an additional
computation,

PROBLEM 4.21 If the diode D of Fig. 4.28 is omitted and R, is increased to
65Q, calculate I at an ambient temperature T, = 45°C. Assume Icpo is negli-
gible at room temperature. Also assume, as before, a thermal resistance of
100°C/w junction dissipation.

Solution: Calculate V,:

Vo= L 5_033y
975
(approximately, neglecting base current drawn from the voltage divider).
From Fig. 4.2, Vg = 0.22; Icgo = 3 pa (assumed negligible). Hence,

Ve = Va4 ~Vgg =033 -0.22 =0.11 v,

IE= KE—: EL:SSma.

Rg 2

For a more accurate value of I, using B £202, from Prob. 4.20, and sub-
stituting in (4.6),

-ig_i (0.33-0.22) 4 0
= = 48 ma.

I
© 2+03
Using this value of collector cutrent, estimate the junction temperature T,
Let P; = Ic Vcg = approximate junction dissipation.
Then,

P=lgVep = 1—333 [5 — 3(0.048)] = 0.233 w.

Ty = To + 0;_, P, = 45 + 100(0.233) - 68.3°C.

At this high junction temperature, leakage current increases markedly, and
must be included in a more accurate temperature estimate. From Fig. 4.1, at
68.3°C, Icgp = 63 x 10 a. From Fig. 4.2, Vge = 0.12 v. Substituting in (4.6),
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% (0.33 — 0.12) + 63 x 10 (2 + 60.5)

I - = 93 ma.
c 60.5 2

+ —
203

Therefore,

93 x 3
Veg =5 - = 4.72
cE 1000

and

T, - 45 + 100 (=) (4.72) = 89°C.
1000
The temperature at the junction has increased sufficiently above the previous
estimates to warrent a third approximation.
Assume now a junction temperature of 89°C. At this temperature,

Vge=0.12 - (19 x 2.2 x 107%) = 0.078 v.

(Note that Vg = 0.12 at 70°C, and changes —2.2 mv/°C.) From Fig. 4.1, Icpgo
increases one hundred fold over the value at 25°C. Again using (4.6), it is found
that Io = 117 ma and

Vop =5~ 0.117@3) = 4.65 v.

Hence,
T; = 45 + (100 x 0.117 x 4.65) = 99.5°C.

Note that once again the previous calculation was inaccurate, and a try at a
closer approximation is indicated.

At 99.5°C, Vgg = 0.12 = (29.5 x 2.2 x 107*) = 0.055 v; Icpo = 180 times the
room temperature value, or 0.540 ma, and I = 130 ma.

This successive approximation process could be continued until the series
of values of I, converges, if it ever does. Because a germanium transistor can-
not operate above a junction temperature of about 100°C, the calculations be-
come academic; the transistor will eventually be destroyed. This process, re-
sulting from the reduction in Vg with increasing temperature, can be avoided
by bias compensation.

4.9 Thermal Runaway

Rg

Fig. 4.30 Simplified circuit for

analysis of thermal runaway.
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PROBLEM 4.23 Remembering that Icpo for germanium approximately doubles
for every 10°C rise in temperature, modify (4.47) by substituting an appropriate
expression for dlgpo /9 T;.

Solution: Let [ = leakage current at a reference operating point and tem-
CBO g
perature. Let temperature increase from T;y to T;. Then,

T]_ng
10
Icpo =1caoo x 2 ’

In ICBO =In ICBOQ + <T—1_0—I:IQ> In 2.

Differentiating,

dlggo = In 2 dTy,
Icgo 10
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or

520—}’2 =0.0695 Icgo = 0.07 Ipo - (4.48)
i

Substitute (4.48) into (4.47):
1

j—a

> 0.07 ICBO [Vcc - 2IC (RE + RL)]- (4.49)

This expression applies to germanium transistors. Silicon transistors almost
never exhibit thermal runaway due to their low leakage. The values of Ic and
Icpo must correspond to the highest design value of junction temperature. Be-
cause of the approximate nature of the analysis, large safety factors are sug-
gested in design to avoid thermal runaway.

PROBLEM 4.24 (a) For the circuit of Fig. 4.28, calculate the stability factor S
at 70°C. (b) Determine whether thermal runaway occurs at 70°C. Use the col-
lector characteristics of Fig. 4.3. For this particular transistor, 6,_, is 100°C/w.
Assume that Icgo = 200 pa at 70°C, the poorest case condition. At 70°C, Vgg =
0.12 v, but is compensated by diode D. Thus, variation of Vge with temperature
does not aggravate the thermal stability problem.

Solution: (a) The stability factor is given by the expression

R,R,
R, + R,
__R‘R_L __1___
R,+R, 1+8

E +
{4.16]

Rg +

Calculations are to be carried out at 70°C. First, calculate the approximate
emitter current:

20

5x ———— = 0,108 v
20 + 910

Va =
(Siﬂce VBE = VD)‘
Therefore, the drop across the 2{} emitter resistor equals the drop across
the R, = 20} resistor:

Refer to Fig. 4.31. Draw the load line, locate point P, and determine 3 in
this region. This has been done in Prob. 4.20, in which B8 = 202, so that we wili
use this value to determine S:

2 20x 910
" 930
S= =10.3.
20x910 1
2 4 ——— —
930 203
From (4.49),
1 > 0.0695 (200 x 10°%) [5 — (0.108) (3)] = 65 x 10,
j—a
1 1

= = 970 x 10 > 65 x 10,
S6;_, 10.3x 100



260

Fig. 4.32 Evaluating V, by an ap-
proximate analysis.

2N929  Ig

ad =0,996 =

Fig. 4.33 Evaluating I¢ by an ap-
proximate analysis.

92 Transistor Circuit Analysis

60
- = =70 Pl
—ZSOC —”—’ 0‘25‘“6‘
* —”" /,
- / - —
/’// ———— — 0.20ma
{ o
f 40
L=
) VA, I
: 30 / e —_—T T 0.15ma
o /’ .__.__——"'———'
B / _._,_—.——-—-
/-1~ 0.10ma
20 Vd
/
e 0.05 ma.
10 L
, — g — —— ——— o |t — . o— — —pt =
iy gyt plyuipuiyn pmpuaiay PRSP PR 4
0 -

VCE R

Fig. 4.31 Collector characteristics of the 2N1308 transistor with
superimposed load line.

This represents a stable system and thermal runaway will not occur. Again,
due to the approximate knowledge of Iogo, 0;_a, and therefore T}, it is important
to calculate for the worst possible conditions using ample safety factors.

Experimentally, 7, is determined from Vgz. Either the manufacturers’ data

on Vg are used, or, if greater accuracy is required, Ve vs. temperature for a
fixed value of Iy may be determined experimentally.

4.10 Approximation Techniques

PROBLEM 4.25 In the circuit of Fig. 4.32, find V,.

Solution: The potential at point 4 is (260 x 20)/(1740 + 260) = 2.6 v. For a sili-

con transistor, Vg = 0.6 v, so that the drop across the 1KQ resistor is 2 v.

V, = Voo - Ic Rp="20 ~ 0.002(5000) = 10 v.

PROBLEM 4.26 Referring to Fig. 4.33, estimate Ic.

Solution:. Assume /g, = 0:
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Veg — 0.6 = (10,000 + 2,000) Iz ~ 10,000 I,
Ic =0 IE = 099615-:

3.4 = 12,000 Iz ~ 9960 Iz = 2040 I,
3.4

2040
Ic = 1.67 x 0.996 = 1.66 ma.

E 1.67 ma,

PROBLEM 4.27 (a) For the circuit of Fig. 4.34a, when switch Sw is open, find
Ic and V,. (b) With Sw closed, find I¢ and V,.
Solution: (a) With the switch Sw open,

,C = (1 + hFE)ICBO = (101) X 10 X 10-6 = 1 ma,

V, =20v - I (1000) = 19 v.

(b) With switch Sw closed, refer to Fig. 4.34b.
figure shows a simplified circuit for calculation.

are
2.6 —0.6 = 10,300 IB + 300 Ic,

At first, disregard Icgo. This
The equations for this circuit

2.6v

Ic =hFEIB .

Substituting for I,

0.6v

1K
2 v =10,300 I + 30,000 I5 =40,300Ig, Ip=50pa, Ic= 5 ma. g_,l\o,i(/g__tl 0 20v
Now include an additional I component due to Icpo- Recall that ﬁ
2.6v R 3000}
Alg
Alcpo L

Approximately Al = SAlcgo. -

The stability factor must be calculated: (b)

Fig. 4.34 Transistor bias circuit
S - RE + RB = 10,300 o~ for Pl’Ob. 4.27.
Rp+ X 300, 10000
B+1 100
Thus,
I (due to Icpo) & 25 x (10 x 107°) = 0.25 ma.
Therefore, 0 Vee =
Ic (total) = 5 ma + 0.25 ma = 5.25 ma 50K Q) SKQ 30v
and
Vo
=20 - (5.25) = 14.75 v. R
iy

PROBLEM 4.28 For the circuit of Fig. 4.35, Icgo = 10 pa, hpg = 100. Estimate
Ic and V.
Solution: Initially, neglect the leakage component. Replace the resistance di-
vider bias circuit by its Thevenin’s equivalent source: 45KQ Rg=5K(

Veq=30>< £=10v,
135

Ro =90 K ||45KQ=30KQ=Rs.

This bias circuit feeds the input impedance Ry, of the transistor. Using the
approximate formula (see Table 5.1), Ry, is easily calculated:

Fig. 4.35 Trensistor bias circuit
for Prob. 4.28.
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Rin = Rg (1 + Bpc) = 5000 (1 + 100) Y 500,000 Q.
At the base, the voltage is

500,000
530,000

10 v x =945 v,

Since Vgg 0.6 v,
Vg =945-0.6=8.85v
and

8.85
Ig = ——=1.77magl .
E = 2000 c
Now calculate the current component due to Icpo by setting R, = Rg and

using the stability factor S derived in (4.38):

s= RB+RE 30KQ+5KQ»\,7
———RB + Rg 30 KQ+ 5 KQ
1+ Bpe 101

The current component due to leakage is 7 x 10 = 70 pa. Thus, the total col-
lector current is

Ic = 1.77 + 0.07 = 1.84 ma

and

V,=30-(1.84)(5) = 20.8 v.

PROBLEM 4.29 Referring to Fig. 4.36, determine the values of the resistors
such that Ic =5ma, Vogp =8 v, Vi =6 v, and S = 10.

Solution: Use the previously discussed approximation techniques:

IE = = S ma,

VE = 6 v,

Ry = _5 = 1,200 Q,

0.005
(a) R, = 240 KQ.
Req=Rp Using (4.38) for S = 10,
RR, _
“RIR, Vpg=0.6v s_ _Re+Rs 1200+ RB 1o,
A Rp + _Rs 1200 + —EB.
+ Veq 1 + hFE 201
— R, Ry
T =Vccm =R (1+hpg)@ Solving, Rp = 11,400 Q. This must equal the equivalent source resistance of R,
e and R, in parallel;
’ R,R,
b Reyq=Rp = = 11,400.
(b) 1" "® TR, R,
Fig. 4.36 Analysis of the transistor
bias circuit of Prob. 4.29. Refer to the Thevenin equivalent circuit, Fig. 4.36b. Note that V, = 6.6 v to
account for the transistor base-emitter drop. Solving for V,,
6

11,400 + 6.6 = 0.9 v.

Vg = ‘
240,000
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Equate this to the Thevenin expression for V. :

_ R, x20

= 6.9 V.
““ R, +R,

Combine with the previously developed expression for R, :
R, R,

6.9R, = 20
1+ R,

= 20 (11,400) = 228,800,

hence,

R, 222'300 - 33,000Q.

Substituting and solving for R,,
R, =17,400Q.

For Vop =8 v, V,=6+8=14 v. The drop across R; must equal 6 v at
5 ma, for R, = 1200 Q.

PROBLEM 4.30 For the emitter-follower of Fig. 4.37a, what value resistors are
required for a quiescent operating (Q) point of Ic =1 ma, Vcg = 10 v, and § = 5?

Solution: If Vg = 10v, then Vg = RgIg = 10v. Sincelg = 1 ma, R = 10,000Q.
Determine Iz from (4.2):
1 101

1
[Ic - ( + D Iggol = — - =— (0.005) = 0.005 ma.
Boc ¢ — (Boc cBoO 100~ 100 ( )

Ip =

Refer to Fig. 4.37b. It is necessary to determine Rp = R, which can be
established from the approximate expression for S:

Ry +Rp

. _Rs
Bpc +1

Substitute Rg = 10,000, Bpc = 100, S =5, and solve for Rg:Rg = 42,000 Q.
Referring again to Fig. 4.37b,

Ve =102+ Rglp =10.2+ (42,000)(5 x 107%) =10.4 v.

S =
Rg

This leads to the following relationships:

R, _104 o R,R,
R,+R, 20 R, +R,

Solving, R, = 81,000 Q and R, = 87,500 Q.

=Rp = 42,000 Q.

PROBLEM 4.31 In the circuit of Fig. 4.38a, estimate the power dissipation in
the transistor.

Solution: Referring to Fig. 4.38b, the equivalent bias network, it is seen that

94 v
- "  -18.8 pa,
Is=355 1070 H
Ic =Bpclp + Boe + V) Icpo, [4.2]

I, =1.88 +0.50 = 2.38 ma,
V, = Voc - Ry I =20 - (5000)(0.00238) = 8.1 v,
VCE = 8.1 v.

1MQ

0.2v
Req‘:RB 7
A
R
Veq o 10.2v
g s

+ j—

b)

Fig. 4.37 Calculation of quiescent
operating point by estimation.

-0 Ve =20v

1MQ 5KQ)

Bpc= 100

Icpo=5x10"°

(a)

500K Q

+L_ 0.6v

10v =T

=

(b)

Fig. 4.38 Estimating power
dissipation.



Tl_

o = 0.99
Icpo = 100 pa
10KQ < £
20v
10v

Fig. 4.39 Estimating collector cur-
rent in @ common-base circuit.
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Therefore,

Power dissipation =I¢ Vg
=0.00238 x 8.1 = 19.2 mw.

PROBLEM 4.32 In Fig. 4.39, estimate I.

Solution: Since

_10-0.6

g = ——— = 0.94 ma,
10,000
Ic
the collector current is
+ ‘IC 209915 +ICBO=O.93+0.1=1.03 ma.
T 4.11 Supplementary Problems

PROBLEM 4.33 If Rz =100Q in Fig. 4.10, does the current increase with
temperature?

PROBLEM 4.34 Determine whether the stability factor should be large or small
for best stability. ’

PROBLEM 4.35 Define the factors S, M, and N.

PROBLEM 4.36 In the circuit of Fig. 4.17, how can a reduction of gain at audio
frequencies due to the resistor Rg be avoided?

PROBLEM 4.37 (a) Determine the effect on S of a large resistance in the base
lead in the circuit of Fig. 4.17. (b) What is the effect of a large resistance on
stability?

PROBLEM 4.38 Does temperature effect Vgg?

PROBLEM 4.39 Determine if the static characteristics of a transistor vary
with temperature.

PROBLEM 4.40 If R,=1800Q, R,-680Q, R, =560, and Rg = 68Q in
Fig. 4.17, find (2) S, (b) I¢ at 25°C and 70°C when Icgo = 1 pa at 25°C.

PROBLEM 4.41 Describe thermal run-away and its mechanism.

PROBLEM 4.42 In the circuit of Fig. 4.38a, estimate the power dissipation in
the transistor when a 5-K{) resistor is replaced with a 10-K{} resistor.




CHAPTER

SINGLE-STAGE
AMPLIFIERS

5.1 Introduction

Ry Transistor

+] Z.— stage |e-2Z RLVO
Vg Ai' Av: Ap

Fig. 5.1 Single-stage amplifier con-
nected to input generator and output
load resistance.

o

5.2 Common-Emitter Circuit

Fig. 5.2 Simplified common-emitter
circuit for small-signal a-c analysis.

frequencies, we can also speak of input and output

x o .
Since reactances are neglected at low- and mid-
resgistances.

97
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hoe
i i

-t -2

hgo iy
(a)

v + Veellre ~
=voh,
Ve

(b)

Fig. 5.3 The h-parameter equivalent
circuit for the common-emitter
connection,

Fig. 5.4 Detemining the small-
signal output impedance of the
common-emitter transistor
circuit.
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PROBLEM 5.2 Determine Z,, Z,, A,, and A, for a common-emitter amplifier using
the 2N929 transistor, biased so that I, =4 ma and Vcg =12 v. Assume Rp =
5000 Q and R, = 500 Q. Use the hybrid parameters for the above circuit derived
in Chap. 3:

h,, = 2200 Q,
h,o=2x107,
hyo =290,

h,, = 30 x 107° mhos.

Solution: Find Z, by substituting in (5.6):

RL hfe hre
1 + hoe RL

(5000) (290) (2 x 107%)
15 (30 x 10-°) (5000)

= 1950 €.

Zizhie_

= 2200 -

This impedance is not substantially different from h,,.
Similarly, calculate Z_ by substituting in (5.9):

ZO = ————1————
h _ hle hre
° hie + Rg
_ 1
- —4
30 x 10~ _ (2902 x 107)
2200 + 500
= 118,000 Q,
Voltage gain is given by

A, - :
hie (1 + hoe RL) - RL hfe hre

Substitute the given values:

s —290 x 5000
¥~ 2200 (1 + 30 x 10-° x 5000) — (5000) (290) 2 x 10~
-290x 5000 .o

= 2200(1.15) -290
Current gain from (5.7) is

hye 290

- - = 252,
1+h,, R 1+30x10-°x 5000

A,

PROBLEM 5.3 Describe qualitatively the effect a varying Ry has on the input
impedance of a common-emitter circuit.
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Solution: Refer to (5.6):

Ry by h
Z;=h; ~ #I'IZ_RI_: ‘ [5.6]
For Ry, very small (output short-circuited),
Z,=h;, (5.10)
For Ry, very large,
Zizh,e__f.;hJ, (5.11)

oe

The input impedance decreases between the limits of (5.10) and (5.11) as R, in-
creases,

PROBLEM 5.4 For the circuit conditions of Prob, 5.2, determine Z, as R, varies |

from 0 to oo.
Solution: Substitute numerical values in (5.6) to determine Z;vs. Ry :

580 x 10~* Ry,

Z, = 2200 - .
1+ (30x 109 R,

Values have already been found in Probs, 5.2-3 for Ry = 0 and 5000 Q. Now Ry, =
100,000 Q@ and 1 MQ. Then for R; = 100,000,

580 x 107 x 10°
1+3

= 2200 - 1450 = 750 Q.

Z, = 2200 -

For R, = 1,000,000,

580 x 10~* x 10¢°
1430

= 2200 - 1870 = 330 Q.
At Ry, = =, substitute in (5.11):

Z, = 2200 -

—4
z,-2200-220x2x 107" 0

30 x 10-¢
The values of input impedance vs. Ry determined thus far are tabulated below:

RL:Q Zi’Q

0 2200

5000 1950
100,000 750
1,000,000 330
00 265

Figure 5.5 shows Z; vs. Ry plotted on semi-logarithmic coordinates, since this
method provides the most convenient presentation over the complete wide range.
For high B transistors, R, is rarely above 10,000 Q. Thus, for all practical pur-
poses, Z; will not vary significantly with R .

PROBLEM 5.5 For the circuit conditions of Prob, 5.2, determine Z_ for Ry =
0, 500 Q, 10,000 Q, and .
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2500 I 300,000 T

T

Asymptote

Asymptote ] —

—at 2200 Q '\\ at Z, = 275,000
+ 250,000 ] |

2000
N%O Q \
N\

th—-»

1500 1 200,000 \
\ t \
1000 3 150,000
N
750
\ & \118,000 Q
500 100,000

T
Asymptote _310 Q \
at 265
0 + 50,000 39,600 Q
102 10 10t 10° 10° 10’ 10° 10° Asymptofe\}_
Ry Q—n at Z, = 33,300 Q
L o) 1 | |
10° 10* 10 10° 10  10° 10°

Fig. 5.5 Variation of input impedance with load re-

sistance for a common-emitter circuit. Ry, (}—»

Fig. 5.6 Variation of output impedance with generator
resistance for a common-emitter circuit.

Solution: Use (5.9) which was previously derived for output impedance:

7 _ 1 _ 1
e p_ Bieheo 30, 10~ _ 290 x 2x 107
°° " ho+ R, 2200 + R,

It is easy to determine Z, for the extreme values of R, = 0 and o, At R, = 0,

1

zZ, = = 275,000 €.
30 x 10~ — 980 106
22
At R, = o,
Z, = ——1—— = 33,300 Q.
30 x 10-¢
Now substitute R, = 500 Q.
Z, = 1 — = 118,000 Q.
30 x 10-¢ _ 580 x 107
2700
For R, = 10,000 €,
Z,= 1580 = = 39,600 Q.
30 % 10=6 =22V X ¥
% 12,200
Tabulate the values determined thus far:
R, Q Z,,
0 275,000
500 118,000
10,000 39,600
00 33,300

Output impedance Z, vs. R, is sketched on Fig. 5.6.
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PROBLEM 5.6 For the circuit conditions of Prob. 5.2, determine 4, and A, for
Ry =0, 100 Q, 1000 Q, 10* Q, 10° Q, 10°Q, and .

Solution: Substitute the hybrid parameters of Prob. 5.2 in (5.7) and (5.8):

. hfe
! 1 +hoe RL

_ 290
" 1+30x10°R,

_ _hte RL
hie (1 + hoe RL) - RL hle hte
~ ~290.R.,
2200 (1+30x 10~° R;)— 290 x 2 x 10~ R,
_ -290R,
~ 2200 + 0.008 R,

___ -0132R,
1+3.64x10-R,

v

The values of gain, as determined by direct numerical substitution of values of
Ry, are listed below. Although not indicated, A, is negative in all cases.

R:,Q A, A,

0 290 0
100 289 13.2

1000 282 131
10,000 223 1272
100,000 72.5 9670
1,000,000 9.36 28,400
o0 0 36,200

Fig. 5.7 (a) Common-emitter circuit with feedback resistor in the
emitter circuit. (b) Tee-equivalent circuit of (a).

(a)

Fig. 5.8 Common-emitter circuit with total re-
sistance tE in the -emitter circuit. The usual
parallel current source in the collector circuit
is replaced by a series voltage source to sim-

plify calculations. [See Fig. 5.7(b).]

{b)
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PROBLEM 5.8 Check the approximate formula (5.19c) against the exact formula
(5.19a) for the voltage gain of the common-emitter amplifier with resistance Rg
in the emitter circuit. Use the 2N929 transistor at the previously defined operat-
ing point, with the following parameters:

ro =660,

ry = 260 (3,

rg=34.5kQ,

B =290 for R;, = 5000 Q,

rk =100 Q,

o = 0.9966,

. Bias ' S°

current

: * . 1 Ry, = 50008)
Solution: In the exact formula, — Ry /r is multiplied by the following factor:

Output
0.966 - 120 R, = 5008
107 2N929
= 0.986. c
N 5000 _2_@ _1_ 5100 +
107 T 100 \291 " 107 vg
Rg = 93.3()
The approximate formula, 4, = —RL/r;, is inaccurate by only 1.4%. Thus, an
unby-passed emitter resistor provides excellent stabilization of voltage gain. This | 1
is a special type of feedback which will be described in more detail in Chap. 8. =

Fig. 5.9 Single-stage transistor am-

PROBLEM 5.9 Calculate Z,, Z,, A,, and 4, for the circuit of Fig. 5.9. Assume  plifier with an emitter resistor for
that bias is set so that I¢ = 4 ma and Vcg = 12 v, corresponding to the operating stabilization.
point of the previous problem.

Solution: For the operating point of this circuit, the 2N929 transistor has the
following tee-parameters:
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re =669,
Rz -93.4Q,
th=t,+Rg=100Q,

r. =10 meg,
r, =260 Q,

o = 0.9966,
B = 290.

These parameters are substituted directly in the appropriate formulae to calculate
the required performance characteristics:

-R;,

1 1'§+RL *
Ty E+-—t———- + rg
c

= — 5000 = - 49,

1 5100
260 [ — 2 | 100
(290+ 107)*1

A, -

This is just 2% less than the approximate value of R, /5 = 50.
Calculate input impedance:

RL

1, Re
1
Zicrprt Qe p)— a0t P
1+RL+I‘E
Iy

—d
- 260 + 100 (291) Lsg_ul)o__ =25,660 0.

—_
3.45 x 10*

Note that the significant component of input impedance is the r% (1 + B) term,

which in itself gives a fair approximation. Compare the input impedance with the

much lower value of 1950 Q in Prob. 5.2 for the same circuit, but with Rg = 0.
Now determine output impedance:

Zoztd 1+—L

1, Retrp
rE
-34,500 (1422 \_12mq.
1, 760
100
It remains only to calculate current gain:
a,- B
1, Be+re
Iy
20 oy,
1 5100

" 34,500
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PROBLEM 5.10 By comparing the results of calculations on the circuits of Fig.
5.9 (Prob. 5.8) and Fig. 5.2 (Prob. 5.2) differing only in the presence of Rg in
Fig. 5.9, comment on the effect of Rx on the principal amplifier characteristics.

Solution: The amplifier characteristics are summarized in the following tabulation:

Fig. 5.2 Fig. 5.9
z, 1950 Q 25,660 )
Z, | 118,000 Q 1.2x10°Q
A, 252 251
A, -647 -49

The addition of Ry increases the input impedance to nearly 5 B+1), re
duces voltage gain to about R, /r¥, and increases output impedance substantially.
Current gain is essentially unchanged. The performance of the amplifier is sta-
bilized since voltage gain becomes neatly independent of 8.

5.3 Common-Base Circuit

PROBLEM 5.12 A 2N929 transistor is operated in the common-base configuration
at a bias point where V¢p = 12 v and I¢ = 4 ma. For R, = 10 J and Ry, = 5 KQ,
calculate (a) Z,, (b) Z,, (c) A,, and (d) A;. The h-parameters for this operating
point have already been derived in Chap. 3:

h;, =7.57 Q,
hl‘b = 0.27 X 10-‘,
By = - 0.996,

h,, = 0,103 x 10™° mhos.

i
]
i
|
|
i
|
i
!
|
|
|
!
1
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Solution: (a) To determine input impedance, substitute the above parameters
in (5.24):
—4
Z, - hy, - hgp By 757+ 0.996 x 0.27 x 10 _7.7Q.
1 2 x 10~* 4+ 0.001 x 10—*
hob + =
R,
(b) Similarly, calculate Z, by substituting in (5.25):
2 =33.3k()
o= = T
o By, - hh“, h,, 0.103 x 10~ 4 (0.9967) g(;.27l>:) 10~4)
C-B 22670 15+ Ry i
“TRL““ = 614,000 Q.
Y 10 102 10° 100 10° (c) Substituting in (5.27),
Re. == A, = 639 (voltage gai
(a)Z; vs. load resistance v= (voltage gain).
o Zo, Q—e (d) Substituting in (5.26),
10 / - ¥
‘ C{’B / :;c;:';o"fg A; =-0.996 (current gain).
s|=rq s 9 |
1R = 9 \\00 e PROBLEM 5.13 For the 2N929 transistor of Prob. 5.12 with the same operating
Po fry=33.3K()| point and parameters, calculate and plot Z; as Ry varies from 0 to co.
10‘ as I'{’g = o0 —4
Solution: Use (5.24):
10° Z,=hyy - hp Bep
1
/ h,p + F
10° L
/ o . .
/ =rg= The general nature of the input impedance variation is self-evident from this
10 ¢B 3;3 f?o equation. Letting Ry = 0, 1/R, becomes infinite, so that the second term in (5.24)
=hyp as s e vanishes, and
Rz 20 l
11 10 10’ 10° 10* 10° Z; = hyp.
Ry (Q—» Similarly, when R}, = oo,
(b) Z, vs. Ry B h
1ot (Rt Z;=hy - [Z 2,
4,236,000 ob
as Ry = o and when 1/R; =~ h_,,
10°
Z,=hy - M,
\ 2h,,
10

This last impedance value is the average of the values for R, = 0 and Ri = os.
The Ry, = 0 and Ry, =  conditions define asymptotes, which make it an easy mat-
ter to sketch curves showing how Z, varies with Ry,.

Substituting numerical values of the common-base h-parameters,

10

0.996 (0.27 x 10~%)

Zi = 7.57 + 1
10™ 1.03x 107 4
R,
1072 . - - Figure 5.10 shows a plot on logarithmic coordinates of Z, vs. Ry,. Note that R,
1 10 10 10 10

18 has minor influence on Z,;, until it exceeds about 100 KQ. Since such high values
are usually not practical, Z; = h;;, is a constant value in this common-base con-
nection. For the tee-equivalent circuit, Z; Xr, + rp (1 - a).

Ry, Q—»
(c) A; and A, vs. Ry,
Fig. 5.10 Typical performance char-

acteristics of single-stage audio PROBLEM 5.14 For the common-base connection and the operating point of Prob.
amplifier. 5.12, determine the variation of Z,, vs. R,.
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Solution: Use the common-base h-parameters of Prob. 5.12:

1

Y- hep Bep
°® h

Z, - [5.25]

1b+Rg

As an aid to plotting, determine the limiting values where R, = 0 and Ry = o.
At R, =0,

ZO — 1 .
hob - b hrb
hyp
At R‘ = 00,
z, -1,
hob
Substitute numerical values:
Zo= 01996 0.27 x 10—
0.103 x 10~ | == X Y&l X
7.57 + R,

and Z, is plotted vs. R, on Fig. 5.10. (Note that at Ry = o, Z, = r. of the tee-
equivalent circuit.)

Although Z, varies sharply with R, in the useful region where Ry is of the
same order as h;,, Z, generally is not critical in circuit calculations. Thus the
variation shown typically in Fig. 5.10 is not too troublesome.

PROBLEM 5.15 For the common-base connection and the operating point of
Prob. 5.12, determine the variations in A, and 4; vs. R .

Solution: Use the same common-base h-parameters of Prob. 5.12:

A hep
1 + hob RL
_ -0.996
T14+1.03x 107 R
A, = - —hep
i%+ hip hop — hgp Brp
~ 0.996
- 7.57 \ o
=t 7.57 (1.03 x 10~7) + 0.996 (0.27 x 10~)
L

Current and voltage gains are plotted in Fig. 5.10. Note that current gain is

almost independent of R;. Voltage gain, on the other hand, is very much a func-
tion of load, as might be expected.

5.4 Common-Collector Circuit
(Emitter-Follower)
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PROBLEM 5.17 Using the h-parameter formulae for the common-collector con-
nection, determine Z, as a function of R.. Use the same operating point as in
Prob. 5.12, and the corresponding numerical value of the h-parameters developed

in Chap. 3:
h,. = 2200 Q,
h,. = 0,9999,
h, =-291,

h,. = 30 x 10~° mhos.

Solution: Substituting the given values in (5.28),

Z, = 2200 - (-291) (0.99919).

30 x 10— + —
R

L

Note that the asymptotes for Ry = 0 and R; = « described in Prob. 5.13 apply
here, and are important plotting aids.

At Ry =0,
Z; =2200 = hy,.
| At Ry = w,
: 291
Z,=2200 y ——— -9, .
i 2 -|-30)<10__6 97MQ

Substituting additional values for R;, and calculating Z,, the required variation of
Z, with Ry, is derived (see Fig, 5.10).
For the practical range of R, the expression for Z, may be simplified:

| Z;=h;.-hy R,
‘ In terms of other familiar units,
Zizhju + B+ )Ry,

since hy, = h;, and by = ~ (1 + B3).




Single-Stage Amplifiers 111

PROBLEM 5.19 Proceeding as in Prob. 5.17, and using the same operating point
and equivalent h-parameters, determine A, as a function of Rr.

Solution: The applicable formula is

- ~hie Ry . [5.31]
hic 1+ hyo RL) - Ry h¢e hee

v

Rewrite this expression:

A 1
v = .
h 1
h,. -t (hp 4+ —
" he \°° Ry

Since h,. is the major term of the denominator, its more accurate value is required:
brc =1- hre
(see Fig. 3.26c). Substituting,
1

v = .
h h

1-h ___‘.Eh _ e

* hfc( OC) hlc RL

A

Using the h-parameters for the common-collector circuit, and b, = 2 x 107%,
1 1
-y =
(30 x 107%) (2200) N 2200 1.00002 +
291 291 R,

Av=
1-2x10*4

7.57"
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PROBLEM 5.20 Proceeding as in Prob, 5.17, and using the same operating point
and equivalent h-parameters, determine A, as a function of Ry.

Solution: The applicable formula is

A hee [5.30]
“1+n
+,¢ RL
Substituting numerical values,
hye -291
!—1+h°°RL T 1+30x 10~ R,
Figure 5.12 shows A, vs. Ry, as required.
10.0 X
A Y
\
\
\ 350
\ ~
250
1.0 L ¥
\ 200 \
\
\ ¢
f \ < 150
c
0
g 0l 100
4 \
o
\
N \ \
\ 50 \
\ \-—-
0
0.01 1¢° 10t 10? 10° 10 10° 10° 10’
\ R , Qi
\
\ Fig. 5.12 Variation of A; with Ry, in common-
\ L
\ collector amplifier.
0.001
1° 10 10 10° 10* 10° 10° 10/

RL,Q—’

Fig. 5.11 Deviation from unity of voltage gain of
common-collector amplifier with load resistorRy,.
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TABLE 5.1 Single-Stage Amplifier Formulae

R =2 R,=Ye A =le A, =Y
! i, T, i v,
h-parameters b - hsh, 1 By —Ryh,
(Second subscript — +h, . h¢h, 1+h,R, B l1s Ry (h., _ h,b,)
omitted) L h; + R, by
R qone . o, (6 2)Re
c o re + Ty fe  ~ 5
o+, (1-0)+ry — % fo+fp = R R za, TR R
T
Common-base 1+R'-_r+"1 1+%I 1+ ’b: L rc(l+ br L)+Yb(1—a+r—l')
tee-equivalent c b ¢ c o
circuit S, + (1~ ), s + Re . @Ry, s + Ry
(see Fig. 2.31) . R ™ «1 2 A - «1
2xpg “Ex1 tc+r,,<1-a+_—)
re [ T
b e _n B ___=u
ry+e5(L+B) Atﬁ:) ry 1450 4 fd fa R"x B+1 ri(B+1)
Common-emitter 1+ Ry +r; 4y Rg+ s 1 Ry + 18 s » Ry o iR
tee'efllliv_l:leﬂt i % fa tg(B+1) r5(1+8) g
circuil Srorrt 4 B),
(see Fig. 2.31) s+ f cefie B ~ B o Ri
Note: rs =1, + Rg; Ry +13 K1yq 1, Rates 1. R 2
Rg = circuit resistance rd rq
in emitter rs s L1y <ty, B»1, RL<Krq4
e <1
£y + (R +1,)(B+1) - Ry+ty . 1 A+ 1 1 7
L]
14 (Ry +r,)(B+1) 1+8 L Rgtes 1, fetRe 1.1 +[r,(l+rb)+ lrbﬁ]RL
Common-collector fe rg(1+8) ry re te + L
tee-equivalent >
circuit o+ Ruerd (4 D), vo s Rerie >1+8, > 1 = 1,, ,
(see Fig. 2.31) r.>» (Ry +1,)(B+1) 1+8 1 +(r. + 1"" ﬁ)R_ T“‘
R, <1, te + Ry Krg4 * L L
ry K1t

5.5 High-Frequency Performance
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Fig. 5.13 Single common-emitter

circuit.
Crre
I
, LAY
B rpp B
O\ M

DA 5.6 Hybrid-TT Circuit
Vb’e ée :’ == :’ .

‘: Corre *
T Em Vb’e

o

E

Fig. 5.14 Hybrid-m equivalent cir-
cuit for common-emitter connection.

1 IZ
—s B 2 ——
I, o- s C '
—> ¢
—I Z,"—b Zp ZL 8m Vb'e
Tce Z
&m Vole [ o
hd b E
() (b)

Fig. 5.15 (a) Hybrid-7 equivalent circuit set-up for calculating input impedance.

(b) Substitution of complex
impedances.

*Note that in the remainder of this Chapter, rms values are used rather than instantaneous values
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!
I, I 1 1+8mZL I
— — 1 2
[ 4 Z, o —> —>
8m Vb'azi.
1
Vo'e zp + ' L
Z; —> ¥4
s 1 P | 1+gmZL
Zp
L l .

(a) (b)

PROBLEM 5.21 Referring to the output circuit of Fig. 5.17b, where

I, =j107*a,
Vpte=10"%v,
roe= 105 Q,
Z; =5x10*Q,
8m = 0.1 mho,

calculate I, and V., .

Solution: Establish the current source:
Bm Vp'e = 107 x 10-2=10"* a = 1 ma.

The currents may be summed at the node:

Veo

Tce

where the current through r., has the direction shown in Fig. 5.17b. Since I, =
~Veo/RL s Vce is the only unknown in the above expression. Substituting numeri-

cal values and solving,

Ve = —4.76 1 —0.1))v,  |V.,|=4.8v.

L+1,- =8m Vbles

_Zs
148mZL |
rne! 1 2
B [vb B
v
Ve Vb’e zi
z,; Zp 148mZ1
o : |
E

(d)

Fig. 5.16 (o) Replacing the current
source of Fig. 5.15(b) by an equiv-
alent voltage source. (b) Further
simplification of input impedance
circuit with only passive elements.
(c) Extension of (b) to include rpp’.
(d) Circuit of (c) in which complex
impedances are replaced by resis-
tance-capacitance equivalents.

I
—
C 0— L 2
8mVbe ZL,‘ Vee
Eﬁ——l 1
(a)
I, I,

p'c
A
—AAA—
ranf
N It
A A A& l(
ACp
>
Chle <’ thle fce " ZL
A
o- *
E Zpr
A =real number =1 + g, _“L%ce
Zp +ree

ce

C 0— 4 L ¢ |
Em Vb’e¢ t f'ce Zy v
E® & L J

(b)

Fig. 5.17 (a) Output portion of
hybrid-m equivalent circuit.
(b) Expansion of (a).
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TABLE 5.2 Direct measurement of Hybrid-7 parameters. (Refer to the hybrid-m equivalent circuit of Fig. 5.14.)

1. Refer to Fig. (a). Capacitors C; and C, are effective short-circuits to a-c test signals. Set

test frequency. Resistance R is a small resistor, chosen to measure current
ic by its drop vg = icR. The value Ry > hje, so that ip is essentially a con-
stant base current, i, = Vg/Rg. Since R is a very small resistance value,

Vee
Ry and Rp for the desired operating (Q) point. The value of Rg > Z;, so that bias current
to the base is essentially constant. With the short-circuit from the collector to the emitter RB<E¢ ;?RL
(due to C,), Cp’e and Cp’/, are essentially in parallel thh, rp'e. Apply a sufficiently high ; 1 1
frequency (say 5 times fnfo) from base to emitter, so that B is effectively short-circuited to Cl,“l’ p
ground. Measure i; and vpe to determine rpp!. More accurately, we can measure the resistive i€ =xC,
component of Z; with a suitable impedance bridge. (Note that since rp?. > rp!,, there is Zj— Vbe
negligible error in neglecting rp ! at the frequency in question.) s ) T
Q -
2. Compute the remaining low-frequency hybrid-7 parameters from the previously derived formulae:
Bi — tppd
Iple =_de " bb Zhie ~ tbp! , (3.61]
1 - h,
hje — tpp !
rpt, =—te b [3.60]
hre
1 1 + hfeo. —h,
=h°e—he__f_°_°___’_° ;hoe» [3.63]
Tce hje — rpp’
h
B =122 . [3.56]
hig — 1pp!
3. The circuit of Fig. (b) is used for measuring Cp/.. The emitter impedance is sufficiently
large so as to present an essentially open emitter to a-c. Resistance Ry is high enough RE E c R
so as not to shunt the collector-base capacitance too heavily. Using a capacitance —VEE
bridge between points B and C, measure C,p, the output capacity for the common-base B
configuration with emitter open. The measurement is to be made at a frequency such that L
the reactance of Cp¢; is much greater than rps! and much less than rp’.. In performing (b)
the capacitance measurement, note that the dissipation factor is small, confirming that the test frequency has been
properly selected. Output capacity Cop, thus measured, approximately equals Cp/..
The measurement outlined here establishes the value of Cpp :—\-'Cb'c, plus lead capacities, and the so-called overlap-
diode capacity, which is the capacity between electrodes outside the active transistor region. These must be sub-
tracted from the measured capacitance. Unfortunately, an accurate detemination of Cp!. is not easy. Conveniently,
however, Cyp is usually specified by the manufacturer for high-frequency transistors.
4. To measure Cp’,, refer to Fig. (c). Capacitance C is a short-circuit at the

of Vg at low frequency, we determine fnfo where
1

e = .
27 fh46 (Cple + Cp'c)
Thus, since Cp/. is known from the preceding step,

1

rp!

1

Cple + Cp'lc = or Chle —Cplc -

—_— . —
27fpte th'le 27 fpterple

gain bandwidth product. In this instance, the a cut-off frequency is

£7 = htoo fnte = (1 + hpeo) fage = fngs.

(d)

Vece = 0, so that from the point of view of input impedance, Cy_ is effectively v :
in parallel with Cy/,. Also rp’/c > rpl,. ¢
For these conditions, the hybrid-7 circuit corresponding to Fig. (c) is ap- (c) ;
proximately as shown in Fig. (d). The following expressions apply to the ¢ - .
circuit of this figure,* Te
e Re B op! 5 Oble o =ve/R
VR=i;R=RémVp'e, +[ W 1€ t
vg ip P 4 o) ::R
- Re Ve rp1o[1/j0(Cyry + Cpr )] °$ bl $
= m— . ~
Ry rpte + [1/j0(Cpig+ Cpto)] P PROTR

By measuring Vg at low frequency, say 1000 cps, and at the much higher frequency where Vg has dropped to 0.707

Manufacturer specification sheets usually give fpfo. Sometimes the transistor manufacturer gives f7 = hgeo fnfe, @

* Note the use of rms vectors rather than instantaneous valués in the foilowiﬁk e:]uations.
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Solving for I, = -V../Rp ,
I, = 0.95x 10~* (1 - 0.1) a; |I.| = 0.96 ma.

—_————————— - -
I— rpp! [ | 12 Il —! c
I B | > 1
: | l

| 1
l ! |
| Zé ZP : EmVb'e ! fce Veo = Z,
| | |
I i '
! 1 |
l 1
I 1 E
1 drp— Zp I ,
L—____._._._.__j <.-_lzo
(a) Zs
I I !
T C 1+8mZp
Zs
—O0C
(o' +Z2g) 2
zp | emVate Veo —22 AP zp
c rppt +Zg+Zp r fce -—2z,
1+8mZp
E OE

(b) (c)
Fig. 5.18 (a) Hybrid-m equivalent output circuit. (b) Simplified equivalent of (a).
(c) Final simplified representation.
PROBLEM 5.22 Develop the input impedance network representation of the com-
mon-emitter amplifier circuit of Fig. 5.19.

Solution: The model of Fig. 5.16d is applicable and will be used for the solution
to this problem. Direct substitution is all that is required:
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A=1+g_ Re reo
Ry + Tce
Substituting numerical values from Fig. 5.19, 4 = 685. Continuing,

Z; 5000

—_—=—=73Q,
A 685
Too_ 435,000 - 635 Q,
A 685
, 7
Ty 107 14,600 Q,
A 685 |
|
AC,/. = 685 x 5=3425 pupf. |
Trq"SiSforlhyb{;gg parameters These calculated results are shown on the hybrid-7 circuit of Fig. 5.20. Sev-
r =
z;b = 0.138 mho eral interesting results are evident. The 7.3 Q effective resistance from collector
,b,': =10'Q to base is so low that it acts as an effective short-circuit. Point C is therefore
rple =2100() substantially at ground potential. Thus, as far as input impedance is concerned,
foe = 435K(2 ACy, is in parallel with Cps,. This multiplication of capacitance, leading to a
gb'c =5 ppf comparatively very large capacitance in shunt across the input, is known as the
1. =
ble = 250ppt Miller effect. It is an example of the effective amplification of an impedance in
Fig. 5.19 Common-emitter circuit an active network. Although r,., is also ‘‘transformed”’, it is relatively so large ;;
with parameters corresponding to that its effect is usually ignored.
Prob. 5.22.
Rg I‘bbl
=2K{} =100 )
Fig. 5.20 Hybrid-7 equivalent input circuit corresponding to the
configuration of Fig. 5.19.
;gQ: rll())?)’Q: . PROBLEM 5.23 For the amplifier circuit of Fig. 5.19, determine the frequenc,
B B where voltage gain falls to 0.707 of its low-frequency value.
:: R c. Solution: The circuit of Fig. 5.20, developed in the preceding problem, still ap-
> %) o R .
S plies. Simplify as shown in Fig. 5.21 and calculate V,,:
E
=L
- tp’eTh /A Rl 1
Ry= ——— =1835() jowC,;
tb’e + l'b’c/A 1
Ry=Ry + rpp = 21000 R, +-
Ci1=Cprg + ACy-, = 3675 upf Vpte = jo Cy Vg = R, Vg- (5.39
° R 1 R,(1+jwCR)+R,
Fig. 5.21 Simplified form of the in- t jo C,

put circuit of Fig. 5.20. R, + 1

R, +
jo C,
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Now calculate I,, assuming that the collector is essentially at ground potential,
and that rp/, > 1/(jw Cyt.) in the significant frequency range. Thus, directly from
Fig. 5.20,

Vb'e
—
jo cb’c A

Referring to Fig. 5.17b, with V¢, and I, known from (5.39) and (5.40), and recog-
nizing that r_, >> Zp,

I, = (5.40)

EmVplo =1, +1,. (5.41)

Substituting numerical values, V,, and I, are calculated, from which I, is directly
obtained:

_ 1835 v
®~ 1835+ 2100 (1 + jw 6.75 x 10~%) ¢’

I, = jo 3425 x 102 Vp1, .

Vit

Substituting in (5.41) and simplifying,

253 (1 -0.0248 jo x 107°)
©73935(1 +0.362jw x 10-%) ¢’

The frequency of interest, where the output falls to 0.707 of its low-frequency
value, coincides with the 0.707 point of I.. This frequency is where the phase
shift is approximately 45°. For simplicity, and because it is justified by the
general accuracy of this type of calculation, we neglect the imaginary term in the
numerator of the above expression for I, . The required frequency occurs where

0.362 w x 106 = 1,
corresponding to

f =440 K Hz.

PROBLEM 5.24 Calculate the input impedance Z, for the amplifier circuit of
Fig. 5.22 at w = 10° radian/sec. Neglect r., and ry-c. B

Solution: Use the model of Fig. 5.16. Now,
A=1+g,21=1+4,2Z..

Since Z; =jw L,

Vee

5%x10%h
=L

Fig. 5.22 Common-emitter amplifier
circuit applicable to Prob. 5.23.

A=1+g, Go L)
Substituting numerical values,

A=1+(0.138) (j 5 x 10—* x 10°) = j 690,

Zy =+ (at © = 10°) = — j2 x 10%,
Jw Ly
Z, —-j2x10°
Zs =-290Q,
A j 690
Z; j5000
= =7.2
A j 690 &

The
series resistances may be added and combined with r,-, for an equivalent shunt

The equivalent circuit representing input impedance is shown in Fig. 5.23.

100 Q)
Chle
-327Q) o = 250 put
jrple
= j4000 ()
o ) ot w =10°

Fig. 5.23 (a) Equivalent input im-

pedance circuit corresponding to

the amplifier of Fig. 5.22. (b) Sim-
plified equivalent of (a).
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resistance of — 327 ). Input impedance is then readily calculated as
Z,=- 3980 - j32.5,

The input impedance is negative, which occasionally occurs when amplified im-
pedance is reflected back to the primary. For this condition, the amplifier will
behave as an oscillator.

5.7 Supplementary Problems

PROBLEM 5.25 If h;, = 300Q, h,, =107°Q, h,, = 10~%Q, and h;, = 2000Q in
the common-emitter circuit of Fig. 5.2, calculate (a) Z; and Z, for Ry = Ry =
10,000{2, (b) the current and voltage gain for Ry = Ry =10,0001, and (c) the
value of Ry which yields the maximum power gain,

PROBLEM 5.26 Determine the effect of a change in R;, on the input impedance
Z; for a common-emitter circuit.

PROBLEM 5.27 Calculate the common-emitter tee-equivalent circuit for the
transistor of Prob. 5.25.

PROBLEM 5.28 Find the effect on the tee-equivalent resistor of Prob. 5.27
when a resistor Rg is added in series to the emitter.

PROBLEM 5.29 A resistor R = 100 Q is added in series to the common-emitter
circuit of Prob. 5.2. Calculate (a) Z;, Z,, and the current and voltage gains when

Ry, =R, =10,000Q, and (b)the value of R that yields the maximum power
gain.

PROBLEM 5.30 Discuss the advantages and disadvantages of the tee-equivalent
circuit.

PROBLEM 5.31 Derive the formulae for Z;, Z,, A;, and A, for the common-

1
emitter circuit using (a) h-parameters and (b) tee-parameters.

PROBLEM 5.32 Why is the common-collector circuit useful? What are its main
characteristics?

PROBLEM 5.33 Define 8 cut-off frequency.

PROBLEM 5.34 Find the gain change from 0 to 1 MHz when a transistor with a
B of 300 and a 8 cut-off of 10 MHz is used (a) in a common-emitter configuration
and (b) in a common-base configuration.

PROBLEM 5.35 In the circuit of Fig. 5.22, use a transistor whose hybrid-#
parameters are given in Fig. 5.19. (a) Calculate the input impedance and volt-

age gain without neglecting r., and r,-.. (b) Compare the results of part (a) to
those of Prob. 5.24.
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MULT1- STAGE
AMPLIFIERS

6.1 Introduction

Coupling Coupling: Coupling
Stage o Stage g o | Stage .
— ¥ network € 1 network - & 1 network
1 1 2 2 3 3

Fig. 6.1 Block diagram representation of a multi-stage amplifier.

PROBLEM 6.1 For the two-stage amplifier of Fig. 6.2, calculate the small-
signal a-c quantities R;, R,, and A,. Use the parameters for the 2N930 transis-

tor given in Tables 6.1-2 and Appendix A.
Figure 6.2 shows an emitter-follower stage feeding an output emitter-
follower stage. Our first step is to estimate the bias voltages.

Solution:

121
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TABLE 6.1 Type No. 2N930.

Electrical
r Parameters Ic =13 pa Ic =4 ma Unit
8
. hy* 2100 17 ohm
v h,,* 0.045 x 10 0.056 x 10 mho
. hy* 200 370
—I- * -4 -4
= b,y 1.5x 10 2.3x10
R; R, = input, output resistance, respectively, B, b 420,000 6300 ohm
of two-stage amplifier -
Ri,: Rol = input, output resistance, respectively, hoc 9 X 10 20.8 X 10-¢ mho
of first stage ) h[c ** ~201 -37
R,z, Ro2 = input, output resistance, respectively, -
of second stage hrc 1
C = coupling capacitor, assumed infinite
Ry =2500() * Published data
Rg = 2000} ** Derived data using conversion formulae of Chap. 3
R;=1,78 M{}
R;=2.27MQ
Fig. 6.2 Two-stage direct-coupled emitter-follower
amplifier.
| TABLE 6.2 Type No. 2N930.
= = = 3
Electrical Ic =1ma Ic =2 ma I¢c ma
Parameters 25°C 100°C 25°C 100°C 25°C 100°C Unit
By, 320 460 340 480 360 500
By, 30 36 20 24 16 20 ohm
F b,y 0.076 x 10° I 0.086 x 10 | 0.11 x 10°® { 0.13x 10 | 0.15x 10 I 0.18 x 10 | mho
- 1.8x10% | 25x10* | 2.0x10% | 2.8x10* | 22x10* | 3.0x10*
. r.=1/n,, 13.2 x 10° 11.6 x 10° | 9.1 x 10° 7.7x10° | 6.7x10° | 557 x10° | ohm
By, = hyp (1 + hy,) 9630 16,650 6820 11,600 5780 10,000 ohm
j Bye=hop (1 + hy,) 24.4x10° | 39.6x 10 | 37.4x 10° | 62.5x10° | 54x10° | 90.5x 10 | mho
l B,y = hyphop (1 + hyo)=hyy | 5.5 x 107 | 11.7 x 10* | 5.5x10* | 12.2x 10* | 6.4x10* | 15x 10
oty =hy — 1, (1+hy) 2230 | 2750 1710 | 2450 1330 1500 ohm
ot =h,/h,. 23 30 15 IL 19 12 17 ohm

If base current is neglected, the potential at point 4 is 11.2 v.

series.

To determine the d-c bias at the base of the first transistor, point A4, apply
Thevenin’s theorem to the voltage divider consisting of R, and R,. The equiva-
lent source voltage and resistance are

Vem BaVoc o 221x20 400
R,+R, 1.78+2.27

o BB _L78x227 o
R,+R, 178+2.27

Between point A and the output V,, there are two base-emitter drops in

These are approximately 0.6v each for silicon transistors at room tem-
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perature. Thus the potential at R; becomes 11.2-2(0.6) = 10v. For R =
2500}, the d-c bias current is 10/2500 = 4 ma.
From Appendix A, hpg at 4ma is 300. The base current I, is

_4x107°

- 13.3 pa.
300 ua

Ip,
Base current I, is, of course, the emitter current IE,°f the first transistor. For
this cutrent, hpp is approximately 150, so that

_13.3x 107°

0.00 ya.
150 ua

Ig,
This base current (previously assumed negligible) somewhat reduces the po-
tential at point A. Since the Thevenin equivalent source impedance at A was
calculated to be 1M(Q, the additional drop due to Ip, is about 0.09 v. The po-
tential at 4 is more accurately 11.2 - 0,09 = 11.11 v.
Again referring to Appendix A for base emitter drop, and assuming collector
and emitter currents to be essentially equal,

VBEI.;O'S v at Icl =13 pa,

Vgg, = 0.61v at Ic, =4 ma,
so that

Ve, =11.11-0.5-0.61 = 10 v.

The first estimate of Vg, = 10 v is valid, so the above calculations need not
be repeated.

What we have accomplished thus far is a necessary first step in all amplifier
calculations, namely, the establishment of d-c operating (quiescent) levels. We
now have to determine from the transistor curves the small-signal h-parameters
corresponding to these levels. For the present problem, these parameters may be
obtained from Table 6.1.

Now we calculate input impedance R;, of the second stage, which is easy
since the load impedance R;, is given:

R =hic"

1 _—fcre | [5.28]
1
Substituting numerical values from Table 6.1 and Fig. 6.2:

(=37H ()
20.8 x 107 + 0.4 x 10~*

R;, = 6300 - - 886,300 O,

which becomes the load impedance of the first stage, thus making it possible to
calculate its input impedance:

201 (@)

Ry, = 420,000 - ¥ 20 MQ.

9x 107 +

886,300

This is the basic a-c input resistance of the first stage. It is shunted by the
bias resistors, R, and R,, which constitute an equivalent 1 M{} shunt. The net
input resistance of the first stage is

_1x20

R, MQ = 950,000 Q.

Now calculate A,, the gain from point A to R;. We obtain this by calculating
separately the first and second stage gains, 4, and A,,, and multiplying:
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Ay, =4, xA,,.
Again, using the formulae from Chap. 5 (after some simplification),
A, = 11, _ 12 = 0.9976, (5.31]
1+ 22 14 _2100
R, 886,300
A, - —1 0003
2 1 17
+ —
2500

A, = A, x A, =0.9976 x 0.993 = 0.9906.

This figure is modified by the loading effect of R, on the generator source ime
pedance R,. The loss in gain is 2000/950,000 = 0.00210. Including this attenua-
tion component, the overall gain becomes 0.9885,

To calculate the output impedance, proceed from the input to the output:

1
ht’chrc
hic + Rg

. [5.20]

R,, =

oc

Substituting numerical values applicable to the first stage,

R, - 1 - 2060 Q.

1
9x 107° + L) S
0.42 % 10°+ 2000

The output resistance of the first stage R, , becomes the equivalent source im-
pedance for the second stage:

R, = =248 Q.
: 371

21 x 107 +
6.3 x 10° + 2.06 x 10°

This is a very useful amplifier circuit, with an input impedance of about
1MQ, and a 25 Q output impedance. Voltage gain is approximately 1.2% less
than unity, making this two-stage device well suited for good isolation of source
and load.

6.2 Capacitor Coupling
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O Vee

125

1 Va

Vao

Fig. 6.4 Equivalent circuit for in-
terstage coupling of amplifier
stages of Fig. 6.3.

2
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Ve

\4
40 Asymptotes

Riz
Riz +R°l

@, (corner frequency)
O —

Fig. 6.5 Gain characteristic of in-
terstage coupling network plotted
very conveniently on log-log
coordinates.

PROBLEM 6.3 Refer to Fig. 6.3 and assume the following circuit parameters;
R,, in parallel with R;, = 1MQ, h,, = 2200 Q,

R, = 1KQ, ho = 290,
Cg,=Cg,=C, =, ho=2x107",
RL1=RL2=5KQ, hoe=30>< 10—6 thS.

What is the value of C, if gain is to be 3 db down at o = 500 radians/sec?
Solution: Calculate R, , and R, , using the formulae from Table 5.1:
hsoh,q 290(2x 107

R, =h,, - = 2200 - =1950 Q.
2= 30 x 10™° + 200 x 10~°
hoe +
RL
Now find R, :
R, = - 1 = 84,400 Q.
h,, - —eflre 34, 1p-s - (290)2x 107

hi, + Ry 2200 + 1000
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This is in parallel with R = 5KQ, so that

. 5x 84.4
°*7 54+ 84.4

= 4.7KQ.

Now examine the universal curve (Fig. 6.5), noting that the gain is down by
3 db at the corner frequency where » = w,. The expression for o, is

1

- m. [6.1]

(CF}

Substituting numerical values and solving for C,,
1
0, (Ri, + Ro,)
1
500 (1950 + 4700)

= 0.3 uf.

C, =

This is a typical coupling capacitor value in a common-emitter circuit. If Rg,
were not by-passed, R;, would be larger and C, smaller, but this also results in
a loss of gain.

PROBLEM 6.4 For the circuit of Fig. 6.6, find C,, such that the low-frequency
3 db attenuation point is located at o = 500 radians/sec. Use the transistor
parameters given in Fig. 6.6.

Solution: Refer to Table 5.1 for the formula for input impedance of a common-
base circuit:

by,
R, = hyp — _Mterb
A 1
obt T
Ry
Substituting numerical values,
0.996 x 0,27 x 107*
R; =7.57 - =7.70 Q.
: * 0.103x 10+ 200 x 10~°
Since w, = 1 ,
7.70 C,
1
C,= ————— = 260 pf.
500 x 7.70

The low input impedance of the common-base circuit leads to an inconveniently
high value of input coupling capacitor.

PROBLEM 6.5 Referring to Prob. 6.3, determine C, for a 3 db low-frequency
attenuation at o = 500 radians/sec, omitting by-pass capacitor, Cg,. Use the
tee-equivalent circuit with the following parameters:

B =290, R.,=R., = 5KQ,

1, = 6.67Q, RulIR, = R, R, = 1MQ,
r, = 9.7 MQ, R, = 1KQ,

r, = 2600, Rg, = 1KQ.

Solution: Again use Table 5.1 to determine R; :

Vee

Vg
hib = 7.579 %
hyp = —0.996

h,p = 0.103 x 107° mho
h., =0.27 x 107*

Fig. 6.6 Common-base transistor
circuit fed with a constant cur-
rent emitter bias.
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R,

1y ——=—
Ry =1+ ei(1+ ) — 2L B
1+}L‘i§

Iy
Substituting numerical values,
R;,=-265KQ,

which in parallel with the equivalent bias network resistance of 1 MQ leads to a
net R; = 209 KQ. From Prob. 6.3,

RS, = 4.7 KQ.
Therefore,

= 1 = 500
C, (209,000 + 4700)

C, < 0.0094 uf.

(6.1]

@,

With R , unby-passed, C, is conveniently small. However the second-stage gain
is considerably reduced.

PROBLEM 6.6 Refer to the two-stage common-emitter amplifier of Fig, 6.7.
Calculate C, so that low-frequency gain is 3 db down at o = 500 radians/sec.
Also calculate the voltage gain from point A4 to V,. Use approximate methods
where applicable in order to simplify calculations.

Solution: The starting point is the calculation of R,, and R;. We may make
some simple approximations without significant loss of accuracy. Generally, for
R; £5KQ,

R;, =1y + (o + Rg)(1 + B).

Estimate the value of r, from the d-c emitter current, Ir,. The bias at point
B is estimated by considering R, and R, as components of a voltage divider
across Ve

R, Vv

= x25=5v.
R,+R, °° 80+20

Bias at B =

(This neglects base current in Q,.) Assuming a 0,6 v base-to-emitter voltage
drop in Q, (a value characteristic of silicon transistors at room temperature),

Ve, =5-0.6=44v.
Emitter current is readily found:

4.4

= —2%  ~939ma.
£27 500+ 1000

From (1.11),

o
(o]
N
=)}
N

6~

I; 29

This value may indeed be neglected when added in series with the unby-
passed component of emitter resistance Rg,,- Also, r, is a negligible portion
of R;,. Hence,

Ri,=Rg,, (1 + B) = (500)(101) = 50,500 Q.

For the output impedance of the first stage, it is usually safe to ignore the
output impedance of the transistor entirely and Jet R,,=Rp, = 5KQ-
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Cy

5K} Vg  50.5KQ)
+
Vao Ry
Ry
Fig. 6.8 Simplified Thevenin's equivalent
s of interstage coupling cireuit.
Vg (See Fig. 6.7.)

g

Vee =25v Rg = 680K ()
C1=CE2=°° Rg=lKQ
C, (to be determined) R, = 1.5K(}
B, =B, =100 Rg,, = 5000
R, = 80K} Rg,, = 1K
R, =20KQ Ry, =Ry, = 5KQ

Fig. 6.7 Two-stage common-emitter amplifier with emitter bias
resistors only partially by-passed.

The interstage equivalent circuit takes the form shown in Fig. 6.8. Note
that resistor R, represents the bias resistors R, and R, in parallel:

_ 20x80

o K = 16KQ.
100

This must be added in parallel with R, :

16 x 50.5 ¥ 12KQ.
66.5
To find the 3 db point on the low-frequency gain characteristic,
@, = 1 = 500,
C, (12,000 + 5000)
1 ~
= —————— T 0,12 puf.
17,000 x 500

Returning to Fig. 6.7, the next step is to calculate the voltage gain from
point 4 to V,. The gain from the base of Q, to V, is given approximately as

Ry _ 5000 _
Rz 500

(Note that if the second stage emitter by-pass capacitor were not ‘‘infinite’’ at
this frequency, the input impedance would be complex, and even approximate
calculations would be difficult.) _

At the comer frequency w,, the network attenuation is V2/2 = 0.707, so that
voltage gain from A to V, is 0.707 x 10 =7, at a leading phase angle of 45°.

10. [3.52]

PROBLEM 6.7 For the two-stage common-emitter amplifier of Fig. 6.7, let
C,= and Cg,=5 uf. All other parameters are as in Prob. 6.6. Calculate



Rg,, 1+
~50K()
c
> e RE:b(l+'B)
1+8 =< 100K}
To.05uf

Fig. 6.9 Equivalent emitter circuit
impedance. (See Prob. 6.7.)

C2 = 0
It
AN
Rp,
=5KQ [ S0kQ
R <
p :: Ibzl
Va
o.osmTw"KQ

Fig. 6.10 Interstage coupling cir-
cuit set up for calculation.

(See Prob. 6.7.)
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voltage gain from point A to V, as a function of frequency. Specifically, calcu-
late gain for o = 300 rad/sec, » 0, and » ¥ . Plot on logarithmic coordinates
so that the frequency response shows the characteristic low- and high-frequency
asymptotes. Use approximation methods where possible to simplify calculations.

Solution: As before, the problem must be set up in terms of the output im-
pedance of the first stage, and the input impedance of the second stage. The
output impedance is approximately equal to R, , = 5KQ, as in the previous prob-
lem. The input impedance to the second stage is approximately equal to the
emitter impedance multiplied by B + 1 (see Table 5.1). The equivalent input im-
pedance is represented in Fig. 6.9, where the relatively small emitter resistance
is neglected.

Figure 6.10 shows the circuit of the interstage coupling elements. Resist-
ance R, is the equivalent parallel resistance of the two bias resistors. This
circuit allows the calculation of base current Iy, in Q,, from which collector
current and gain may be calculated.

Calculate the impedances of Fig. 6.10, and simplify. The emitter impedance
of Q, is

wLE,
1+ B " |+ 1+ BRe,,.
RE2b+

j(l)cE2
This simplifies to
Rg
A+ —2 1+ B)Rsh-

1+j0Cg,Rg,,

Apply Thevenin’s theorem to Fig. 6.10, replacing the network driving the
above impedance with a simpler equivalent series network:

R XRL
Req=RpllRy, = 2—=2,

Rp+RL1
Veg= Vo —22

4 R, + Ry, )
The current [ b, is easily calculated:
Veaq

Iy, =

2

Re
Req+(1+ B)Rg, +(1+B) ——— 2>
1 +]&)C52R52b

i Vel + joCr, Ry,
(1 + B)REZb + [1 + jchzREZb][Req+ (1 + B)RE2G]

(6.2)

This can be put into a convenient standard form for plotting:
VaR,(1+ jwCg, Rg,,)
ly = Re+ R )Req+ (1+ B)Re,, + Re )]
2 1+[ R,q+(1+B)RE2a
Reg+(1+ B)(Re,, + Re,)

(6.3

:l]'co CEZRE2b
Let

Req+(1+ B)(Rg,, + Rg,,)

®* " Rea+ 1+ ARz, )(Co, R, )

6.9
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1
Wwp = ———— (6.5)
CEZREZb
(Rp + R )[Req + (1 + B)(Rg,_ + Re,,)]
B= P 1 R 2a Zb) . (6.6)
p
Substitute these new parameters in (6,3);
1+j—
Ig, 1 T o
TARD 6.7
A4 1 + ]._2

This is the desired form for plotting the frequency response of a network. Ap-
pendix C describes the plotting techniques based upon the use of asymptotes on
log-log coordinates.

Now continue by determining V, as a function of I, to arrive at an expres-
sion for gain as a function of frequency. From Table 5.1,

I, g'_B_I_b_l_';Blbz’

2
1+ R
Iy
Yo _ BleaRe, ©.8)
Va Va
Substituting (6.7) in (6.8),
1+j 2
- B I;L’ @ 6.9) Vo
4 1+j 2
Wa

This is the required expression for gain as a function of frequency.

The plot of V,/V, on log-log paper appears as shown in Fig. 6,11, This is a
generalized plot of amplifier low-frequency gain as affected by capacitor Cg,.
Of course, at very low frequencies, the coupling capacitors of Fig. 6.7, presently
assumed infinite, become significant.

Now substitute numerical values from Fig, 6.7 in the expression for gain:

R, = R,|R, = 16 KQ (as determined in Prob. 6.5),

Reg = RollRL, = 16 x5 _381KQ, Fig. 6.11 Gain vs. ® on log-log
16 + scales. The asymptotes are
(R, + R ) shown as dashed lines; the
- oLy ) actual curves are shown as
B - [Req +(d+ B)(REZE * REzb)] (6.6] solid lines. (See Prob. 6.7.)
P Note that
Hence,
14+j —
R

B = 19+ 33810 + (101)(1500)] Yo PR

16 Va 1 +j—

21 a

= 2= x 155,300 = 204,000,
16

_ 1 _ 10°
Rg, Ck, 1000 x 5

_ Reg 1+ B)(Re,,+ Re,y)
[Req+ (1 + BYRE, 1Ce,RE,,

wp = 200 rad/sec,

{6.4]

Wa
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Substituting previously determined values for the numerator and 1/(CEZRE2b), the
expression for w, becomes

155,300 x 200
Wa = .
[Req+ (1+ ARz, ]

The bracketed term in the denominator is

3810 + (101)(500) = 54,300.

Therefore,

155,300 x 200
54,300

Substituting the above values in the expression for gain,

= 572 rad/sec.

1+j % 1472
Vo _BRs, s _ (100) (5000) 200 (691
Va B e 2400 o
Wa 572
1+j %
= 2.45 .
1+j -2
572

This is the final numerical expression for gain variation in the region where

Ck, is most sensitive to frequency change. The responses for ¢ < 0, = 300
rad/sec, and o T ~ will now be calculated:

At 0= 0,
Yo _9.4s.
Va
At @ = 300 rad/sec,
1, ;300
+]—
Yo 245 — 20,
A 1+ ] .@
572
Vo
7| = 2.45x 1.6 = 3.92.
A

As a):oc,

Yo 29.45%x 290 _ 545, 572 _ 70,
v, 1 200

572
Refer to Fig. 6.11 for the plot of gain vs. frequency.
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PROBLEM 6.8 In the circuit of Fig. 6.7, if C, and Cg, = 5uf, C, = 50 yf, and all
other values are unchanged, show the exact tee-equivalent circuit for determining
V,/Vg.

Solution: Figure 6.12 shows the common-emitter tee-equivalent circuit to be
used for computing the gain, and the numerical values of the circuit parameters
applicable to this problem.

(—L’ Bin, <+ Bis,

C Bx=Bz=100
1 Rp = 680K}
Ry =1KQ
| Rg, =15KQ
Ry | Rg,, = 5000
=1KQ Rg,, = 1KQ
| RL1=RL2=5KQ
C,=50puf
! C,=5puf
+ I CE2= Sp.f
v l rp =300Q
& e =94
I Rg, rqg = 100K{)
=1.5KQ
|
|
|
- I———>

Fig. 6.12 Equivalent circuit of two-stage amplifier. (See Prob. 6.8.) Note that re < Rg,
ry < Ry, and rg 3> Ry, so that the transistor parameters can be neglected; hence,

R, XR
R,= —=2 = 16KQ.
R, + R,

PROBLEM 6.9 Using the circuit (Fig. 6.12) of Prob. 6.8 and formulae from
Table 5.1, calculate gain V,/Vg as a function of frequency. Make assumptions
and suitable approximations where necessary to simplify calculations. Consider
the frequency range from 1 cps to 10,000 cps.

Solution: Calculate the input resistance of the first stage. Neglecting loading
by the second stage,

R
1+ L

tc

1+(lil;i_13§_t_r£>(1+3)

c

R;, Tty +(to + Rp))(1+ B)

1 + 0.0005
300 + (1509) (101) =299 _ 444 kQ.
+ (1509 (0D =7 5e

Note that the terms in the expression for R, , which include Ry, actually
have less than a 6% influence on the result of the calculation. It is not neces-
sary to know Ry to a high degree of accuracy in order to determine R; . This is
fortunate since the effective Ry is equivalent to Ry, in parallel with the effec-
tive frequency-sensitive impedance to the right of Ry, in Fig. 6.12. An exact
computation would be extremely tedious.



C,=5puf Is,
| :
l )
R
&
=1K{)
+ RB 2 Ril
<
Ve

(a)

-

{b)

Fig. 6.13 (a) Equivalent input cir-
cuit. (b) Thevenin's equivalent cir-
cuit for the first amplifier stage.
(See Prob. 6.9.)
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For R; =144 KQ, we can calculate the attenuation characteristics of the
first stage input circuit. Refer to the equivalent input circuit in Fig. 6.13a. The
gain of this circuit falls 3 db at that frequency where the capacitive reactance
equals the equivalent series resistance:

1 R, Rp

=Rg+ ————.
we C, R, +Rp

Now substitute numerical values and solve:

1 _ 1+ (144) (680)
o C, 144 + 680

For C, =50 uf, wo=2nf, =1/6rad/sec and f, = 0.027 Hz. At f=1 Hz,
the capacitive reactance is relatively small (3170 ). Its attenuating effect on
gain is therefore negligible in the frequency range of interest.

Thevenin’s theorem is readily applied, replacing the first stage by its open-~
circuit output voltage, V4, and its equivalent output impedance, R

= 121 KQ.

0y*

R01 z rg 1+ B
1+ R4+ 14
I, + R
Substituting numerical values,
R,,~100,000 (1+ —1%0__\=~gsyg.
1300
1509

This is much greater than R, p and the effective output impedance R, is there-
fore approximately equal to Ry, =5 KQ; hence, voltage gain from (3.52) is

This figure for voltage gain must be multiplied by the attenuation of the input

network to determine the over-all gain of the first stage:
v R, || Rg
D= VYeq T ——
R, [R5 + Ry

where R, ” Rp is the equivalent parallel resistance of R;, and Rg. Therefore,

120,000
¢ 121,000

> = = 0.995 V.

Substituting,

V4 (open circuit)
Vs

= 3.15 x 0.995 = 3,13,

The first stage can be replaced by the equivalent network shown in Fig. 6.13b.
Now calculate the input impedance of the second stage:

1 1+ Ry
r
Zi:='b+(REza+REzb ; >(1+B) : 1
@-E, RL +REZa+RE2b C
Jolg,

1+

I

1+8
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The term in the last pair of brackets is

1 + 0.0005

R
5500 + ————2b .
1+ Jo CE2 X REZb

99,000

1+

The expression

Re 2b

1+jwCg,xRg,,

can never exceed Rg, =1KQ. Thus, the entire bracketed expression merely
introduces an approximately 6.5 % reduction in the value of Z;,. In the interest
of simplicity, this entire bracketed expression will therefore be neglected, so
that

1
}ZC——>(1+ B).

~
Z,'z =TIy + <R52. + RE2b
E,

The simplified equivalent circuit for the two-stage amplifier is shown in Fig.
6.14. The voltage at point A is the output of the first stage when loaded by the
second stage. It is straightforward, though somewhat tedious, to determine I,
over the frequency range. From [, the output voltage V,, and therefore the
over-all voltage gain, are determined.

As a good approximation, curtent gain of the second stage is (Table 5.1)

1+ —2
g
or
g 100 oo
1+ 0.05

so that

Vo

I—— = A;R;, =95 x 5000 = 475,000.

b,

The frequency dependency of the multi-stage amplifier is now confined to
the variation of I, , determined from Fig. 6.14. To aid in carrying out the calcu-
lations, note the principal circuit time constants. As a first approximation, the
loading of the first mesh by the high-impedance second mesh across R, will be
neglected. The first mesh time constant 7, equals (Req+ R,)C,= 0.105 sec.
The time constant 7, = Cg,Rg,, = 5x 10™ x 10° = 0.005 sec.

Req G, REg,, 1+0)
~SKQ a4 “—Suf Ts0KQ
Rp Iy Ck, Ress a+p
2 ~
=16K{) 1+B = 100K

Fig. 6.14 Simplified equivalent circuit of two-stage amplifier. (See Prob. 6.9.)
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The wide difference in time constants permits an analytical simplification,
At very low frequencies, where T, is in the range of interest (w = 10 rad/sec),
the time constant associated with Cg, has negligible influence. Capacitor Ce,
may well be considered open—cucmted At higher frequencies, where T, is in
the range of interest (w = 200 rad/sec), the reactance of C, may be considered
negligible. The circuit therefore can be treated as tbougb it contained two
separate and isolated time constants.

The circuit of Fig. 6,14 is most easily solved by considering the various
frequency ranges of interest separately. At very low frequencies, Cg, is es-
sentially open-circuited, and

e 3B8Y% s45i.cv
jo C,
I =1 Re

* "Ry +(Rg,, + Rp,) 1+ B)
3.13V,juC,R,
Ry + (REza +Rg, )1+ B)

_ 3.13 V4jo x 16,000 x 5 x 107°
- 16,000 + (101)(1500)

= 1.5 jo V4 pa.

At a somewhat higher frequency, where C, is negligible while Cg, is still re-
garded as an open-circuit, I, , is easily calculated from the all-re81st1ve network
as [, = 15.4 V4 pa.

At higher frequencies, both capacitors act as short-circuits. Solving again
forl,,

3.13 Vv, 16
5000 + 16,000 50,000 50
= 58.1 Ve pa

Consider now the intermediate frequency range, where C, is essentially a
short-circuit, while Cg, is not. Apply Thevenin’s theorem to eliminate the first
mesh. Figure 6.15 shows the simplified form where the reactance of C, is taken
as zero. This circuit is easy to solve for Iy,. First determine the impedance of
0.05 uf in parallel with 100KQ:

1
jow 0,05 x 107°

1
100,000 + ——
100K() jw 0.05 x 107°

_ 100,000
1+ jw 0.005

100,000 x
Z. =

p =

Fig. 6.15 Simplified Thevenin's
equivalent circuit, with re-
actance of C, essentially zero.

(See Prob. 6.9.)

Now solve for Iy,

I - 2.8V,

2
53,800 + 100,000
1+ jw 0.005

_15.4 ¥, (1 + jw 0.005)
1+ jo 0.00175
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Recalling that V,/I,, = 475,000, we now have sufficient data to sketch the
amplifier attenuation characteristics. This is most easily done by a plot on
logarithmic coordinates as in Fig. 6.16.

Note that this problem was substantially simplified by the separation of time
constants, T, and T,. This allowed us to consider the separate frequency re-
gions independently. If these were not separated by about a factor of 10, more
precise calculation methods based upon the formal solution of the network of
Fig. 6.14 would be required. A more accurate solution is necessary only when a
simplified sketch based on asymptotes and corner frequencies is insufficient.
Usually, the simplified sketch is quite satisfactory.

PROBLEM 6.10 If, in the two-stage amplifier of Prob. 6.9, C, is changed to
0.25 pf, all other parameters remaining the same, find the attenuation character-
istics of the amplifier over the region where C, and Cg, have significant re-
actances.

Solution: The time constant due to C, has been reduced by a factor of about 20,
so that both capacitors influence amplifier gain over approximately the same
frequency range. An accurate loop analysis is necessary to determine the effec-
tive circuit time constants. Referring to Fig. 6.14, the mesh equations are

10°

WAR)

313V, = <21,000 + 5 )Il - 16,0001, ,

0= 16,000 I, + (66,000 + -—10—(1'-(&>1t,2 .

1+ jew 0.005

These equations may be solved for I, by eliminating I, (or with determi-
nants), leading to the following simplified solution:

jo (1 i ﬂ)
200
pa.
(1+j-‘£_> (1+j—("->
192 612
Calculating output voltage,

Vo = AI RL‘ Ib2 =95 X 5000 Ibz

Iy, = 0.075 V,

= 475,000 Iy, .

Substituting the expression for I , and solving for voltage gain,

a.- Ve
v Vg
. @
jo (1 + ——->
= 0.0355 200

1+ji) <1+j—“’—>
192 612

This is the required expression for gain as a function of frequency.

SR

21.4 Asymptotes -
7.7 — == ! Accurate
¥ 1 1 curve

10.25 200 572

@ —-

0.746j (1 + j =

.746 j 4o

o TVt 200

Voo ”
¢ f14; 2V 1+; —
( J10.25>< 7572

Fig. 6.16 Asymptotic diagram and
accurate curve of output voltage
vs. frequency. (See Prob. 6.9.)
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KL, ;
l'L J

Fig. 6.17 Transformer equivalent circuit. Note that R, = primary d-c resistance; R, = sec-
ondary d-c resistance; n = primary/secondory tums ratio; L, = primary inductance; K = co-
efficient of coupling of primary to secondary; KL, = mutual inductance, primary to second-
ary; (1 ~K)L, = leakage inductance, primary or secondary; Ry, = equivalent core loss re-
sistor; Cy, =equivalent distributed capacitance referred to secondary winding. Leakage in-
ductance L, is measured with the secondary open-circuited; secondary inductance L, con
be measured with the primary open-circuited: L, = n’L,; Ry, is relatively independent of
frequency except at frequencies in the low audio range; K is usually slightly less than

unity.
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VO].
Roi + Ry Lyl - K)
t R01 R, » N\ n’R,
R 2 v n:1
o I n‘R, +
' * n:1 I 4:”2R12 Cu
Vo 2 S T Vi,
R, aniz I Viz
y v Fig. 6.20 Interstage-coupling equivalent cireuit for high-frequency
Fig. 6.19 Simplified circuit showing condition. Loading on the transformer output terminals is assumed
transformer coupling. negligible.
v,
‘2 Resonant
Vo, peak due to

tuning of Cy

Accurate
curve

S ©

Fig. 6.21 Gain characteristic of a
transformer coupling network.
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PROBLEM 6.12 A manufacturer’s catalog lists the following data on a trans-
former:

R, = 10,000 Q,
R, =100 Q,
oy = 500 rad/sec.

Estimate L, and n.

Solution: From (6.12) and (6.13),
R
o . _ /10000 o
R. 100
R 10,000
L=—2 - " __-10h.
'" 2w, 2x500

PROBLEM 6.13 For the circuit of Fig. 6.22, estimate the required transformer
primary inductance L,, such that the low-frequency response is 3 db down at 60 Hz.

Solution:

From Table 5.1, the transistor output impedance is easily estimated:
R,=zh,,=33K (.

A simplified but satisfactory equivalent circuit is given in Fig. 6.23a. Figure
6.23b shows the circuit rearranged to simplify determination of the corner fre-
quency. The effective resistance for the computation of corner frequency is
33KQ||3KQ, or 275K .

The lower corner frequency,

oL =27 fr, = 27 x 60 = 377 rad/sec.

The time constant of the inductive circuit must equal the reciprocal of wy:

L, _ 1
2750 377
_ 2750

L, =7.3h,
377
for I c = 4 ma d-c through the transformer primary.

PROBLEM 6.14 Using reasonable approximations for the circuit of Fig. 6.24 at
the specified operating conditions, determine

(a) R,, for correct bias,

(b) C,, for a comer frequency w = 10 rad/sec,

(c) output transformer inductance L, for a corner frequency, oz = 200 rad/sec.
Assume that the d-c resistance of the transformer secondary is 10% of the load
resistance.

Solution: For the conditions of Fig. 6.24, [g =I¢ = 10 ma. The emitter voltage
is 1.2 K Q x 10 ma = 12 v d-c. To compensate for the base-emitter drop, the volt-
age at the base Vg = 12,6 v.

Vee =
12 v
Rl:& 2IN929 f,cmz l |
2t 3003
) 10:1
S
R. ¢ B = 290
W hoe =33 K2

Fig. 6.22 Output transformer to
match load in a common-emitter
amplifier.

33K}

L, 3K}

B, L, 2.75 €}

(b)

Fig. 6.23 (a) Simplified equivalent

output circuit. (b) Simplified equiv-

alent circuit for estimating comer
frequency. (See Prob. 6.13.)

Vece =
24 v d-c
v —0
R = 3 “ 100"°
22KQ ¢

n =30

o—{¢—1 2N93
C, | tVE
R,

<
T . ::RE=1.2 KQ

Fig. 6.24 Amplifier circuit with

transformer-coupled output. At

Ic = 10 ma: ,3=380, re=114Q,
1y = 7008}, rg = 5250 ).
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It is convenient to estimate the input impedance R, of the base circuit. From
Table 5.1,

R;=(1+hy,) Re = 381 x 1200 = 458 K Q.

Since this high input impedance is in parallel with R,||R, (where R, = 22 KQ) at
the base input, it may be neglected without introducing more than a few percent
error. Thus, neglecting base current drawn from the voltage divider formed by
R, and R,, it is easy to calculate R;:

R,
R, + R,

12.6 = x 24.

Since R, = 22K Q, R, is calculated as 24 K Q.

We can now determine the value of C, for a comer frequency of 10 rad/sec.
The RC time constant must be 0.1, so that

1
R R C = —y
(R, || 2) X Cy 10

R,||R2=§—§>:—§%=11.5KQ,
11

e x—1 __8.7uf.

C.= 0% 1500 > ¥

Now examine the transformer in the collector circuit of the transistor. The
transistor is effectively a high impedance current source, in comparison with the
relatively low load impedance. A simplified but fairly accurate equivalent cir-
cuit is shown in Fig. 6.25. The effective time constant is

L, = Ly
n*(R, + Ry) 9900

R, 9000  n’R,=900Q)

This must equal the inverse of the specified transformer low-frequency corner:

L, 1
9900 ~ 200
Fig. 6.25 Transformer-coupled
equivalent circuit calculation. 9900 _
(See Prob. 6.14.) L, = 0= 50 h.

PROBLEM 6.15 For the amplifier of Fig. 6.24, estimate voltage gain at w = 200
rad/sec. .

Solution: Neglecting the effect of transformer inductance, from Table 5.1,

where Ry is the effective a-c resistance in the collector circuit. From Fig. 6.25,
this is 10,800 Q. Substituting,

This, however, is the voltage on the primary side of the transformer, reduced
on the secondary by a factor of 30 by the transformer step-down ratio. An addi-
tional attenuation of 9000/10,800 is introduced by the transformer winding re-
sistance. Further, the gain is reduced by a factor of /2/2 = 0.707 at the corner
frequency, w; = 200 rad/sec. Therefore, the voltage gain at w;, = 200 rad/sec is
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v, 1 9000

¥, = 9.0 x —x —0_1 0.707 = 0.176.
v 30" 10,800 % >/ 6
1 lw=200

PROBLEM 6.16 For the circuit of Fig. 6.26, design the bias circuit to permit a
distortion-free output voltage of 2 v mms, while keeping the stability factor S <4,

Solution: We must determine the range of Is. For I = 0, the collector is at a
12 v potential. Recall that 2 v rms correspondsto 2 x 2 \/5= 5.66 v, peak-to-peak.
Thus, the collector potential may be as low as 12 - 5.66 = 6.34 v for peak col-
lector current. This value of peak current = 5.66/5000 = 1.13 ma.

This reasoning indicates a value of collector bias current of about 0.6 ma,

swinging from nearly zero to a value somewhat under 1.2 ma. A load line for this

condition is shown in Fig. 6.27. Rg, =500()
For the 2N929 transistor, a minimum Vg of 1 v assures satisfactory opera- r: = 1(())(1)\19
tion (see Fig. 2.5b). Thus, p=3
_ Fig. 6.26 Load line superimposed
Ve=Vee-Re Icma" = Veenn on idealized collector character-
Substituting values, istics. (See Prob. 6.16.)

Vg =12 — 5000 x 0.0006 +5;Zﬁ —1-617v.

Assume, as a convenient approximation that Vg = 6 v for the d-c operating level.
Since Iz = I = 0.6 ma,

6
Rg. +Rp, =—=10K (.
Fa T TEs 70,0006 \
Thus, Rg, = 500 and Rg, = 9,500 Q. e
The base voltage is 6 v+ Vgg = 6.6 v. Base current is also easily found: 3 . ‘
~ \ )
I 0.6 x 10 ] !
Ilg = 2= = 2 . i
5T T 300 He L
Lo =0
From (4.16) % 2 4 6 8 10 12
SEI+I—2-E— VcE, volt —s
Rg '

Fig. 6.27 Load line superimposed
For S =4, on idealized collector character-
istics. (See Prob. 6.16.)

P .3, R,=30KQ.

If we assume that the 2 pa of base current is negligible compared with the
current drawn by the R,, R, divider, then

R
—2 Vcc = 6.6 v,
R + R,
However,
R = Rl R2 .
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Substituting,
R
L Voo =6.6v.
R1 cc v
Solving, using known values,
R, =54.5K ,
R, = 66.5 K {}.

It may be verified, if desired, that divider current is much greater than base in-
put current.

PROBLEM 6.17 If, in Fig. 6.26, a large capacitance is connected from the out-
put terminal to ground, what is the maximum undistorted rms capacitance curtent?

Solution: Since bias current is 0.6 ma, this is the maximum instantaneous peak
collector current that can flow without the collector current actually reaching
zero. Therefore,

= 0.424 ma rms.

0.6
Orms \_/—_2—
PROBLEM 6.18 In Prob. 6.13 (Fig. 6.22), what is the maximum undistorted volt-
age across the transformer primary?

10
35 30 pa
8 /___———"ﬂ'—'ﬁ/ﬂ
T 20_;13
o 6 15 pia
Z 4 11.2v 2 a 10 pa
~ ﬁk/
2 e — : 5 pa
| I8=0
OO 5 10 15 20 25 30 35

Vegs volt —a

Fig. 6.28 Collector characteristics with superimposed
load line for the circuit of Fig. 6.22.

Solution: The transformer primary voltage measured at the collector can theo-
retically vary from 0 to 24 v, since the voltage may be either plus or minus (see
Fig. 6.28). However, since the transistor drop Vce must not be less than 1v
and the collector current not be allowed to go to zero, the distortion-free primary
voltage can typically vary from 1 v to 23 v.

Actually, referring to Fig. 6.28, V,.;, = 0.8 v, so that the full sinusoidal
voltage swing is 2 x 11.2 = 22.4 v peak-to-peak, or 7.85 v ms.

6.4 Direct Coupling
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\ 4 oVcce
RL:
Vo
REza
<
>
S
REzb;:CE
1‘ :
{

RE; =REIa+RE2b
Rg,=REg,, T REy

Fig. 6.29 Two-stage direct-coupled amplifier.

G
Wl

Icpo,(1 + By)

+ 'BlIBl

Ry

Icpo (1 + B2)

Vee
1 IC; + ﬁzIBQ

Icz

(a)
Icpo 1+ B2
+ Bilp
Ry, tp, 2
+
+ VeE,
VA IEI
R52
‘ =
(b)

Fig. 6.30 (a) Simplified d-c equiv-

alent circuit of the two-stage am-

plifier of Fig. 6.29. (b) Simplified

Thevenin's equivalent circuit for
the input to Q,.
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PROBLEM 6.20 The component values for the circuit of F ig. 6.29 are

R, = 1000 Q,
Rg,, = Re,, =100Q,
Rg,, =1900Q,

Vee =12,
Ic, =1 ma, I¢, =5 ma.

The required distortion-free output voltage is 2 v rms, minimum. Determine the
remaining circuit parameters to meet the specified requirements.

Solution: The emitter potential of Q, is
VE: = 0.001 x 2000 =2 v,

so that

[IN

VB VEI + 0.6 =2.6 v.
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For the 2N930 transistor, hpp, = 280 at 1 ma; therefore,

Proceed now to the second stage. A 2v rms output corresponds to a 5.67
peak-to-peak voltage swing. Allowing a minimum of about 1 v for Vee,»

VE2=12—5'67‘1=5'3 Vv,

_5.3_53
o IEz ) ICz .
Therefore,
5.3
== 0 Q.
By = Ty 10 - 008

Now determine Ry :
Rp,Ic,=284v (% of peak-to-peak value).
Solving,

2.84
Ry, = 0,005 " 567 Q.

To determine 0, we must at the same time choose R, for a required stability;
R, is the principal component of R}, the d-c resistance in the base circuit. In
Chap. 4, it was pointed out that this resistance must be low for reasonable sta-
bility in the first stage. On the other hand, R} acts as a load on the input. A
compromise is necessary.

Assume, somewhat arbitrarily, that R¥ = 30 K Q. Then,

O Vg,=530=Ig R+ Vg,
For R¥=30K Q, a = 0.492. Since V4 =Vp, = Ig, Rg, + 0.6=59v,

Vee -Ic, Ru, =12 ~0.001 Ry, = 5.9,

so that
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PROBLEM 6.23 For the circuit of Fig. 6.29, using (6.25), determine A Ig, due
to changing Vg g for a 100°C change in temperature.

Solution:

perature. Substituting numerical values in (6.25),

Alg, =(~85+246)x 10~° = 161 pa.

0
Vee
RS R, & R, R, &
3 RLE RLE RLE
B, Bj Ve
3 1»———|H
C, v Vo
2 0,
VEA VEzl VE:!
< e Ce, e Cr, < Cg,
R, :: REg, < T Rg, & E;$

Fig. 6.31 Three-stage, direct-coupled common-emitter
transistor amplifier.

As pointed out in Chap. 1, A Vgg =-2.2 mv per °C increase in tem-

Fig. 6.32 Simplified equivalent circuit of three-stage

amplifier for bias calculations. (See Fig. 6.31.)

£
Ic]. %I?L1 IC2 %RL’Z IC3 :: RL3
oV,
,51151 + Balp, + * Bilp,+
I, @ + Bolomo,| (B2 A+ Alcso, | 1Bs TG+ potcso,
+ + +

VBE, VBE, VBE,
5
: IE1 RE; IEI %Rgz IE3 RE;
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Fig. 6.33 Three-stage, direct-coupled common
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of Fig. 6.31, with calculated res
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PROBLEM 6.26 Design an amplifier for maximum output voltage, using the cir-
cuit of Fig. 6.31. Let

Icl=1ma, RE1=RE2=RE3=3K91
1c2=2ma, R2=10KQ,

IC: = 3 ma, Ce, =Cg, = Cg, = 3000 uf,
Vee =24 v,

Use approximate design procedures. Considering the sensitivity of Icgo and

Ve e to temperature, calculate A I c, resulting from changes in these two param-
eters as temperature increases from 25°C to 100°C,

Solution: Assume base currents are negligible compared to collector currents.
Then,

Ve, =lc, Re, = 0.001 x 3000 = 3 v,
VB1 = VEl + VBE1 = 3.0 + 0.6 = 3.6 V.

Calculating R, from the voltage division ratio of the bias divider, R, ¥ 57 KQ.
Then,

Ve, =Ic, Rg, = 0.002 x 3000 = 6 v,
VB2 = VEZ + VB E, = 6.0 + 0.6 = 6.6 v.
We may now determine Ry :
Vee-1Ic,Rr, = Vs,.

Substituting and solving, Ry =174K Q.
Continuing the above with bias calculations,
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V53 = Ic3 Rg, = 0.003 x 3000 = 9 v,
Vp,=Vg,+Vpg, 29.0+0.6=9.6v,

24-0.002R., = 9.6, Rr,=T2KQ.

The choice of R, , is based on the requirement for developing maximum out-
put. We require the maximum swing in collector voltage, V¢,:

Ve =Ve,+ Vce

3 min?

min

where whole Veg  , is the minimum Vcg for Q; for correct transistor operation,
and is assumed to be 1 v. Therefore,

Vc =9+1=10V,

3mi

and when the transistor is nearly at cut-off, V¢, ~ 24 v. The collector volt-

age may swing from 10 v to 24 v, with a quiesc:r:: level of 17 v. The peak-to-
peak swing is 14 v, and the peak swing = 14/2 =7 v:

7

RLSICS=7’ RL3=W

= 2330 Q.
The final circuit with all parameters included is shown in Fig. 6.33.

Now calculate the temperature sensitivity of Ics, as Icpo and Vgg vary.
The assumed Icgo = 0.01 pa. From Fig. 4.2, Icpo increases by a factor of 17
at 100°C. Thus, AICBO = ICBO = A1c302 =A Ic303 =0.16 pa. Substitute in
(6.29), (6.30), and (6.31), with known Alogo:

B:Bs S, Alcgo
R ) R
[1+R—E—<1+Bz>] [1+RE’(1+/33)]

L
1 L,

Alg, =

_ B:8, Alcgo

+ 33 A Icgo. (6-33)
Rg,

1+ B2)

1+

L,

Calculating stability factors,

Substituting in (6.33) and solving,
Alg, =711 Alcpo =114 paat 100°C.

This is negligible since I¢, = 3 ma, and A I¢, corresponds to only a slight bias
shift. The result confirms the validity of our approximation methods; high cal-
culation accuracy is not justified.

Now determine the component of change, A I¢,, due to A Vg g over the speci-
fied temperature range:

AVgg = (75°C)(~2.2 mv/°C) = — 165 mv.

Substituting in (6.32),



TABLE 6.3
25°C 100°C Unit
R, 6310 9830 ohm
Ry, 4640 6290 ohm
R;, 8800 13,850 ohm
R, 5280 8550 ohm
R, 3040 3910 ohm
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AlE, = 0.69 ma.

While this is much more significant than the A I.f—;3 resulting from A Icgo, it is
still not a serious shift. The stability of the multi-stage direct-coupled amplifier
is very satisfactory.

We may make an estimate of the effect on I of a change in 3:

AIC;SA—a.

4.15
Ie a [4.15]

Assume, as the basis of estimating, that 8, varies from 325 at 25°C to 460 at
100°C, with an average value of 390. The value of A 0./0 corresponding to this
B, change is 0.9 x 10~°, Therefore, for the first amplifier stage,

Al
— %15, (0.9 x 1079),

and since S, = 3.8,

Ic,

=0.34 x 10~

cl
Due to the change in B,, I, changes by 0.34%. This is also negligible.
The effects of changes in 8, and 3, may similarly be estimated as negligible.
Only the temperature effects of changes in Vg are significant. These can be
compensated for by the methods of Chap. 4.

PROBLEM 6.27 For the amplifier circuit of Fig. 6.33, estimate the input im-
pedance and voltage gain at 1000 Hz, and the maximum undistorted peak-to-peak
output voltage at 25°C and 100°C. Specify C, so that voltage gain is 3 db down
at 60 Hz. Note that the circuit parameters are those derived in Prob. 6.26.

Solution: This problem provides an example of a step-by-step series of calcula-
tions of input and output impedances, starting with the last stage. At 1000 Hz
(w0 = 6280 rad/sec), all emitter by-pass capacitors are essentially short-circuits.
The transistor parameters used here are summarized in Table 6.2. Practical ap-
proximations are made throughout.

From Table 5.1:

Ry=rp+(to+ Re,) ,

Te

with Ry, < r., and r, < r./(1 + B). The portion of emitter resistor not by-passed
by Cg, Rg,, is zero. Now substitute numerical values from Table 6.2 in the
above expression to find the input impedance of the third stage:

At 25°C, R, =5280Q,
At100°C, R, - 8550 Q.

These input impedances, paralleled with Ry,, establish the effective load,
R}, on the second stage:

At 25°C, R}, =3040Q,
At 100°C, R} =3910 Q.

Proceeding in this manner, the required additional items may be calculated, and
are summarized in Table 6.3. These include the required amplifier input impedance.
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Now calculate the currents and voltages in successive stages as required to
determine over-all gain. If the current gain of the input stage is 4, , then
R
I, =1, A, ————.
2 1y RLl + Riz
Substituting the expression for current gain from Table 5.1, and replacing I, by
V/R;.,
1

I Vi Bx RL1
by = *
R Ry +R
Ry, [1+ = (1+BJ] i
t‘cl
or
I R 1
Loy _BiRe, . - (6.34)
Vi R, Rr,
L+ 1 +B)| | R, + Ry,
fe,
Similarly,
I,. B, RL
by = s Ba 7 T : (6.35)
142214 8)| |Re, + R,
tcz
Note that
v, I R
o _hs B Re, . (6.36)

v, V,
1 1 [1+RL3(1+’83)]

C3

Substituting numerical values for the circuit parameters (see Table 6.1), the
required performance data summarized in Table 6.4 are obtained. The voltage
gains in Table 6.4 are part of the required solution to the problem.

Note that although B increases by about 40% with increasing temperature,
suggesting an over-all increase in gain of about (1.4)° = 2.75 times, the actual
gain increase is only about 15%. The separate effects of changing 8, as shown

il the gain equations, partially cancel.
Determine C, such that gain is 3 db down at 60 Hz. At this frequency, the

capacitive reactance must equal the minimum (25 °C) input impedance:
Xcl = Ril = 8800 Q,
C, = 0.302 pf.

Determine the maximum undistorted peak-to-peak output voltage from the bias
point. At 25°C, the quiescent conditions are

Ic, = 3 ma,
and since R = 2330 Q and Rg, = 30001,

VE=0.003X3000=9V,
VC=24-—7=17V,
VCE=24—(9+7)=8V.

The resistance Rg, is by-passed, so that the voltage Vg, is a fixed 9 v re-
gardless of the a-c signal component. A load line for this amplifier stage is
drawn for an effective d-c voltage of 24 ~ 9 = 15 v, and a resistance of 2330 ()

TABLE 6.4
25°C 100°C
15,/V; 17.8 x 107 17.5 x 107
1,,/V; 2.83 2.54
V,/V, 2.1 % 10¢ 2.4 x 10°
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(see Fig. 6.34). If a minimum Vcg for satisfactory transistor operation is set at
1 v, it may be seen that the peak-to-peak a-c voltage swing is 14 v.

Re-examine the peak-to-peak output range for 100°C operation. As previously
calculated in Prob. 6.26, I, =3.69 ma at 100°C. The emitter voltage is 11.1 v,
so that the effective voltage for the load line is 12.9 v. The modified load line
is indicated in Fig. 6.34, showing a possible peak-to-peak output excursion of
11.9 v. This reduction in output voltage range is the principal reason for main-

taining bias point stability. If I increases to 6 ma, the amplifier actually be-
comes inoperative.

PROBLEM 6.28 For the amplifier of Fig. 6.33, connect a 1000 Q output load to
the collector of Q, through a blocking capacitor C, having negligible a-c react-
ance. What is the maximum undistorted output swing?

Solution: Since the 1000 Q load does not effect the d-c operating point (because
of the blocking capacitor), this point remains the same in Fig. 6.34. The a-c
load line, however, corresponds to an effective resistance, R} 4» equal to 2330 Q
in parallel with 1000 Q, or 700 Q, The maximum undistorted output swing is
limited by the I¢ = 0 axis, and is 8.56 v peak-to-peak.

0 Vcc=24v
10
35pua| 30pa
8 25 pa
'@ 20 pia
6 0\\—1 L
' N2 15 pa
4 S SNPP (100°C)..
o 2 = 10 pa
£ oNE @570 I B,
02 5 pa—] 10000
Ig=0
0 \
0 5 10 15 20 25 30 35

Fig. 6.34 Load lines superimposed on 2N929 common-
emitter characteristics; Vg = 9 v.

Vce, volt

Fig. 6.35 Output transistor circuit driving
a 1000  6-c foad.

PROBLEM 6.29 With the amplifier of Fig. 6.33 and the load of Fig. 6.35, find
the voltage gain at 25°C.

Solution: From (6.36),

Yo _In, R, [6.36]
"—"—133 . .
Vi v L,

1+ (1+B,)

We replace Ry, by Rta =700 Q. Substituting numerical values from Prob. 6.27,

v 700
22 =283 x 360 ——— - 690,000,
v, 1,700 x 361

6.7 x 10°

as compared with over a million before the 1 K Q load was added.
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PROBLEM 6.30 Repeat Prob. 6.27, but with 100 Q (see Fig. 6.36) of each emit-
ter resistor unby-passed. Calculate only V,/V,.

Solution: Proceed as in Prob. 6.27, using the formulae summarized below:

RiZ 1y + (rot Reo) (L + ) ————,
1+ 221+ B)
tc
for Rga < r./(1 + B). Then,
Ibz Bl RL
_IT= E;;_ Rtl L , [6.34]
Lo+ 8| Re,+ R,]
1
I, 1, R,
_Vi_= —V‘—BI f, ) {6.35]
1+ . (1 + ,82) [RL2 + st]
C2
Yo loyg R (6.36]
Vi W Ry,
1+ " 1+ Bs)
C3

By substituting numerical values, the partial results and the computed voltage
gain are determined and listed in Table 6.5. Observe the much reduced gain by
comparing the data with that of Table 6.4. Although the variation in gain with
temperature is somewhat improved by the unby-passed emitter resistances, the
principal benefit is the reduced sensitivity of circuit gain to variations in the
B’s of individual transistors.

TABLE 6.5
25°C 100°C Unit
Ry, 37,200 50,000 ohm
R:, 6040 6300 ohm
R;, 33,710 43,500 ohm
R}, 11,500 12,400 ohm
R, 33,000 43,000 ohm
1,,/V, 2.62 x 10°° 2.06 x 107 amp/volt
Ioy/Vy 111 x 107 88 x 10° amp/volt
V,/V, 8.3 x 10 8.4 x 10*

6.5 Complementary Transistors

R,,=100Q)

CE, R,;=2900
=3000 pf

Fig. 6.36 Modified portion of the
circuit of Fig. 6.33, with portion
of emitter resistor unby-passed.
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PROBLEM 6.31 Referring to Fig. 6.37, determine the load resistors, Rp, and
Ry, for the specified operating conditions; select Ry, for maximum undistorted
output.
Solution: For the specified conditions,

VEI. =IEl R)gl EIcl REI. =10"*%x 3000 =3 v.

Allowing 0.6 v for the base-emitter drop of 0, V4=3.0+06=3.6v.
Since high B transistors are employed, we may neglect the base current of
Q, in determining R, for the required V,, :

R,

Va=Vce —2—.

47 TC°R+ R,

The validity of this approximation may be verified later, if desired. Substituting

numerical values for V,, R,, and V¢, R, is determined to be 15 K{}. Continuing
to the second stage,

Ve, = 9 - (0.001) (3000) = 6 v.

The base potential, allowing the usual 0.6 v drop from the emitter, is 5.4 v. This,
of course, must be the collector potential of Q,. Thus,

Ve, =5.4=9-(0.001) Ry,.
Solving, RL‘ =3.6 K Q.
Continue in a similar fashion to the third stage:
Ve, = (0.001) 3000 = 3 v,
Ve, =3+06=3.6v,

3.6 = (0.001) R, , Rp, = 3,600 Q.

This completes the determination of all parameters except R;, 4» Which is found from
the requirement for maximum undistorted output. Allowing a minimum Veg of 1 v
for Q,, V¢, varies from 4 v to a cut-off 9 v, for a peak-to-peak swing of 5 v. Set
Ve, to the average of 6.5 v. Thus, a 1 ma swing of collector current corresponds
to 2.5 v, so that RL3 = 2.5 K Q. For greater gain, Rp, can be increased until the
limiting condition is reached where Ve, = 4 v maximum for Rr,=5K Q. For this
condition, the gain is doubled and the peak-to-peak undistorted output is zero.

PROBLEM 6.32 For the circuit of Fig, 6.38, determine the unspecified parameters
for the given operating conditions, as well as a-c gain and maximum power ab-
sorbed by Ry ,.

Solution: Assume, as a crude estimate (which may be re-examined after an ap-
proximate analysis is completed) that about 5% of the collector current of Q, is
diverted by feedback to the first stage. Thus, if current through Ry, , is specified
at 95 ma, and current through R, at about 5 ma, then I ¢ , = 100 ma. Therefore,

Ve, =31x(-0.095) > -3 v.
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Vee

<o

Q) : n-p-n silicon transistor
1 Qs nopn 8ili X high 8, B>100
Q,: pn-p silicon transistor

Rg,=Rg,=REg,=3 K, R,=10KQ

Voc =9v

Ce,» Cg,» Cgy C,: essentially infinite
Ic‘=1c2=lc3=1ma

Fig. 6.37 Direct-coupled amplifier using complementary
transistors.

Dynamically, V¢, may vary from zero, near transistor cut-off, to approximately
-6 v maximum. Allowing for the usual 1 v minimum Vg, the drop across Rg, is

10-6+1D=3v

Forlg, = 100 ma, Rg, = 30 Q. Continuing, since Vg, = - 7 v, allowing 0.6 v
for VBE,: Vc1 ==-6.4v.

At Ic, =100 ma, the 2N2907 transistor has a d-c current gain of hpg = 110, so
that a b1as current of less than 1 ma is required. Thus, I¢ = 10 ma should be
ample drive. This gives

10- 6.4
Ry, = o0l - 360 Q.

Now evaluate the parameters of the feedback circuit containing R,. Feedback
resistor R, tends to stabilize collector current by resetting the bias of Q, so as to
automatically oppose changes. For correct feedback, V¢, must be greater than
Ve.. Assume, consistent with earlier calculations, that Vg =2, and current
through R, is 5 ma. Then,

Now calculate the base bias resistors of Q,. Since Vg =2v, V4 =2+ 0.6=
2.6 v. Assume (as a starting point) 1 ma through R,. Thus,

2.6
R, = =
27 0.001 2600 0.

The d-c input impedance to the first transistor may be estimated:

Q,: 2N2907

Ic, =100 ma, rez_ozsﬂ b, =74 Q

B: = hte, =100, hrE, =110 at I¢,=100ma
Cg,, Cg,: essenﬁolly infinite
Vec=10v, Rp,=31Q

0,: 2N930

re, =11, ro, =2 X 10°
B, = hte, =380; hpp =380 at Ic,=10ma

Fig. 6.38 Two-stage direct-coupled
amplifier using complementary tran-
sistors, and d-c feedback for bias
stabilization.
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Rilld-c = (1 + hFE) RE]. =381 x 133=51K Q.
We may safely ignore the base drain of Q, in calculating R,:

R2

R, + R,

Vee =Va.

Substituting and solving, R, =7400 Q. If the shunting effect of the input imped-
ance of Q, is considered, R, becomes 7050 Q. (Actually, final bias adjustments
are best done experimentally.)

For Q,, a 2N930 transistor, r, = 11 Q, Ay, = 380, and r, = 2 x 105, Thus, con-
tinuing,

R, =(1+hy)r, =381 x 11 = 4200 Q,

/N7
" TR, 4200°
380
A= = B EPRETTETTE 58, [Table 5.1]
1+2L 1420 % 29
re Geh 2% 10°
_ 358V,
‘174200 °
R
Iy, =1, ——=t
1 Ial,,1 + Riz
Ry, =1y, + 14, (1 + hye,). [Table 5.1]
Substituting numerical values for the 2N2907 transistor,
R, =(0.26) (101) + 74 = 100 Q.
Continuing to substitute numerical values,
A; =100, I, =A; I, =6.7V,.
2 2 2 2

For a-c signals, R, is in parallel with Rp,, so that effective load resistance
is 31200, or 26.8 Q.

Therefore V, = 6.7 V, x 26.8 = 179 V;; hence, the required voltage gain is
Vv,
=2 =179,
Vi
The instantaneous voltage across Ry, can go from 9 to 6 v (leaving a 1 v

minimum for Vcg). Thus, maximum undistorted output is 6 v peak-to-peak, or
2.12 v ms. Maximum undistorted power output P is

Ry 31

Under quiescent (zero a-c) conditions, the power in the collector junction

of Q, is 0.1 a x (7 ~3) v = 400 mw. From the data sheet of the 2N2907, the tran-
sistor power rating at T °C is

Power rating = 1.8 - 10.3 x 10~* (T - 25°C),

At T = 100°C, the rating is approximately a watt, so we are well within the rating
for the calculated 135 mw dissipation. As shown in the next chapter, the dissipa-
tion in this type amplifier decreases with increased a-c input signals.

Note in Fig. 6.38 that if only part of REg, is by-passed by a capacitor, a-c
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feedback is introduced which simultaneously lowers and stabilizes the gain, and
increases input impedance. (Feedback is considered in greater detail in Chap. 8.)

6.6 Supplementary Problems

PROBLEM 6.33 In the circuit of Fig. 6.3, let R,; = R, =1 MQ, R, =100Q,
Ry =Ry, =6.8K{, h;, = 22009, h;, = 1009, h,, ~ O, and ho. ~ 0. Calculate
C, for a break frequency of 25 Hz. Assume that the influence of all other capaci-
tors is negligible,

PROBLEM 6.34 For the circuit of Prob. 6.33, calculate the frequency response
if Cg,=5puF and C, is equal to the value obtained in Prob. 6.33. Assume
Cg,=C,=w.

PROBLEM 6.35 In the circuit of Fig. 6.24, let R, = R, = 10 KQ, Rg =1.5KQ,
C,=10uF, and n = 30. The load resistance R; = 10 { with all other transistor
characteristics the same as in Fig. 6.24. Calculate (a) the frequency response
of the amplifier if it is driven by a zero-resistance generator, (b) the power
gain at 1000 Hz, and (c) the maximum power output using the characteristics of
the 2N930 transistor in Fig. 6.28.

PROBLEM 6.36 In the circuit of Fig. 6.38, let Ry, =18{, Rg, =334,
Cg, = 100 pF, Rg, =120Q, Cg =100 yF, R, = 270 @, R, = 180 Q,
R,=270Q, and R,=7500€Q. Then the transistor characteristics of the Q,:
2N2907 and the Q,:2N930 transistors are as follows:

Q,: 2N2907 Q,: 2N930
h¢. = hpg = 100 h¢e = hpg = 400
r,=0.25Q re=10Q
r, = 100 Q rp,=0Q
r, = oo fo =00

Determine (a) the frequency response when feeding Ry, if C,= = and Ry = 0,
(b) the maximum undistorted power absorbed by Ry, (c) the d-c gain in Ry,
with zero input, and (d) the power dissipated in Q, with zero input.



CHAPTER

POWER AMPLIFIERS

7.1 Introduction

Saturation Over-dissipation Overvoltage
region region region
Saturation
resistance 40ma
line
¢ 30ma N
f 20ma N
N
R

Ig=—Icgo hFEIcBo P,
I 0

Cut-off BVcko BVcEs
region Icso

VCE

Fig. 7.1 Permissible operating limits of power transistors, showing non-
linear regions.
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?2.0 1t

- ~
] ‘“
[ ] L
k AR
g 1 lr ‘\l N

¥
" - o =~ A
20.51T; =55°C To = 150ma Veg=1v 3N
a N°'m°|'z°d{VCE=1v ——— Ver =2v] AN\
)
0.2 L=25¢ »
"0.1 0.2 0.5 1.0 2.0 5.0 10 20 50 100 200 500

Ic, ma —p

Fig. 7.2 Typical current gain characteristics of a medium power germanium transistor.
Results are normalized for convenient representation.

T, = case temperature
heat sink temperature
ambient temperature

thermal resistance,
junction to case

e
6.4 = thermal resistance,
Fsa

:’ :]
]

1

case to heat sink

= thermal resistance,
heat sink to ambient temperature

All temperatures, °C
All thermal resistances, °C/watt
Total thermal resistance

eje = 9]c + 6 + Osq

T Ts
Tf g c s 54
T; = junction temperature

Heat sink area, in—p

1000 e

—+—++
ounted in the cen-][]
ter of square sheets oftH
1/8-inch thick bright alu-]]]
A minum, Heat sinks were
\ held vertically in still air.]]

(Heat sink area is twice]]]

a
£
Y
g

\' the area of one side

de.)
100 1| T
Experimental average [
0., =32.64 0472 1
10
1.0 10 100

Osa , thermal resistance, °C /watt—m

(a) (b)
Typical Mounting Thermal Resistance

[o] . .

Kit No. Insulating Washer (0.s) °C/w (includes contact resistance)

Dry With DC4*

- No insulator 0.20 0.10
MK-10 Teflon 1.45 0.80
MK-15 Mica 0.80 0.40
MK-20 Anodized Aluminum 0.40 0.35

*DC4 is Dow Corning No. 4 Silicone Lubricant.
mended especially for high power applications. T

The use of the DC4 or equivalent is highly recom-
he grease should be applied in a thin layer on both

sides of the washer. When transistors are replaced in the sockets a new layer of the grease should

be added.

(c)

Fig. 7.3 Basic components of themal resistance. (a) The resultant thermal resistance is
the sum of the separate series components. (b) Thermal resistance to the environment of
an aluminum plate. (c) Junction 1o case resistances of typical Motorola components.
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a

*Dissipation at the emitter-base junction is usually negligible compared with dissipation at the
collector-base junction.
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2N1537
5 N
125ma
100 ma
4
75ma
T 3 (__ 50ma
g 25H-—-F- =)0
° I
o 2 :KZSma
Load Iine\ 15ma
1 I 2 F10ma
} \ —
T \ Ip=5ma \WVgp=0
| A
o ! X
0 20 3640 60 Vipax 80 100 120 140

Vee . volt —p

Fig. 7.4 Collector characteristics of the common-emitter circuit with
superimposed load line and constant power hyperbola.

PROBLEM 7.2 Design the power amplifier circuit of Fig. 7.5 for maximum

power
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output using the transistor characteristics of Fig. 7.6. The additional parameters

are
T, max = 80°C,
T,=25°C,
;. =0.6°C/w,

0.6 =0.2°C/w, > See Fig. 7.3
esa = O.SOC/W.

Use approximate methods of analysis. Neglect distortion and leakage currents.

5 L}
120 ma
Vee l——QSma
4
=70 ma
3 45 ma
1 PC =42w
a
5 \ 20ma
. 2 X,
< \ 15ma
10ma
Fig. 7.5 Simplified power amplifier circuit. 1 - 5Sma
Q Ig=0 Ip=—5m4g
Load line ‘\
0
0 20 40 60 80 100 120 140

VCEI vOlt m—t

Fig. 7.6 Superimposed load line and Pc = 42 w hyper-
bola. The current at Q = 1.05 a.

Solution: First determine the permissible power dissipation. Total thermal re-
sistance 0;, is 6j, = 0.6 +0.2 + 0.5 = 1.3°C/w. Hence,
0;a 1.3

The hyperbola corresponding to this power is plotted on Fig. 7.6. A load line
(Rr = 38 Q) is sketched from V., = 80 v tangent to the hyperbola, and the op-
erating point Q is noted. This load line avoids both the high-voltage and high-
current regions of the characteristics, where excessive curvature occurs.

Maximum load power, from (7.9), is 1/2 P¢c =42/2 =21 w. Total quiescent

power, from the load line, is m

PTOT =VchIcQ=80><1.05=84W. . el

Ll A
This high input power is required since 42 w are dissipated in R,. To avoid this Vee
dissipation component, power amplifier stages almost always use transformer
coupled outputs. 0,
PROBLEM 7.3 In the circuit of Fig. 7.7, the transistor is operated at the same
quiescent point as in Prob. 7.2. What is the total quiescent power?
Solution: Assuming an ideal transformer, the d-c load line sees only the tran- -
sistor drop, and extends from V¢ = 40 vertically to Q. The a-c load line passes Fig. 7.7 Power amplifier circuit
through Q as before. Power input is half of the previous value, or 42 w, corre- using transformer-coupled output.

sponding to the maximum transistor dissipation.
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7.2 Distortion

1537
240 2N1537A

Vee=2v

160

—

120

80 \

hrg,

40

Ic,omp —p

Fig. 7.8 The fall-off in hpg at high
Ic is a distortion-producing factor
in power amplifiers.

Ic, amp
0.3} 6L Veg=2v s IN1537A
i
———————— 5 Vee=2v
Base current / CE
4 Q 4 ’
i |
Time 3 : /
W 4
| 0.25 ° / i
0 4 2 '
. : 0.30 S X
X I Ig, amp |
________ .
1 4
|
A P 1
! :
L ';
- 00 0.3 1 2 3

VEB, volt ——=

(b)

Fig. 7.9 (a) Base current distortion with low impedance source (voltage drive)
for the 2N1537A transistor. (b) Distortion in output current of the 2N1537A Fig. 7.10 A plot of collector current I¢c
transistor with sinusoidal base current drive and high impedance source. vs. emitter-base voltage Vgp.
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Transfer T Output ?
)

)
o
L
"""" 1
Slope = — —
Ry,
Vee
Vcg —»

Time

N
] NST ONS TN
Fie. 7.11 Bi Ny~ N I I Via
ig. 7. Biased power stage with ) A

quiescent current going through the Slope = — RS
load. (See Prob. 7.4.) Rg | vpe

Input ‘

Fig. 7.12 Graphical analysis of typical operating conditions

using current gain curves.

Slope of
1

- Rg +Rc¢

Slope = —

RT
RL

Fig. 7.13 Typical bios amplifier with transformer-
coupled output.

Fig. 7.14. Solution to Prob. 7.5.
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25 L
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25
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20 /‘ ,-I‘
s /[ 4
! +75°cf o
: 10 /7'?0’/
-5.; / lll"+2soc

5 a4

v
0/_ VoE =2v

0 0.2 04 06 0.8 1.0 1.2

Ve , volt—»

2N1167
Collector current
vs. base-emitter voltage

(e}

Fig. 7.15 Characteristics of power tran-
sistors, showing some of the effects of
temperature. (a) Collector current vs.
base current, (b) current gain vs. collec-
tor current, (c) collector current vs. base-
emitter voltage, (d) base-emitter voltage
vs. base current, (e) hpg vs. tempera-
ture, and (f) épp vs. temperature.

PROBLEM 7.6 Design a common-emitter power output stage to deliver 17 w of
maximum power to a 10 () loudspeaker coil. Ambient temperature is 25 °C; maxi-
mum junction temperature is limited to 80°C. Use a 2N1537A germanium transis-
tor mounted on a cooling plate which results in 6;a = 1.3°C/w of dissipated power.
Check bias stability and the possibility of thermal runaway. Assume Icpo = 5 ma
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at 80°C. Aim for a stability factor S of about 5. Assume that the output coupling
transformer d-c resistance is 10% of the load resistance referred to the primary.

-~Vece
nml

R, II Ry =100
c, Rc
L
- 2N1537A
+
R,
Ve
Cg
D 2

Fig. 7.16 Transformer-coupled power amplifier. (See Prob. 7.6.)

Solution: Use the configuration of Fig. 7.16. Note the unby-passed emitter re-
sistor Rg used for bias stabilization. Now following the procedures of Prob. 7.2,
we establish a Q-point at Vg =40 v and I¢c = 1.05 a. To minimize shifts in the
operating point with temperature, restrict Al ¢ due to increased I¢cpo to less than
25 ma, corresponding to a maximum S of 5. Letting the reflected load = 38 Q, the
transformer resistance is Rg = 0.1 x 38 = 3.8 ). Resistance Rg may be chosen
on the basis of its quiescent power loss. To minimize power dissipation in Rg,
let Rg = 4. Then,

4+RB
S=—=5, .
4+ Rg [4.38]

1+hFE

where
R, R,
R, +R,
Since hpg = 100 at the Q-point (see Fig. 7.8), we may substitute and solve

for Rg = 16.8 Q maximum for S = 5. From the I¢ vs. Vg cutve (Fig. 7.10), at
I, = 1.05a at 25°C, Vgg = 0.5 v. The voltage at point A is therefore

RB:

VA = 1.05 RE + VBE = 4-2 + 0.5 = 4-7 V.

However, the diode drop cancels Vgg, so that a drop of only 4.2 v across R, is
required. Since

Vece=Veceg+Rclc+RelIc=40+ (3.8x1.05)+4.2=48.2v,
we may solve for the resistances R, and R;:
R, =193 Q,
R, =18.4 Q.
The current in the bias network is approximately

48,2 - 4.2

-0.23 a.
193 a
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Since this is quite large, we might wish to redesign the bias network, con-
tenting ourselves with an increased value of S, or else use a separate bias sup-
ply as shown in Fig. 4.22.

From Prob. 7.2, R; = 38 Q has been determined as optimum, and since R¢ =
3.8 {1, the load impedance observed at the transformer primary is 38 - 3.8 = 34.2 Q.
The transformation ratio, primary to secondary, is therefore V34.2/10 = 1.85.

The rms collector current is

Alc,
22

’

where Alcp_p is the peak-to-peak collector current. Thus, maximum load power is
2
.0
(2 x 34.2=18 w.
24/2

To check for the possibility of thermal runaway, use (4.49);

20.07I¢cgo [Vee - 21c (RE + R¢)).
S@Ia

Substituting numerical values,

VR 0.15> 0.07 x 5 x 107 [48.2 — 2(1.05) (4 + 3.8)] = 0.014.
x 1.

The safety factor is greater than 10. This should provide sufficient margin, even
allowing for the approximate nature of the calculation.

PROBLEM 7.7 In the amplifier of Prob. 7.6, determine the maximum current out-
put without clipping due to saturation. Also determine the distortion for this
output.

Solution: Figure 7.17 gives the transistor collector characteristics with d-c and
a-c load lines and the quiescent operating point Q (which was determined in Prob.
7.2). Figure 7.17 also shows I¢ vs. Vgg (Vgg = — Vg = a positive number).

st

Ic, amp —p

Ip =—5ma

. 2% o / fs0 76 100
e o ’
0.1a Vee 1t —
:VEBI volt Vce. vo

__ 1
'Input Slope = 3
sinusoid

e
o
o
o

[
£4
’—

Fig. 7.17 Excursion of collector current with sinusoidal base-emitter
voltage drive.
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From the saturation point P,, we determine Vg at saturation. If we apply a
symmetrical sinusoidal base-emitter voltage about Q from a zero impedance source,
point P, is established. The output I varies from 0.1a to 2.05a about I¢ = 1.05 a
at point Q. This is the range of the a-c output current swing.

Now determine distortion. This is accomplished by the methods of Appendix D.
Use the following simplified formula, applicable to waves exhibiting primarily a
moderate degree of second harmonic distortion:

p,-Bi 100 litla=21l0

Bl 2(’2—1x)

In the present instance, I, = 0.1 a, I, = 2.05 a, and [, = 1.05 a. Substituting, D, =
1.3%, second harmonic distortion.

x 100 .

PROBLEM 7.8 For the amplifier of Prob. 7.6, determine the driving current and
voltage.

Solution: Refer to Fig. 7.17, and interpolate to establish base currents:
Ic =0.1a, Ig = —3 ma,
Io=1.05 a, Ig = 10 ma,
Ic =2.05 a, Ig = 29 ma.

Peak-to-peak base current is 29 — (- 3) = 32 ma. (From the above tabulation, note
that base current is not sinusoidal, although input and output voltages are nearly
so0.) Peak-to-peak base-emitter voltage, from Fig. 7.17, is 0.7 v. Thus, input
power may be approximately calculated:

Input power = —OL_ 9'—03—_2= 2.8 mw, \
2 242
Power gain = _18 = 6400.
0.0028

This power calculation neglects distortion. However, it is certainly suffi-
ciently accurate for the purposes of designing a driver stage to precede the power
stage.

7.3 Power Amplifier Design Equations
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TABLE 7.1 Class A amplifier design formulae.*

Item Formula Formula
(Rrx0) (Rr=10)
P BVuuxlo _ Rrlo Pe (7.10a)
°max _.4— 2 2 ‘
= R R
Rr=Rs+Re +Re Pce Voelo = Pe P. (7.10b)
210 - max
1
1 Slope = — —-
BV iax + 2Ry 1 BV ax
i R{ Vee m ; TQ — (7.10¢)
} :
' '
2 rol-- e B _ 05 —RL 05 (7.10d)
| ic=I¢sinwe! Ry + 2Rz
fFofr e == _---__:- ===\ 2
i b R. BVmax _ g, BVimex (7.10¢)
3 ! ! H 210 4PC
‘ H i
Ves Vee 2Veec—Ves I . :
Vog ——» = BVpax P—CE'— 0.5 (7.10f)
max
: Rg = Transistor saturation 2P
‘ resistance Io(opt) 1 Iy = v € (7.10g)
., REg = Equivalent d-c emitter BY max
| circuit resistance
R¢ = d-c resistance of trans- Pecax Veclo = Pc Veclg = Pe (7.10h)
former primary winding
) . I ax 2], 21q (7.10i)
Fig. 7.18 Load line construction for

Class A amplifier operation.

Fig. 7.19 Single transistor power
amplifier stage with transformer-

coupled load. (See Prob. 7.9.)

‘Tnntformer coupling to load assumed.

PROBLEM 7.9 Using a 2N930 transistor in the circuit of Fig. 7.19 having a
thermal resistance of 500°C/w and a permissible junction temperature of 175°C,
calculatel g ¢, Ve e, P,, 7 (the collector circuit efficiency), and R.. Use BV .y =
40 v, Rg = 50 Q, and assume an ambient temperature of 70°C,

Solution: Start by determining the permissible transistor dissipation:
175°C -70°C = 500°C/w x Pg.
Solving, the maximum permissible dissipation P is 0.21 w. Also,
Rr=Rc + Rg + Rg =150 + 50 + 50 = 250 Q.

To determine the required performance characteristics, merely substitute in
the formula of Table 7.1:

BV 16 Pc R
1 - max (o} T
Qo = ——— + -1 . 7.10g|
"t Rp BV: . L



Power Amplifiers 173

Substituting numerical values, Ioopt = 9.4 ma. Continuing, we obtain by direct
substitution the following quantities:

B
Veeo = Vinax +22 Rrlg 22.3 v, {7.10c]
B I :
p,-BYmaxlo Rrlo a5, [7.10a)
4 2
Ry =Ry =2Vmax_ g _21300Q, (7.10e]
21,
Ry’
N=——-t = 0.405, or 40.5%. [7.10d]

2(R]_,’+ 2 RT)

7.4 Common-Base Connection

P2 =
1, — —E=0
¥ 20 40 50 60 80 100 120 VeR —Vee

Icpo

Ve
Fig. 7.21 Common-base transformer-coupled output stage,

Fig. 7.20 Common-base characteristics of the 2N1537A BVcpo = 100 v.
transistor at Ty = 80°C and BV¢cpo = 100 v. '

PROBLEM 7.10 Design a transformer-coupled common-base power output stage
under approximately the conditions of Prob. 7.6. Assume the transformer d-c re-
sistance is 10% of the reflected load resistance and determine the optimum output
transformer ratio. Calculate maximum load power, distortion, input current, volt-
age, and power, and approximate input impedance, with current drive and voltage
drive. Determine V oz and compare with the common-emitter amplifier of Prob. 7.6.

Solution: The circuit configuration is shown in Fig. 7.21. From Prob. 7.6 and
the manufacturer’s data in Appendix A, extract the following parameters:

T,
T
0

80°C, allowable junction temperature,

o = 25°C, ambient temperature,

1.3°C/w, thermal resistance,

ja
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Icgo =5 ma at 80°C,
BVCBO = 100 v.
Using these parameters, calculate permissible junction dissipation:

po.Ti=Ta _80-25_ ,
0,4 1.3

Now refer to Fig. 7.20 where the 5 ma Icgo is shown on an exaggerated scale,
since otherwise it would not be discemible. For the common-base connection,
voltage breakdown occurs at BVcpo. A load line may therefore originate at 100v
on the horizontal axis. For a permissible transistor dissipation of 42 w, the load
line must be tangent to the P¢ = 42 w hyperbola at Q(50 v, 0.84 a). This is the
operating point. The load line, therefore, corresponds to
50
Ry = o8a" 59.5 Q.

We have assumed that 10% of the apparent load resistance occurs in the out-
put transformer winding, a reasonable assumption related to transformer efficiency.
Thus, Rg, the transformer resistance, is 5.95 ), and the effective load resistance

must be 59.5 ~ 5.95 = 53.5 Q. Since the load is actually a 10 Q resistor, the turns
ratio may be determined:

53.5
= 1/232_ 23,
" 10

Calculate power output P, to the load. The rms current is I, = 9\% =06 a
2

(neglecting distortion). Therefore,
2
P, - 0—8_—4> x 53.5=19.2 w.
V2

Saturation actually reduces the power output slightly.
Now establish Vc:

Vcc = VQ + Rc IQ = 50+ 5.95 (0.84) =55v.

For sinusoidal input current, output distortion is negligible. This is a direct
consequence of the current gain characteristic of the common-base circuit, where

Ig=_hre

= Ig, hrpg >> 1.
1+hFE E FE

However, there is no current amplification.
The driving voltage, on the other hand, is decidely nonsinusoidal. The Vgp

vs. I¢ curve, Fig. 7.22, is used instead of the usually unavailable Vgp vs. I
curve, with little loss.of accuracy. Note that the curves used should correspond
to the actual junction temperature.

From the operating points superimposed on Fig. 7.22, the evidence of voltage
distortion is apparent. The lower voltage extreme is 0.45 v below the quiescent
value, while the upper extreme is 0.3 v above the quiescent value. Using our ap-

proximate formula for second-harmonic distortion from Appendix D,

D2 (%)=E1+E2—2EQ .
2(E, ~E,))

Substituting numerical values,

0+ 0.75 - 2(0.45)

|D,| (%) = 0750

x 100 = |~10|% = 10%.
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The negative sign has no meaning; the second harmonic distortion is 10%.
The fundamental component is similarly evaluated:

Fundamental = #;

then substituting, the fundamental voltage is 0 + 0.75/2 = 0.375 v peak, or 0.265
v rms. Since I; = I, = 0.6 a rms, input power is

P, = 0.265 x 0,6 = 0.158 w.

Power gain is 19.2/0.158 = 120. This is much less than the power gain of the
comparable common-emitter circuit, explaining why the common-base circuit is
not often used.

Input impedance is readily estimated:

_0.265 v
" 0.6a

This is much lower than for the common-emitter connection.

The only significant advantage over the common-emitter connection, apart
from the somewhat increased output power rating, is the reduced distortion. This,
however, can also be achieved by negative feedback from the power stage output
to earlier amplifier stages (see Chap. 8). The high input current requirement of
the common-base amplifier is a serious disadvantage.

Now consider the same common-base amplifier circuit, Fig. 7.21, driven from
a sinusoidal voltage source. This could be, for instance, a transformer input with

a sufficient voltage step-down to reduce generator resistance Ry to a negligible
value.

R, = 0.44 Q.

2N1537A

Vee=2v

4 /,
T 3

[N

E

o

53]

Py

/

o 1.70 p - ==~ - -
|
o \
1 ]
0.85 - —~-A1 1
0o
! 1
0 "
' 0.45‘ 0.7? 1.0 2.0 3.0
E, Eg E, VR, volt ——p
Fig. 7.22 Emitter-base voltage vs. collector current Fig. 7.23 Influence of generator source re-

for T = 80°C. sistance on a 2N1537A transistor stage
characteristic.

Figure 7.23 shows how the now distorted input current is obtained by graphi-
cal construction. From the figure, we see that a maximum V; = 0.3 v peak (cotre-
sponding to 0.212 v rms), which avoids saturation clipping. Second harmonic
current distortion is (from Appendix D)

I+1,- 2,

D, (&) == aQ,-1)

x 100,

Substituting numerical values from Fig. 7.23, D, = 10%.
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Fig. 7.24 Common-collector power
stage driving an 8 ) load.
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Neglecting harmonic distortion, input power is approximately 0.212 x 0.545 =
0.115 w. The fundamental power output is

P, = (0.545)* 53.5 = 15.8 w.

Thus, power gain is 15.8/0.115 = 138,

We may see the effect of introducing some moderate value of source resistance
Rg- Figure 7.23 shows an input load line corresponding to an R, of 0.93 Q. In-
put voltage must be increased to 1,08 v peak, or 0.765 v rms, leading to an in-
creased power input, P, = 0.545 x 0.765 = 0.418 w. Distortion is essentially un-
affected by introducing R,. Much greater values, approaching a current drive
input, would be required.

The input resistance for voltage drive is

0212

Ri
0.545

0.4 Q,

nearly the same as for current drive.

7.5 Common-Collector Power
Amplifier Stage

PROBLEM 7.11 Using the 2N1537A transistor with the same characteristics as
in Probs. 7.6 and 7.10, design a common-collector power stage to drive an 8 Q
loud-speaker coil without an output transformer. Calculate maximum power out-
put, distortion, input power, and power gain. Determine Voc and Vgg. If the
transformer has a secondary resistance of 1), i.e., Rp = 1Q, calculate the sta-
bility factor S. Source impedance R, = 0.

Solution: Refer to Fig. 7.24 which shows the configuration of the power-stage
circuit. Using the thermal characteristics of Prob. 7.6, permissible transistor
dissipation is 42 w. Now draw a load line on the collector characteristics of Fig.
7.25. Since collector and emitter currents are nearly equal, the load line is drawn
to correspond to an 8 2 load. Therefore the figure will show the load line and
the operating point Q corresponding to a 42-watt dissipation. Limiting the total
output signal swing to avoid clipping due to saturation, voltage ranges from 3.5 v
to 36.3 v, and the current swing is 4.2 a, p-p. Collector supply voltage V¢ is
thus 36.6 v. Neglecting distortion,

33 X 4'2_= 17.3 w.

2v2 242
Figure 7.26 shows the Iz (= 1) vs. Vgp characteristic, From this curve and
the relationship

P, -

Vi=Ic RE + Vgp

(V; = base voltage), the required swing of V; is determined as + 17.6 v around a
bias point of Vgg = 17.6 v. Because of this symmetry, there is no distortion to
affect the accuracy of our calculations.
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2N1537A

T; = 80°C

1

8
l— 26 ma (interpolated)
20ma

15ma
10 ma

Sma

/Oma Igp=—5ma
_ B>

0
01 20 f40 60 80 100 120 140
3.5v 36

Veg ., volt —

Fig. 7.25 Collector characteristics with superimposed load
line for Prob. 7.11.

Input (base) current is readily determined from Fig. 7.25:
Ig . =0.095a,
Igo =0.,026 a,
Ig . = - 0.005 a.

Input current is very roughly

0.095

— = 0.0475 ma peak, or 33.5 ma rms.

This neglects distortion. Thus,

V2

R,=—2° ___373Q.
17 33.5% 10-® 3

Continuing,

17.6

P, = x 33.5 x 10~ = 0.418 w.

To calculate S, use (4.38):

s=1+8e_ 1,1 110,
R 8

E
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2N1537A
5 VCE=2V
- O
a2 Ti=80c | __
/l
]
]
[}
1 3 1
a / :
A |
G I
2l 1
'.2) i
1 :
[}
|
0 |
0 1.0 2.0 3.0

Vep,volt —e

Fig. 7.26 Emitter-base voltage vs. collector current.

(See Prob. 7.11.)

It can be seen that I is quite nonlinear, so that a low source impedance is nec-
essary to insure low output distortion. Using the methods already applied several
times in the preceding problems, it may be determined that a 40 Q0 source imped-
ance leads to about 5% distortion. The 1 Q transformer resistance leads to negli-
gible distortion.

Power gain is 41.5, by far the lowest figure of each of the transistor configurations.

This low stability factor is characteristic of transformer-coupled input circuits..

To calculate collector efficiency 7, note that quiescent battery power is 36.6 x

2.1 =77 w. Efficiency, the ratio of power output to input d-c power, is 17.3/77 =
This poor efficiency is primarily due to the d-c dissipation in the 8 Q
emitter load resistance.
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Fig. 7.27 Push-Pull transistor am-
plifier with transformer-coupled in-
put and output.

Fig. 7.28 Classes of amplifier oper-
ation determined by portion of cycle
in which the transistor is cut off.

stage,
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7.6 Push-Pull Amplifiers

olbg’y &éve oped below is ¢

7.6a Class A Push-Pull Amplifier

PROBLEM 7.12 Design a push-pull Class A amplifier by combining two ampli-
fiers of the type designed in Prob. 7.6. Draw load lines, determine its power out-
put to a 10 Q load, and determine its second harmonic distortion when operated to
the point where clipping barely occurs (maximum output). Also determine its ef-
ficiency, and calculate the output transformer turns ratio.

Solution: The push-pull circuit is shown in Fig. 7.29. Figure 7.30 shows the
composite transistor collector characteristics, obtained by superimposing the two
sets of characteristics to show push-pull behavior. Resistances R, and Rp are
used to adjust bias, as well as to optimize diode temperature compensation. The
diode provides a compensating voltége drop for the variation in Vg with tem-
perature,

From Probs. 7.6-7, the following quiescent operating conditions for the sep-
arate transistor circuits are established:

Ic, =1, =1.045a,
VCE = 40 A\

The voltage drive is 0.7 v p-p, and bias is adjusted for the required Q-point.

The design is similar to the design of single-ended Class A amplifiers, except
for the effect of the output transformer, which couples the separate circuits. The
basic transformer equation is

I,=nd. -1.).

Since the separate outputs are 180° out of phase, lcl is maximum when ICz is
minimum, and vice-versa.
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o

I_ 2 —_
_Rp=2n Ry =38()

)

Fig. 7.29 Push-pull power omplifier showing tempera-
ture-compensated bias circuit.

Substituting extreme values,
I, =n(2.05-0.1) = 1.95 n = I, positive maximum output,
I, =n(0) = 0 =1, quiescent output,
I,=n(0.1-2.05)=-~1.95n =1, negative maximum output.

It may be immediately noted that current swing is double the value for the single-
ended circuit. Because of the symmetry of the peak output currents, the second
harmonic distortion is zero (assuming identical transistors and ideal transformers).
This freedom from even harmonic distortion is characteristic of symmetrical push-
pull stages.
The voltage swing across the load resistance Ry is (38 + 38)/n v p-p. Calcu-
late power output:
P -

o

195n 38 oo

X =
V2 n\2
assuming an ideal output transformer.

From Fig. 7.30, since ‘R;, = 2n°R;, and R, = 10, R} = 38. We may solve for
the turns ratio (1/2 of primary to secondary), n = V1.9 = 1.38.

With regard to efficiency, note that the output voltage swing is unchanged,
and the output current swing is doubled, in comparison with a single-ended stage.
Also, the supply voltage V¢ ¢ is unchanged, and I is doubled. Thus, efficiency
is the same as for a single-ended stage.

PROBLEM 7.13 Draw the equivalent circuit for a push-pull Class A amplifier.
Reduce it to a simple format for easy analysis.

Solution: The equivalent circuit is shown in Fig. 7.32. Because of symmetry,
the circuit may be reduced to the single-transistor circuit of Fig. 7.33, where the
circuit parameters are modified appropriately by factors of two. The equations for
the single-transistor circuit of Fig. 7.33 are identical to the equations of the com-

100

VeE, volt —a»

R =380

Fig. 7.30 Superimposed collector
characteristics for evaluation of
push-pull operation. Load lines
are shown for a Class A circuit.

50
0.8 F 40
30
0.6 A\ 20
Sl ope=~ 15
0.4 S Q 108
- BN 64
—
0.2 \\ j
Y ,_/0
0 \NA

0 10 20 30 40 50 60

CE

Fig. 7.31 Curved load line in push-

pull transistor circuit.
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Br,
21,8

Ry,

—
-

Bl Fig. 7.33 Simplified single-transistor equivalent circuit of
b push-pull Class A amplifier.

Fig. 7.32 Equivalent circuit of a push-pull
Class A amplifier.

plete circuit of Fig. 7.32. The reflected load impedance is n*R , half of the load
for each transistor.

7.6b Class B Push-Pull Amplifier

Ic

Load = n’Rp =R},

Vee 2Vee

Veg —»

Fig. 7.35 Load line for o Class B amplifier,
- le.
Fig. 7.34 Push-pull Class B amplifier. cut-off for half a cycle
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T; = 80°C

Double amplitude
T 2Vee

Double amplitude
= 2Vee

Fig. 7.37 Waveforms in a push-pull Class B amplifier.

Fig. 7.36 Superimposed collector character-
istics for evaluation of push-pull operation.

Ic,
distorted

sinusoid

(a) (b)

Fig. 7.38 (a) Superimposed 2N1537A transistor characteristics showing distortion in
push-pull output. This distortion is due to an equivalent offset in Vgg. (b) Typical
crossover distortion in a Class B push-pull amplifier.
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5 r
t TABLE 7.2 Class B push-pull amplifier, design formulae.
4}
2 3t Ttem Formula Formula Equation
2} (Rrx0) (Rr=0)
1k
-] 0.15
N v N VZCC RL'. VZCC 7 12
— 3 ; ©max NI iR, (7.122)
-2 -1 +0isv 4(Rr + R) Ry
-1 Vg —»
- -2 2 2
g 174 14
P —cc —cc (7.12b
4-3 CEmax ”zRZI. w? R[: )
4 —4
d -5 !
. T_Re 0.785 (7.12)
(a) 4 RT + RL
2 2
R Yo Yeo (7.12d)
s Pc m PC
2 ‘ 2 2
~ Omax. (R 7 2.466 (7.12¢)
PCEmax 4 RT + RL 4
2V~ BV ax Voo + 7 Pe Re Ve BV
Vee Vee = wax (7.12f)
= BVmaxPC RT’Tz
Ve Ve
Pet gy Ve _ ce (7.129)
7T(RT + RL) ﬂRL
(b) For I, =klcmax, k<1
Fig. 7.39 (a) Superimposed 2N1537A 2
If‘rcmsistor chara f:feris.fics.sho“.rin.g Pcc k Vee (7.12h)
ow crossover distortion is elimi- "RLI.
nated by modifying the bias of push- .
pull transistors. Compare with Fig. (per transistor)
7.38(a). (b) Class A-B push-pull am- kn
plifier biased to eliminate crossover n —_ (7.12i)
distortion. 4
K'Ve
P Z_~¢¢c (7.12j
° iR, )
(per transistor)
Lo Vee_ Vee (7.12K)
RT + RL RL
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R¢
AAA Rr=Rg+ Rc+Rg
A\ A4
2n:1
8
(o} Q2 Ve RL<: Vi i, =
l Ic sin wt p--f-meue- Loadline
) E anL —_ RL’,
Rpg REg !
]
(]
Bias _L RC N 5 Q
= Ves Vee BV

2V - Ves =BV
Fig. 7.40 Class B push-pull circuit rearranged for convenient ce cs max

calculations. Fig. 7.41 Load line characteristics

applicable to the push-pull Class B
circuit.

PROBLEM 7.14 For the Class B circuit of Fig. 7.42, determine V¢, P,, n, 7,
R;, R,, and R,. Use a maximum collector-emitter voltage, BV, ax = 45 v. Thermal
resistance 0, = 500°C/w, and T; = 175°C, max. Assume that the maximum am-
bient temperature is 70 °C, R,

— AWV

2n:1

=2130Q)

Rc=30()
Fig. 7.42 Push-pull Class B transistor amplifier. (See Prob. 7.14.)

Solution: Estimate allowable collector dissipation Pg:
1
Pc = 175 - 70) = — (105) = 0.210 w.
c =06;a(17 ) 500( 5) w

Saturation resistance Rg =50 (see Prob. 7.9). No emitter resistor is used,
since for Class B biasing, minimum power loss is more important than stability.
Therefore,

Rr =Rc + Rs =50+ 30 = 80 Q.
To find V¢, refer to Table 7.2:
2Vee = BVmax Voo + 7 Pc Rr Voc = BVmax Pc Rr n®. [7.121]
Substituting numerical values and solving,
Vee =25.14 v,
For our purposes, it is sufficiently accurate to let

Vcc = 25 V.
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sol 2N930
T Ty at 175°C ]
!
9 ]
E /
030} approxima-;f Actual
o~y

0 0.1 02 03 04 0.5
Vee ., volt —

Fig. 7.43 Approximate method to
determine bias offset to eliminate
crossover distortion.
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Again, referring to Table 7.2,

VZ
Ry = —S€ - 302Q, [7.12d]
T e
2 ’
omax = —VC—CR—L,-= 0.323 w per transistor. [7.124)
4(Ry +R.)?
For both transistors, Pomax = 0.646 w.
Continuing,
Mmax = —FE__ _ 0.62 or 62%. [7.12¢]
4 RT + RL’

The transformer tums ratio is obtained from the relationship R;’ = n*R., so that
n = 0.376.

To minimize cross-over distortion, particularly important at small-signal am-
plitudes, a bias of Vpg = 0.25 v at T; = 175°C is required (see Fig. 7.43). This
curve is actually derived from the 125°C cutve, since the curve for 175°C was
not available. The required characteristic is derived from the 125°C hpg vs. I¢
characteristic. (Approximations in our method are acceptable, since hArg nor-
mally varies more among individual transistors than with temperature. Further-
more, refinements in adjustment are best made experimentally.) The sloping
straight line approximation moves 2 mv/°C to the left for increasing 1.

We may use a silicon diode for R, in Fig. 7.42. The diode should carry about
ten times the sum of the base bias currents for the two transistors, or about 5 ma.
Since Voo =25 v,

Vcc 25

- — = 5000 Q.

R, — =
5x 10 5% 10

n

If we do not use the temperature compensating diode,

0.25
R,=_—"""__500.
? 7 0.005

PROBLEM 7.15 In the circuit of the preceding problem, what is the input power
for maximum output? What is the power gain?

TABLE 7.3 Measured parameters on a 2N930 transistor.

I T; = 175°C T, =25°C | T, =175°C

o hpg Ig, ua) Vee (V) Vpe (v)
460 2.2 0.515 0.215

2 490 4.1 0.54 0.24

500 10 0.56 0.26

10 490 20 0.58 0.28

20 425 47 0.61 0.31
30 380 79 0.635 0.335
40 335 120 0.655 0.355
50 310 161 0.67 0.370

60 290 206 0.68 ©0.38
70 250 240 0.695 0.395
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Solution: Refer again to Table 7.2:

Ig max = —2SS — 22 _ 0,0655 a. [7.12k]

From Fig. 7.43, this yields Vg = 0.395 v, and from Table 7.3, I = 240 pa. Neg-
lecting distortion, we need Vg = 0.15 v peak at Ip = 240 p a peak, for a collector
current of 65.5 ma. Thus,

_ 0.15 x 240 x 10-°

P Bl =18 pw,
' VZ x V2
0.646
p in = 9046 _ 3¢ 000.
ower gam 18 » 10-—6

7.7 Supplementary Problems
PROBLEM 7.16 Define the terms Icgo, BVceo, and BVcgs.
PROBLEM 7.17 Explain the avalanche effect.
PROBLEM 7.18 What is the effect of temperature on hy, and I,.,?

PROBLEM 7.19 (a) Define thermal resistance. (b) Describe mathematically
the effect of change in temperature on the power that is transferred to a body.

PROBLEM 7.20 Derive the optimum bias point of a common-emitter amplifier
for maximum power output.

PROBLEM 7.21 What is the maximum efficiency of a class A amplifier?

PROBLEM 7.22 Design a power stage for maximum power output using the cir-
cuit of Fig. 7.5 and the transistor characteristics of Fig. 7.6. Ignore distortion
and assume negligible leakage at the temperatures of interest. Maximum junc-
tion temperature is 150°C; maximum ambient temperature is 50°C. The total
thermal resistance from junction to ambient is 2°C/w.

PROBLEM 7.23 Repeat Prob. 7.22 for the circuit of Fig. 7.7.

PROBLEM 7.24 Consider a 2N1532 transistor in the circuit of Fig. 7.19. Let
Rc=0Q, Rg=100Q, Rs=29Q, and BVcgo =50 v. The junction tempera-
ture is 90°C, the ambient temperature is 50°C, and the thermal resistance ;¢ is
0.6°C/w. Evaluate Ig ops Voo, Po, 1, and R,. Compare the results with those
of Prob. 7.9. (Cf., App. A for the characteristics of a 2N1532 transistor.)

PROBLEM 7.25 Repeat Prob. 7.24 using the push-pull circuit of Fig. 2.42.
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Fig. 8.1 Block diagram of a feed-
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|a]

€

Without fb

With fb

0 Wy Wy
Q) i

Fig. 8.2 Frequency response of an
amplifier with and without
feedback.

B

Fig. 8.3 The effect of a distur-
bance, such as noise, on a
feedback amplifier.
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8.2 Types of Feedback

PROBLEM 8.3 Referring to Fig. 8.4a, state what type of feedback is used.
Calculate input and output impedances, and voltage gain.

Vee=30v - - Ry -
o [ A 1

I; Iy
— —
}

| |
!
| |
| - |
+ ' R + | RLé
Rgl Vv Vo | <
\7 i A, V; !
| | |
= | !
— ] ]

(b)

Rpg + ke Ip, hoe Rg

O L g L L ® *——0

Fig. 8.4 (a) Feedback amplifier. (b) Equivalent circuit of (a). (c) Transistor equivalent
circuit.

Solution: The derived feedback is proportional to the output voltage. This is
voltage feedback. The feedback voltage acts to inject current into the transistor
base circuit, in parallel with and subtracting from the applied current, I,. Figure
8.4b shows a simple equivalent circuit, in terms of input and output impedances,
of the common-emitter transistor stage. The hybrid circuit for the transistor itself,
including the bias resistors, Rp and Ry, is illustrated in Fig. 8.4c.

To calculate voltage gain from Fig. 8.4b, it is necessary to determine 4,,
the voltage gain in the absence of feedback. An effective load resistance R
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must include the separate parallel paths of R; and R;. Resistance R; must be
known in order to calculate the open-loop gain A,. Fortunately, R, is so high
that we usually ignore the contributions of R; in determining RL.

Now calculate 4,7 , the voltage gain with R, connected:

Ay = Yo ~Ry By . [5.8]

v, h,, [1 + Ry (hoe - ﬁ#’_’)]
ie

Calculating R;, as described above,

RL R
Ri. = LS H Rfl
RL + Rs
or, substituting numerical values, R; = 3220Q. Substituting in (5.8), the expres-
sion for voltage gain in the absence of feedback is 4,, = —420.
Define a voltage feedback factor, 8, , such that

[
B =—Ri_, (8.20)
R{ + R{
where R, is the parallel impedance of R; and Rg, the bias resistor.
From (5.6),
Ri - h,, _ h!e hre .
A 1
oe t 'R—l,“

Substituting numerical values in (5.6), R; = 2030Q. This is essentially equal to
R/, since the contribution of Rp is negligible. Therefore,

8, - 2030
'™ 100,000 + 2030

= 0.0199.

We may use this feedback factor to develop a convenient formula for input
impedance including the effects of feedback, R;s:

Vi
R = ="
it I,
Ii = Ib _I[ ’
V.
I, = e,
" AvL Ril
V.
l, = —2 .
TR+ R
These equations may be combined to yield an expression for R;s:
Rif = —V—i = ———Ilﬁ——, (8.21a)
Ii Ib _ Vo
R; + Rl
or
’
Ry¢ = —-—Lb—-Rii——, . (8.21b)
Ib _ Ib AVL Ri

R;+R[
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Cancelling I, and substituting the expression for B, in (8.21b),
R/
Ry=—"2__ (8.22)
1-4,. 8,

Recalling that A, ; is negative, note that parallel feedback decreases the in-
put impedance of an amplifier by a factor of 1 -~ A4, B, or, more generally,
1 - A, B, where A, is voltage gain, and 8 is the fraction of fed-back voltage.
Substituting numerical values, 1 - 4,; B8, = 9.35, and R,,; = 2030/9.35 = 217 Q,
a very large reduction due to feedback.

Consider the effect of feedback on voltage gain:
Vo Ril

A, . (8.23)
Vg L Rif + Rg

Substituting numerical values,

Yo o _420 A7 _ _7s.

21
Vg 1217
Without feedback, R, = 2030Q is used instead of R;; in the equation for gain.
Numerically,

V. “RIiR,
Feedback has led to a substantial loss in gain. However, gain variation and
noise have been reduced by the same factor, achieving important advantages, as
previously explained.

The output impedance remains to be calculated. To do this, “‘cut’’ the output
circuit as shown in Fig. 8.4b, and determine the impedance seen looking back
into the amplifier from R .

Define a voltage gain, A,,, analogous to A, , but with Ry, removed. A new
parameter, R/, is the apparent input impedance seen looking back toward the input
through R, :

[
Yo _4 Ri 420 2030 _ oo
3030

" R’R
R/ =178 |
R1+Rg

Therefore,

V, R
V,= —2 _yp .
" RI+R, o By

The basic transistor output impedance in the absence of feedback, R, (Fig. 8.4c),
is determined as
Rp=— 1 [5.9]

hoe _ hfe hre

hie + Rg ¢

Referring again to Fig. 8.4b, R, is parallelled by Rs and R: + R/'T R; to give an
effective output impedance, R,, still omitting the effect of feedback. Similarly,
we may determine the open-circuit voltage gain, 4,,, with R;, removed. Gain 4,,
is computed using the previously developed gain formula with a load resistance

R! - R¢Rs ,
R{+ RS

the resistance parallelled with R, in calculating R,. The following formulae are
applicable:
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Ay, = .Z_ - ~hee Ry , (5.8]
' By |1+Ry (ho, _Biohee "")
hie
R,-_ L . (5.9]
hoe _ ble bre
hie + Rg

Now include the effect of feedback to calculate R, the output impedance in
the presence of feedback. The feedback voltage, with V, applied to the output
and V, shorted, is

V- v, i

_R | (8.24)
° R} + Ry

where R/ is the parallel impedance of R; and R,. The ratio, Ri/(R/' + Ry), is an-
other feedback factor, B,, specifying the proportion of output signal fed back to
the input. This fed-back voltage is, of course, amplified and applied to the out-
put as V, 3, 4,,. Output impedance, Ry, is easily calculated from output cur-
rent, I :

1, = Vo _Vo BzAvo
L= ———/—5
R,
Solving for Ry = V, /I,
RI
Ryf= —2>—. 8.25
of 1 —Avo Bz ( )

This formula shows how output impedance is reduced by the factor, 1 — 4., ,,
due to voltage feedback.
Substituting numerical values in the above formulae,

Ry =4750 Q,
R/ =705 Q,
A,, =618,

vo —

R, = 84 K (transistor alone),

R! = 4500 Q,
1-4,,pB, = 1.425,
R, = 3160 Q.

Note that the decrease in input impedance is not the same as the decrease in
output impedance.

PROBLEM 8.4 Repeat Prob. 8.3, using the circuit of Fig. 8.5a.

Solution: Figure 8.5a shows a common-emitter feedback amplifier. Feedback is
taken across a resistor in series with the load. The fed-back voltage is propor-
tional to load current; this is current feedback. Figure 8.5b shows the equivalent
circuit of this feedback amplifier. The fed-back voltage is summed at the input
in series with the applied input signal. The amplifier equivalent circuit without
a load termination, but including bias resistors, is the same as given in Fig. 8.4c.
Now start by calculating voltage gain, and then the input impedance. Use
roughly the same procedures as in Prob. 8.3. However, we can use simplifying
approximations more freely. Highly accurate calculations are rarely justified.
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(a) (b)

Fig. 8.5 (o) Amplifier with feedback voltage proportional to foad current. (b) ‘Equivalent
circuit of (a).

If we neglect a small amount of forward feed from input to output through R,
and ignore the loading effect of the 100 K() feedback resistor Ry, then the gain,
A,p =-420, is the same as in Prob. 8.3. The feedback factor is easy to calculate:

R 1
S
Again, by referring to Prob. 8.3,
R/ =12030 Q.
We must now calculate R, = V,/I;. From Fig. 8.5b,

Vi=Vpe — Vs,

Vi=A,L Ve By,

1, = Yoo
R,

Combining and solving,

Vi=Voe—AvL Voo By = Vi (1 — 4,1 B)),

-4
Ry=Yi_Veell=4vB) 4 gyps. (8.26)
Ii Vbe

The series feedback at the input increases the input impedance by a factor of
(1 - AvL Bl)-
Substituting numerical values,

A,L B, = (-420)(1/20) = - 21,
Rye = 2030 (1 + 21) = 44.7K Q.

Now determine the closed-loop voltage gain:

_& = VbeAvL = Vl AVL )
Vg Vg (1 = AvL ﬁx) VG
But
V, = V, _L“__ ,
Ri{ + Rg

so that
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Yo_ 4w  _Rue (8.27a)
Vg (1 - AvL ,31) RH + Rg
For substantial feedback, where A,y 8, > 1, and R;s > Ry,
Voo 1 Rt o~ 1 (8.27b)
Vg ﬁx Ry + Rg /31

Thus the closed-loop voltage gain becomes, to a large extent, only a function
of the feedback factor 8,. Substituting numerical values, solve for 4, the volt-
age gain in the presence of feedback:

44,700 420y
4. _ Vo _ 45,700
G 7R P )
--19.1.

The approximate value, A,; = —1/B, = =20, checks very well. Without feedback,
the gain is
!
_Ri 4, = 2080 o0y 282,
R/ + R, 3030

The reduction in gain is accompanied by greatly improved stability. Very
large percentage changes in the transistor characteristics are accompanied by
very much smaller percentage changes in amplifier gain with feedback. Where
very high gain is required, it is much better to cascade stages, while employing
generous amounts of feedback.

Now we calculate the output impedance. Proceeding as before, we open the
output circuit by disconnecting R;, and substituting an externally applied volt-
age, V,. Source voltage V, is short-circuited. For this condition, the voltage
gain, as before, is A,, = ~618 (neglecting the small influence of Ry). Hence,

R
Vi=RfIL=E'+—f'ktVo=B2Vo )
R Vo “R[AvoIL +R,;IL +RfIL
ol: — I 7
IL IL
R°f=R¢: +Rf(1_Avo)' (8.28)

Current feedback has increased the output impedance by R;(1 - 4,,). Substituting
numerical values,

R, = 4500 + (500)(421) = 25,500 Q.
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€ip

B

e =¢e; —esp, in the closed-loop circuit

Fig. 8.6 Open-loop configuration of
feedback amplifier circuit.

Stable

Marginal -
stability

Unstable

P = Nyquist point at unit distance
from origin and 180°.

PROBLEM 8.5 Refer to Fig. 8.8 which shows several Nyquist complex gain

Fig. 8.7 Polar coordinate Nyquist  p1ots and indicate what plots correspond to stable closed-loop conditions.

plot of open-loop gain. Increased

gain leads to oscillation at fre- Solution: The required solution is noted directly on the figure.

quency ;. If gain is set fo the un- Normally, in the mid-frequency range of amplifier operation, gain is relatively

stable value, resulting oscillation . . . . R . .

leads to a gain loss so that the uniform with frequency, with phase shift approximately zero. It is only in the
curve passes through P.- low- and high-frequency regions of operation that large phase-shifts occur. Thus,

in the design of feedback amplifiers, much attention must be given the low- and
high-frequency gain and phase-shift characteristics to avoid instability, even
though normal operation may be required only in the mid-frequency region.

There is a practical point to be observed in relating open-loop and closed-
loop characteristics. When breaking the loop, care is necessary to ensure that
terminating impedances are unchanged. The load on the open feedback circuit

* The intuitive concept of encirclement becomes somewhat ambiguous for complex circuits, and thus
Nyquist’s stability criterion must be extended. However the topic, amply covered elsewhere, is
outside the scope of this book.
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must correspond to the effective impedance seen by the feedback circuit when
the loop is closed. Similarly, the effective impedance in the amplifier input cir-
cuit must be unchanged for the open-loop analysis. °

PROBLEM 8.6 Consider the simple multi-stage amplifier of Fig. 8.9 which wf
shows the individual amplifier stage and the three cascaded stages, with identical

interstage coupling networks. The fraction of output voltage fed back to the input

is designated as 3. For simplicity, it is assumed that 8 does not affect either

the load seen by the amplifier output, or the driving impedance seen by the input.

For 8 = 1/100, determine whether the amplifier is stable. Use Nyquist’s criterion, (a)
with suitable approximations to simplify calculations.

Stable

Solution: The key to a reasonable and simple solution is to analyze circuit 7
behavior separately at low and high frequencies. The wide separation between
low- and high-frequency regions makes this procedure possible. “)t
Gain falls off at the extreme frequencies. At very low frequency, gain is
attenuated by the series capacitor, C,; at very high frequency, R, in combination
with the shunting capacitor, C,, setves to attenuate the gain.
Consider the interstage network at low frequency, where C, < C, may be
neglected in comparison with R;, and the reactance of C,. The interstage network,
at low frequency, therefore introduces an attenuation (for three stages) of

(b)

Stable

K- [—Bi N _(JoRiC ¥ (8.29) -1
e 1 1+joR;C,
i+

joC,

Substituting numerical values,

/<

Kl = ( jo )3 . Unstable
l+jow (©)
Similarly, the attenuation at high frequency may be approximated. The net-
work companents of importance in this region are R, and C,.In the high-frequency Py
region, C, is essentially a short-circuit, while R; is much higher than the re- 1
actance of C,. Therefore, wf
1 3
. 3
K- |—19G ). ( L : (8.30)
R + 1 1+joC,R, Unstable
° joC, (d)

Fig. 8.8 Typical Nyquist frequency

plots on polar coordinates.

Stage 1 Stage 2

Stage 3

IR; 10e;

o—
o
AL
T4
AN

o G
. a “TATL
e; R; 10e;
CZT R; 10e;| C R

10e;

R; = 100K, R,=100Q
(a) C, =10 uf, C,=0.1puf
(b)

Fig. 8.9 (a) Simple multi-stage amplifier, and (b) its three cascade stages with identical
interstage coupling networks.
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Substituting numerical values for R, C,,

1 3
Kh = e ettt .
l1+jwl0s

Compare (8.29) with (8.30). For (8.29), as frequency increases to the rela-
tively flat mid-frequency region, K; = 1. Similarly, for (8.30), as frequency de-
creases to the mid-frequency region, K, = 1. These limiting high- and low-fre-
quency conditions must, of course, lead to the same mid-frequency gain if our
approximations are valid.

Open-loop gain, used in plotting the Nyquist characteristic, corresponds to
the attenuations calculated by (8.29) and (8.30), multiplied by the feedback
‘factor B, and the gains of the amplifier stages, (10)*. Figure 8.10 shows the
Nyquist characteristic plotted over the entire frequency range. Note that the
Nyquist point is encircled not once, but twice, in both the low- and high-frequency
regions. The loop is clearly unstable.

gle

B Note particularly that (for this special case), the high- and low-frequency
regions of the curve exhibit the same gain at 180° phase shift. Reducing the gain
by 80% (by reducing 8 from 1/100 to 1/125) leads to a marginally stable system.
Of course, this marginal stability is not practical; at least 6 db of gain margin
are normally recommended for the 180° phase-shift point.

]

o|8
]

o

by

)

w
—
—1.25 /'
@

Fig. 8.10 Nyquist plot of transfer
function of Prob. 8.2. Note that
gain is 1.25 at 180° phase for
high- and low-frequency regions.

PROBLEM 8.7 For the feedback amplifier of the preceding problem, determine

the frequency and gain at which phase-shift equals 180° at both ends of the
frequency band.

Solution: The loop gains for 8 = 1/100 are given by the following equations:

. jo
K; (loop gain) = 1o<__,> , (8.29]
l+jw
K, Q iny-10(—2L Y [8.30]
00 ain) = .
nTOoP 8 <1+jw10‘5)

The frequency of K; has a 180° phaée shift when
270° - 3 arctan w; = 180°, or arctan w; = 30°

that is, when w; = 0.577.
Gain at this point may be calculated by substituting w; = 0.577 in (8.29):

0.577°
K| =10 ~1.25.
_ OS5
K] [1+ 0577472

Similarly, K, has a 180° phase shift when
3 arctan 107 w, =180° or tan 60°= 10™ &, = V3.

Solving,

wh=\/§><10’.
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To calculate gain, substitute w, = V3 x 10° in (8.30):

1 _10_
[1+3% 8

x| = 10

PROBLEM 8.8 Solve Prob. 8.6 using the Bode plotting methods of Appendix C.

Solution: The asymptotic solution is shown in Fig. 8.11. The phase shift needs
but to be sketched in, taking accurate points only in the vicinity of 180° phase
shift. A convenient stability check, well-suited to the asymptotic method of
plotting gain, is to calculate phase shift at those frequencies where asymptotic
gain falls to zero db, as shown in Fig. 8.11. If phase shift exceeds 180° insta-
bility occurs. As shown on Fig. 8.11, phase shift does indeed exceed 180° when
gain has fallen to unity.

30
20 '~ 60db/dec - —60db/dec  Jo70 1
|— Accurate

9db| . cyrve 9db 4180 °
o} py, 300 W AN NN b
1 2db {90 5’
NI\ PR f o S =
0 0 -«
- Ty -
2 ( ] f . z
- 1- [}
10} @y = 0.577 ———-|-135 &
———] -
wp =1V3%10° 180 o

- L ! Cd 770

10°% 107! 10° 10' 10° 10° 100 10° 10° 10
() —

Fig. 8.11 Bode plotof open-loop gain of amplifier circuit of Fig. 8.9.

PROBLEM 8.9 For the feedback amplifier of Prob. 8.8, determine the feedback
factor B for the condition of marginal stability. Also find B for a 135° phase shift
at the asymptotic zero db point (45° phase margin).

Solution: From Fig. 8.11, 8 = 1/125 and 1/355 for 0° phase margin and 45°
phase margin, respectively. These results are necessarily compatible with those
obtained from the Nyquist plot.
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8.5 Operational Amplifiers
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PROBLEM 8.11 For the feedback amplifier of Fig. 8.12, A = 100, Z; = 100 K,
2,=2,=0,Z,=100KQ, Zr =1MQ. Find the exact gain, and compare with
the gain calculated by the approximate formula (8.32).

Solution: The gain is obtained from

eil = __(_90_ 1+ E(L.*. _1_+ _1_
105 10° 100 \10°  10° 10°

Simplifying,
e,l = — % (1.21) == —0.121 eo ,
Lo _ gain = -8.25.
€;

The gain is —10 by the approximate formula. The approximation is poor because
of the low gain, 4 = 100.

PROBLEM 8.12 Repeat the preceding problem for 4 = 10°.

Solution: Substituting, as before,

o e [ 10° 1,1 .1
10~ 10° 10°\10° ~ 10° = 105/ °

Simplifying,
e -10

€ — = ——.
' e,  1.00021

e
=— —2 (1.00021),
10 ( )

1

The error introduced by using the approximate formula is 0.02%.

PROBLEM 8.13 Refer to Fig. 8.12, with 2, = 100 KQ, Z, = 1 MQ, Z, = 10KQ,
Zr = 10°% Let A be essentially infinite so that we may use (8.32). Find e, in
terms of e, , e;,, and ey,.

Solution: The following is the required expression:

€, €1, €3 €o
10° ©10° T 10° T 10°
Simplifying,
_eo = 10ei1 + eiz + 100e;3.

The voltage e, is the sum of the inputs, each input with an appropriate scale
factor. The arrangement of input resistors is called a summing network.

PROBLEM 8.14 In the circuit of Fig. 8.10, Zr =1/(jwCr), where Cr is a feed-
back capacitor, Z, = 1 M), Z, = Z, = . Assume A is essentially infinite. Find
the gain.



Fig. 8.13 The circuit of Prob. 8.24.
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Solution: Substituting in (8.32),
€; €, .
— = =joCre,,
106 1 J F %o
joCg

So_ 1 10
ei O)CF

The gain varies inversely with the frequency of the input. This is a characteristic
of an integrator. Output represents the integral of input. This circuit is widely
used in analog computers to carry out the critical integration function.

8.6 Supplementary Problems

PROBLEM 8.15 What type of feedback produces low input impedance and low
output impedance?

PROBLEM 8.16 What type of feedback produces high input impedance?

PROBLEM 8.17 What type of feedback is commonly used in operational ampli-
fiers? (Cf., Fig. 8.12.)

PROBLEM 8.18 Discuss the advantages of negative feedback.

100(1000 + jw)

PROBLEM 8.19 If the voltage gain of an amplifier is 4, = - , fin
1+0.ljw
(a) the d-c gain, and (b) the gain at 1 MHz.
. . . 1000
PROBLEM 8.20 Using the block diagram of Fig. 8.3, let 4, = o+ 1
015+ 1  ndB=0.1. Calculate (a) -2 d ) 2at1H
= = U.1. t — , — at .
2= 0 0I5+ 1 and 8 alculate (a) ed(w) an ()e,.a z
PROBLEM 8.21 Using the block' diagram of Fig. 8.3, let A, ='—§QPI , 4, =
jo +
0.15+1

0015+ 1" and B8 =0.1, Calculate (a) Z‘fat 1 Hz, and (b) :—:(w).
PROBLEM 8.22 Using the system of Prob. 8.20, determine the (a) forward
gain at 1 Hz, (b) zero-frequenc¢y forward gain, (c) feedback gain at 1 Hz,
(d) zero-frequency open-loop gain, (e) closed-loop gain at 1 Hz, (f) zero-
frequency closed-loop gain, and (g) frequency at which the closed-loop has
dropped 3 db below its initial value at zero-frequency.

PROBLEM 8.23 For the circuit of Fig. 8.9b, determine (a) the closed-loop
gain at w = 200, (b) the change in the closed-loop gain at @ = 200 if the stage
gain increases from 10 to 20, and (c) what happens if the stage gain is reduced
to 7.

PROBLEM 8.24 For the transistor Q, in the circuit of Fig, 8.13 the parameters
are 8=100, r, =10Q, r, =02, and r. = 0. Determine (a) the nature of the
feedback used, (b) A, = e,/e;, and (c) Z;, and Z,.



_APPENDIX

TRANSISTOR
CHARACTERISTICS

A.1 Types 2N929, 2N930 n-p-n
Planar Silicon Transistors*

FOR EXTREMELY LOW.LEVEL, LOW-NOISE, HIGH-GAIN,
SMALL.-SIGNAL AMPLIFIER APPLICATIONS

Guaranteed hgg at 10 pa, T, =-55°C and 25°C

Guaranteed Low-Noise Characteristics at 10 pa

Usable at Collector Currents as Low as 1 pa
Very High Reliability
2N929 onf] 2N930 Also Are Available to MIL-5-19500/253 (Sig C)

0019 pa
2 weans 3018

THE COLLECTOR 15 IN ELECTRICAL

S5 |- CONTACT WITH THE CASE

ALL DIMENSIONS ARE

IN INCHES
s Oreews ALL JEDEC T0-18 DIMENSIONS }
AND NOTES ARE APPLICABLE i .

Fig. A.1 JEDEC registered mechanical data.

TABLE A.1 JEDEC registered absolute maximum ratings at 25°C free-air temperature
(unless otherwise noted).

Collector-Base Voltage . .. .. ... .. . . i i e i i 45 v
Collector-Emitter Voltage (SeeNote 1). .. .. ... .. ... .. .. .. 45y
Emitter-Base Voltage . .. . ... . .. . .. S5v
Collector Current . . o v it et e e e e e e e 30 ma
Total Device Dissipation at (or below) 25°C Free-Air Temperature (See Note 2) .. ... 300 mw
Total Device Dissipation at (or below) 25°C Case Temperature (See Note 3) ... .. .. 600 mw
Operating Collector Junction Temperature . . . ... ... ... ... 175°C
Storage Temperature Range. . .. .. ........ ... .. ... ....... ce ... —65°C to +300°C

! This value applies when the base-emitter diode is open circuited.
% Derate linearly to 175°C free-air temperature at the rate of 2.0 mw/C°.
*Derate linearly to 175°C case temperature at the rate of 4.0 mw/C°.

*TEXAS INSTRUMENTS Incorporated.
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TABLE A.2 JEDEC registered electrical characteristics at 25°C free-air temperature (unless otherwise noted).

2N929 2N930
PARAMETER TEST CONDITIONS MIN MAX | MIN | MAX UNIT
BVceo  Collector-Emitter Breakdown Voltage lc=10ma, l3=0, (See Note 1) | 45 45 v
BVeso  Emitter-Base Breokdown Voltage E=MWn Ic=0 5 5 v
lcro Collector Cutoff Current Vea=45v, g=0 10 10 na
. VCE =45 v, V.E =0 10 10 na
lces Collector Cutoff Current (See Note 2)

VCE =45 v, V.E =0, Ta= 170°C 10 10 Ma
lceo  Collector Cutoff Current Yee=5v, =0 2 2 na
leso Emitter Cutoff Current Ve=35v, Ic=0 10 10 na

Vee=5v, lc=10 pa 40 120 100 300

Vee=5v, Ilc=10 pa, Ty =-—55°C | 10 20
hee Static Forward Current Transfer Ratio Vee=5v, lc=50 pa ) 150

Yee =5v, Ic=10 ma, (See Note 1) 350 600
Ve Base-Emitter Voltage ls=105ma, Ic =10 ma, (See Note 1) | 0.6 1.0 0.6 1.0 v
Veepsat) Collector-Emitter Saturation Voltage ls=105ma, Ic =10 ma, (See Note 1) 10 1.0 v
h Small-Signal Common-Base

ib Input Impedance Ves =35V, lg=—1mg f=1ke 25 32 25 32 | ohm
Small-Signa! Common-Base _ _ _ 0 |[60x 0 ! 60x
ey Reverse Voltage Transfer Rafio Vs =3V, l=—1mg f=1k 104 104
h Small-Signal Common-Base
ob Output Admittance Ves =35y, [gE=—1mq f=1ke 0 1.0 0 1.0 |umho
b Small-Signal Common-Emitter
fe Forward Current Transfer Ratio Vee=35v, lc=1ma f=1ke 60 350 150 600
b Small-Signal Common-Emitter
Ihee Forward Current Transfer Ratio Vee =5v, Ilc=500 ua, f=230 me 1.0 1.0
C Common-Base Open-Circuit
ob Output Capacitance Vas=35v, =0, f=1me 8 8 pf
' These parameters must be measured using pulse techniques, PW =300 usec, Duty Cycle < 2%.
2|CES may be used in place of I~p for circuit stability calculations.
TABLE A.3 JEDEC registered operating characteristics at 25°C free-air temperature.
2N929 2N930
PARAMETER TEST CONDITIONS MAX MAX UNIT
— - Vee =5 v, Ic = 10 pa, Rg = 10 k() 40 30 db
N Average Noise Figure Noise Bandwidth 10 cps to 15.7 ke
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A.la Typical Characteristics

2
5
% 1000 mmmane -
8 MR Maximum' hy.
g % =5v at T, =25°C
= f =1ke 7
T o, -
® Z\15
3 W ] ul
v} N C‘]
T 75" -
S =2 S
N 1 LT} ] <1 A =0°C oot
5 sl =Zlliae
£ 100 25 ¥
& s ST 111> g’ a"
5 — A W
E Minimum hy,
S at T, = 25°C
o
c
2
2
2
e 10
| 0.01 0.1 1.0 10 100
= {c — Collector Current — ma
Fig. A.2 2N929 transistor: small-signal common-
emitter forward current transfer ratio vs. collector
current.
%'0'000 T
i —1
3 Ves =5v
5 f=1ke
3 N
£ \%
5 1000 D,
a N
£
@ N
§ N [ATa = 125°C
Ta=25°C
: AN A7 - Zssec
& \\ 14
L. <
§z S /Maximum hip
9 N ~—7%at T, =25°C
3 N
& N
| Minimum h;, |/ \\:_ ——
o = 95° -
2 10 at T, =25°C
-0.01 - 0.1 -1.0 -10

lg == Emitter Current — ma

Fig. A.4 2N929 and 2N930 transistors: small-
signal common-base input impedance vs.
emitter current.
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2
&
E Imo : VCE=5v :quimum h"-— T ITITY l° 1
% ] T =Tke for 1, =25°C 2 Ta =125°C
[} f
= T TR
% _"A=75 v T pumee=]
£ -1 =TT LU
V) —— — ]
L bt Lpete
'g |t 1 LT yq T = 25°C
Lot
g //: ooc_
3 A
£ 100 |— \
E .55
'1" -‘A‘
5 — Minimum h,,
£ at T, =25°
£ ,
T©
c
2
3
]
&
10
I “o.01 0.1 1.0 10 100
< I = Collector Current — ma

Fig. A.3 2N930 transistor: small-signal common-
emitter forward current transfer ratio vs. collector
current.

1.0

Maximum h,, [T
at T, =25°C H

N

L
o

hob = Small-Signal Common=-Base Output Admittance — pmho

LA
LA
L]
R = -5 i
\N
PRI T =25°C T
T, =125°C
0'%.01 ~0.1 -1.0 -1

lg — Emitter Current — ma

Fig. A.5 2N929 and 2N930 transistors: small-
signal common-base output admittance vs.
emitter current.
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2
k)
[
2 K]
§10° §
< [TT11 g%
-..‘;’ Maximum h,, |11 +
8 at T, = 25°C £ 20
= Ves =5v 3 f =30 me
o Ccs v = o
& Ef =1 ke - T, =25°C
= o
o 2
>
. / S 10 j/ N
§ g 2 Vee = 10v i/
2 V] / g /.
g L y T T Vee=5v
$ o —"‘/ // é 4 /
8 TA= 125 E —”" / (E,
E I / / (V] /
5 : 5 ° ”
o n L/ g
] ° il o
& w225 AT A 32 //
g 1 % Minimum ||
= L 3 =
5 oC | Lt A | x' at VCE =5v
UE-, 1, = -55 A—— I (
[ 10° . 5 L1y
' =0.01 -0.1 -1.0 -10 =< 0.1 1.0 10 100
= lg — Emitter Current — ma lc — Coliector Current — ma
Fig. A.6 Small-signal common-base reverse voltage Fig. A.7 Small-signal common-emitter forward cur-
transfer ratio vs. emitter current. rent transfer ratio vs. collector current.
16 10 T 1.0
Vee =5 v o}
3| lc =1ma T
| T =25°C
3 12 Ve=5v o8 A 0.8 s
| Noise Bandwidth 3 N L
o 10 ¢eps to 15.7 ke i N7 g
.g' \ Ta =25°C -g \0/° &
i \ S 6 L 0.6 5
2 z N~ 5
‘s 8 ) “\ §
AN ARl AN :
9 Neh o g 4 A 0.4 €
? \\ Maximum NF A = /] 2
<|t \\ N atl.=10pa N & ,>‘~, 5
L 4 N 2N929 N | N ?
|z AN 2N930-~1--4/ RN ( 32 3 0.2 %
R ) AY4 '/r( %" NF o vs f 2
- [ /50 \,0 1 ﬁt
e \C ’
0 1 0 0
0,1 1.0 10 100 1.0 10 100 1000
Rg — Generator Resistance — k {1 f ~— Frequency =— mc
Fig. A.8 Average noise figure vs. generator Fig. A.9 Optimum spot noise figure and optimum
resistance. generator resistance vs. frequency.
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Ic = Collector Current — ma

he — Static Forward Current Transfer Ratio

Transistor Characteristics

1
0 4 I, =0.035 ma ﬂv‘ T
inimum  BVceo
t
TA = 25°C
45 60 75
Vee = Collector-Emitter Voltage — v
Fig. A.10 2N929 transistor: common-emitter
collector characteristics.
1000
ot I ‘\
\'1,5°c‘ ¥ 1 P
= LiH
AYS 15°C -
=~ /,—:::_ T R
v A
100 : % C
X
AT e
s
‘
"L_.ll o C
DL
2
Ar
[
Veg =5v
1o See Note 6
0,001 0.01 0.1 1.0 10 100

I¢ = Collector Current — ma

Fig. A.12 2N929 transistor: static forward current
transfer ratio vs. collector current. Note that these
parameters were measured using pulse techniques,

PW =300 usec, Duty Cycle £2%.
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h,, — Static Forward Current Transfer Rotio

1000
=125 i
IN — T_ i
Lot hﬂm /’—"“‘ 1 \
Lt Lt 1
| =225,
/’“‘_,,.%‘:
100 ° AYS L
~ 55°'°'
Zarll| R YN
Vee =5v
See Note 6
10
0.001 0.01 0.1 1.0 10 100

10 - \M T T T
/ inimum  BV,,o
} +
Ta =25°C

g

I

€

£

=1

(V)

5

Q
K3
8

|

= 2

\ =0.005_':°‘ ‘/
ly=0
. I

0 15 30 45 60 75
Vce — Collector-Emitter Voltage — v

Fig. A.11 2N930 transistor: common-emitter
collector characteristics.

Ic = Collector Current — ma

Fig. A.13 2N930 transistor: static forward current
transfer ratio vs. collector current. Note that these

parameters were measured using pulse techniques,
PW = 300 usec, Duty Cycle < 2%,
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1.2

o

[=]
.
-]

/1 J

JI11]

)
-~
i

Vae — Base-Emitter Voltage — v
o o
IS o

Vee =5v, I = 100 pa—

Vee =5v , Ic=1ma -

[=)
.
N

I

See Note 6

0
=75

-50

=25 0 25 50 75

100 125

T, — Free-Air Temperature — °C
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Fig. A.16 2N929 transistor: collector-emitter satu-

ration voltage vs. free-air temperature.
these parameters were measured using pulse tech-

Note that

niques, PW = 300 ysec, Duty Cycle < 2%.
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Note that
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I, COLLECTOR CURRENT (AMPERES)

Transistor Characteristics

A.2 Types 2N1162 thru 2N1167 Transistors*

TABLE A.4 Electrical ¢haracteristics, general. (At case temperature of 25°Ci3°except where noted.)

Characteristic Symbol Min Typ Max Unit
Collector Cutoff Current Icso
Vep = BVepo (max),Ie =0 — 3 15 mA
Ves =2V, Ig =0 —_ 125 225 ‘,,A
Ve = 15V, Iz = 0, T = 90°C (2N1162, 2N1163) — 10 20 mA
Ver =30V, 1z = 0, T, = 90°C (2N1164 through 2N1167) _ 10 20 mA
Collector-Emitter Breakdown Voltage BVees
Ic =500mA, Ve =0 (2N1162,2N1163) 35 —_— — Vdc
(2N1164,2N1165) 60 — — Vde
(2N1166,2N1167) 75 —_— — Vdc
Emitter Cutoff Current Izso —_— 0.5 1.2 mA
Veg = 12V, Ic =0
Collector - Emitter Saturation Voltage Ver(sar) - 0.3 1.0 Vde
Ic =25A,Is = 1.6A
Base - Emitter Drive Voltage (at Saturation) Vae — 0.7 1.7 Vdc
Ic =25A,I: = 1.6A
TABLE A.5 Electrical characteristics, common emitter.
Characteristic Symbol Min Typ Max Unit
DC Forward Current Gain hrg
Ve =2V, Ic =5A — 65 125 —
Vee =1V, I = 25A 15 25 65 —_
Frequency Cutoff
Vcn = —2V, Ic = 2A fu b 4 - ke
30 l 30
14112
L6 1.0
25 : e 25 10
e . —_
gV S - 08 (4] r }
Vi
20 - 0.6 Z 5
/| A = 0.6
g [
15 /,/ 0.4 2 15 0.4
[- 4
v £
—0. b — 0.2 AMP
10 / s = 0.2 AMP | é 1 Is =0
o £
// 0.1
5 1 5
v:n =0 §>
0 0
0 0.2 04 0.6 0.8 L0 0 25 50 75 100 125 150

Vog, COLLECTOR - EMITTER VOLTAGE (VOLTS)

Fig. A.18 Saturation region, common emitter
(constant base current).

*MOTOROLA Inc., Semiconductor Products Division.
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BVcgs, % RATED MAXIMUM COLLECTOR-EMITTER VOLTAGE (VOLTS)

Fig. A.19 Collector characteristics, common emitter.



15, COLLECTOR CURRENT (AMPERES)

% OF VALUE AT 25°C

Transistor Circuit Analysis

25 7 I 25
LA I e ¢
e 1/ /f /’( 475°¢ Vor = 2VOLTS
20 |-~ 7 v 20 CASE TEMPERATURE °C y)
— o
. 3 | /4
/ & +75°C - //
A 255 v/
£ Aara
o / l —50°C
Veg = 2 VOLTS = ’
CASE TEMPERATURE °C = //
, g 10 /
8 /'
= 25°C Z,
g Y
£ / /r
/ /'
7
- /
0 0 —
0 04 0.6 12 16 2.0 24 0 0.2 04 0.6 0.8 1.0 15
Is, BASE CURRENT (AMPERES) Vygs BASE-EMITTER VOLTAGE (VOLTS)
Fig. A.20 Collector current vs. base current. Fig. A.21 Output current vs. emitter-drive voltage.
100
Vop = V BVces
z 10
E v
140 — 4
120 ~ E
100 [ —t— 3
80 — 5
60 VCE =1V — % 1.0 ,/
20 8
0 = \
—60 40 20 0 20 40 60 80 100 S 2N1162-2N1167
o
Te» CASE TEMPERATURE (=) 0.1
Fig. A.22 hpg vs. temperature.
0.01
0 20 40 60 8 100

210

Tc, CASE TEMPERATURE (°C)

Fig. A.23 lco vs. temperature.



Transistor Characteristics

75 l
& 50 |
FY 5 AMP
o g8 25 AMP. ~_
: / -
w 0 e
-
-
s 25
& 50 V‘T = 2Iv
* 75
—60 —40 —20 0 20 40 60 80 100
T, CASE TEMPERATURE (°C)
Fig. A.24 9F g Vvs- temperature.
A.2a Peak Power Derating
The peak allowable power is:
Po— (T; — Ta — 614 Pss)
T 1 ) (t/t)
— [:/
3¢ (Cp + fca (L
Cr is a coefficient of power as obtained from the chart. Ty is 0.1%
junction temperature in °C; T, is ambient temperature in °C; 1000 .
8:c is junction to case thermal resistance in °C/W; 6c, is case t 1t s
to ambient therm]al resistance in °C/W; 6,4 is the sum of —=—0.2% 1\ 0% DUTY CYCLE'
81c + 8ca; i is pulse width; t is the pulse period; (t./t) is the AN .
duty cycle; Pss is a constant power dissipation and Pr is LT N ABSOLUTE NONRECURRENT
the additional allowable pulse power dissipation above the 0.5%
amount of Pss. I ]
The above equation is usable when a heat sink is used which £ 100 1% N
has thermal capacity very much larger than the transistors E3 3
thermal capacity. o "__i%
The chart is normalized with respect to the thermal time con- s 1
stant, which is on the order of 50 milliseconds for these power - i
transistors. (Fig. A.25.) ] [DUTY CYCLE 5%
r =3 [ ]
t & 10% N
[ \
EXAMPLE b 'I h \ I g 10 —
Given: - - 0% \
Pes = 10W ( Ta = 40°C g "P! | E; E; g & — N
Pulse width (t;) — 1 msec [ 1 T~
Duty Cycle = 20% LE 50%
6ca = 3°C/W PT TIME—» T b~
8;c = 0.8°C/W  Timax = 100°C 1 100%
Solution: Enter the graph at t;/r = 1 msec/50msec, and - -
Duty Cycle 20%. Find Cr = 5. Solve equation 10+ 10 102 107 1
100 — 40 — (34 0.8) 10
r= 08 1 3%02 t/7, PULSE WIDTH / THERMAL TIME CONSTANT
5

Fig. A.25 Normalized peak allowable power.
Pr — 29 watts in addition to the steady

10 watts resulting in 39 watts peak.
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Transistor Circuit Analysis

A.3 Types 2N1302, 2N1304, 2N1306, and 2N1308
n-p-n Alloy-Junction Germanium Transistors4

TABLE A.6 JEDEC registered electrical characteristics at 25°C free-air temperature.

2N1302 2N1304 2N1306 2N1308
PARAMETER TEST CONDITIONS UNIT
MIN | TYP | MAXIMIN | TYP | MAX|MIN | TYP | MAX|MIN | TYP | MAX
BY, Collector-Base
CBO — _— —_ —_ —_ — - —_ —_ -—
Breakdown Voltage lg = 100 ua, le="0 % n # 2% v
BVepo  Emitter-Base - _
Breakdown Voltage le = 100 pa, lc=0 5 - ~ | % - - 125 — — 12 — — v
*Vor Punch Through Voltaget Vegy = 1v 2 - - |2 - - 115 - - 115 - - v
*lcgo  Collector Cutoff Current Vg = B, lg=10 - 3 é - 3 6| — 3 é — 3 é ua
*lggo  Emitter Cutoff Current Veg = 25v, le=0 - 2 6| — 2 6| — 2 6] ~ 2 [ ]
*heg Static Forward Current Vee = 1v, le = 10ma 2 100 -1 4 ns 200 | 60 130 300 | 80 160 - -
Transfer Ratio
Veg =035y, 1o = 200ma 10 100 - |15 R[] - 12 125 — 12 140 - —
*Vpe Base-Emitter Yoltage Ig = 0.5ma, lc = 10 ma 035 (022 |040 |05 022 |035 Joas j0.2 [035 |o0as |o22 |03 v
1g = 0.5 ma, lc =10 ma —_ 007 020 | — - - | - —_ -] - —_ - v
*Ver(saty Collector-Emitter lg = 0.25 ma, lc = 10 ma - - — - 007 (02 | — — N _ - v
Soturation Voltage I = 0.17 ma, Ie = 10 ma — - —_ | - - - | = 007 |020 | —~ —_ —_ v
lg = 0.13 ma, 'C = 10 ma — — - - —_ - | - - — | — 007 0.2 v
"ib Small-Signal Common-Base Vc, =3y, 'E = =1ma
Input Impedance f=1ke - ” I B -1~ % -1 2 — | ohm
hy Small-Signal Common-Base _ _
Reverse Voltage fvc_' I_ks v e=~1ma - 5_4 — | = 5.‘ N . 5_4 — | = S_‘ - -
Transfer Ratio =1k x10 X1 x10 x10
h Small-Signal. Common-Bass Yep =5, e =—=1ma
ob CB E - - — — - — - —
Output Admittance f= Tk 0.3{ . 0.34 0.34 0.:{4 N pmho
hyq Small-Signal Common-Emitter Ve =S, e = I ma
Forward Current - 105 —_ | - 120 -] - 135 - = 170 - _
. f=1ke
Transfer Ratio
*, Common-Base Alpha-
htb = = - —_ — —_ —
Cutoff Frequency Vep =5V lg=-1ma 3 1 5 14 10 16 15 2 me
* . ircuit Veg = S, lg= 0
Cob Common lusu.Opnn Circul c_. ¥ e _ " 0 | - " w |- " w |- " n o
Output Capacitance f=1me
. -| -Circwi Yeg = 5, = 0
Gp Common ln:.o Open-Circvit Ei ¥ IC _ 1 _ _ 13 _ _ 1 _ _ 3 - ot
Input Capacitance f=1me

_‘I'V" is determined by mensuring the emitter-base flooting potential Vesy, The collector-bass voltage, Vep fs increased until Veann = 1 volt; this value of
Vep = (Vpr + 1v).

TABLE A.7 JEDEC registered switching characteristics at 25°C free-air temperature.

2N1302 2N1304 \ 2N1306 2N1308
PARAMETER TEST CONDITIONStt l UNIT
MIN | TYP [MAX|MIN | TYP [MAX|MIN | TYP |MAX|MIN | TYP [MAX
ty Delay Time - 007 | -~ | — 007 | — | — 006 | — | — 006 | — usec
Ig = 10ma, 'l(ll = 1.3ma
t, Rise Time - 020 | —~ | ~ 020 [ — ] — 0| — | - 015 | — Hsec
'Iﬂ): —=0.7 ma, VOE loff) = = 08v
+, Storage Time — 070 | — | — 0.70 -1 - 0.64 = 0.64 | — psec
Ry = Tk {See Fig. 1)
t Fall Time - 040 | — | — 0.40 - | ~ 03 | — | — 034 | ~ usec
Qyp Stored Base Charge Iy = 1mo, 1c = 10 ma (See Fig. 2) - 800 [ — | — 760 — - 72 [ — | —~ 680 | — peb
F1Voltage and current values shewn are nominal; exact values vory slightly with device parameters.
TABLE A.8 JEDEC registered operating characteristics at 25°C free-air temperature.
2N1302 2N1304 2N1306 2N1308
PARAMETER TEST CONDITIONS l UNIT
MIN | TYP IMAXIMIN | TYP [MAX|MIN |TYP |[MAX IMIN TYP [MAX
NF Spot Noise Figure Yep = 5v
ge=-1ma — 4 - - 4 - | - 3 -] - 3 - db
=tk Rg=1kQ

*Indicates JEDEC ragistered data (typical valves excluded),
4 TEXAS INSTRUMENTS Incorporated.
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Transistor Characteristics

A.3a Typical Characteristics
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.
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o
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o
N

Normalized Static Forward Current Transfer Ratio — hge

(=]

—_

30 ' T= 25°C 0 ' ' Ta= 25°C
R Lot :
\sZ s e
B 15 mo o] g Pl "1
Nrss =
mad =T =
% 12 02 £ e 0.25me
£ 30 .= 0.257 ) —
3 S 1y= 0.20m3_| g
5 1= 0.20me 5 [ 1
_8 20 = 1,= 0.15ma _&,_’ 20 ___h= 0.15ma
3 1 3 |
1y= 0.10ma 3= 0.10ma
110 = |10 — :
- 13= 0.05ma - lg= 0.05ma
T |
. =9 | . ls= 0
0 1 2 3 4 5 0 1 2 3 4 5
Vee = Collector-Emitter Voltage — v Vce — Collector=Emitter Voltage — v
Fig. A.26 2N1302 transistor. Fig. A:27 2N1304 transistor.
0 50
50 | 0.30md e TA= 25°C ] ] B TA= 25°C
At ! _ g.25m ]
[ 1 P o = =
2 wH 1= 0.2572 = 40— —
| /'/\1’ ' 1s= 0. 201 ]
T T — -
€ Qmao fasmore=st c
$ a0 [{ L= 0] E 2 ma —
3 /r I | O 1p=0.13 1"
5 1y= 0127 —] 5 |
-~ O
9 20 I (. 2 20 1,= 0.10ma
3 1,=0 10ma 8 %
| 10 I 10 ly= 0.05ma
g ly= 0.05ma b I
T J
=0 1s= 0
0 b 0 ~ —
0 1 2 3 4 5 0 1 2 3 4 5
Vce — Collector-Emitter Voltage — v Vce — Collector-Emitter Voltage — v
Fig. A.28 2N1306 transistor. Fig. A.29 2N1308 trensistor.
wl.
To= 25°C e
!
21.6
’—.~ -
/ ‘KVCE = lv xa j
NPN ks
/# N AR
A .
A PNP =
N Vee= =1v g1.2 1/
2
v Vee =
\ ' - e 270.35v, I = _300ma, PNP Y
\ 'g 1.0
Vee = 0. 35v 5 |
i ‘.g 0.8 X /47
'\ (})9 %/
Vee= =0.35v -?f 0.6 4 Vee = 0.35v, lc=200ma, NPN
5 \ Vee= -1v, Ic= =10ma, PNP
g ~——— Vce = v, lc= 10ma, NPN
20.4 '

10 100 1000 -60 -40 -20 0 20 40 60 80
|IC | = Collector Current — ma T, — Free-Air Temperature — °C
Fig. A.30 Normalized static forward current Fig. A.31 Normalized static forward current

transfer ratio vs. collector current. transfer ratio vs. free-air temperature.
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Fig. A.32 Base-emitter voltage vs. collector current.
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Fig. A.34 Collector-emitter saturation voltage
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Fig. A.33 Base-emitter voltage vs. free-air temperature.
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Fig. A.36 Collector cutoff current vs. free-air

temperature.
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Fig. A.38 Collector-emitter saturation voltage
vs. collector current.
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capacitance vs. collector-base voltage.
0.35
0.30 /
\4
o
0.25
2
\&
0.20 ’\QG\o'. /
‘/" NPN
ma
0.15 1= {Oma, ‘Cs_zie"
"]
0.10 ls= -0.5ma, Ic= ~10ma, PNP
8 1 ] 1
{s=0.5ma, Ic= 10ma, NPN
0.05
0
-60 -40 -20 0 20 40 60 80

To = Free-Air Temperature — °C

Fig. A.39 Collector-emitter saturation voltage
vs. free-air temperature.



Transistor Circuit Analysis

A.4 Types 2N1529A thru 2N1532A, 2N1534A thru 2N1537A
and 2N1529 thru 2N1538 Transistors4

TABLE A.9 Electrical characteristics. (At 25°C case temperature unless otherwise specified.) AQL and inspectio
levels apply to “*“MEG-A-LIFE’ series (2N1529A thru 2N1532A and 2N1534A thru 2N1537A) only.
Thermal resistance, 8)c) 0.6°C/W typical, 0.8°C/W maximum.

Parameter Symbol - Min Max Unit
Collector-Base Cutoff Current Icpol mA
(Ve = 25V) 2N1529A, 2N1534A* - 2.0
(Vep = 40V) 2N1530A, 2N1535A% - 2.0
(Vep = 55V) 2N1531A, 2N1536A% - 2.0
(Vep = 65V) 2N1532A, 2N1537A* - 2.0
(Veg = 80V) 2N1533, 2N1538 - 2.0
Collector-Base Cutoff Current IcBO mA
(VCB = 2V) All Types - 0.2
(Vep = 1/2 BV pg rating; All Types - 20
T¢ = +90°C)
Emitter-Base Cutoff Current IEBO mA
(Vgp = 12V) All Types - 0.5
Collector-Emitter Breakdown Voltage BVCES volts
(Ic = 500 mA, Vgp = 0)
2N1529A, 2N1534A% 30 -
2N1530A, 2N1535A% 45 -
2N1531A, 2N1536A* 60 -
2N1532A, 2N1537A* ki -
2N1533, 2N1538 90 -
Collector-Emitter Leakage Current Icex mA
(VBE = 1V; Vg @ rated BVcpo)
All Types - 20
Collector-Emitter Breakdown Voltage BVcEO volts
(I¢ = 500 mA, Ig =0)
2N1529A, 2N1534A% 20 -
2N1530A, 2N1535A% 30 -
2N1531A, 2N1536A% 40 -
2N1532A, 2N1537A% 50 -
2N1533, 2N1538 60 -
Collector-Base Breakdown Voltage BVceno volts
(Ic = 20 mA)
2N1529A, 2N1534A* 40 -
2N1530A, 2N1535A% 60 -
2N1531A, 2N1536A* 80 -
2N1532A, 2N1537A* 100 -
2N1533, 2N1538 120 -
Current-Gain h -
(VCE = ZV, IC = 3A) FEL
2N1529A - 2N1532A 20 40
2N1534A - 2N1537A 35 70
2N1529 - 2N1533 20 40
2N1534 - 2N1538 35 70
Base-Emitter Drive Voltage VBE volts
(Ic = 34, Ig = 300 mA)
2N1529A - 2N1532A - 1.7
2N1534A - 2N1537A - 1.5
2N1529 - 2N1533 - 1.7
2N1534 - 2N1538 - 1.5
Collector Saturation Voltage vCE(sat) volts
(Ic = 3A, Ip = 300 mA)
2N1529A - 2N1532A - 1.5
2N1534A - 2N1537A - 1.2
2N1529 - 2N1533 - 1.5
2N1534 - 2N1538 - 1.2
Transconductance EFE mhos
(VCE = 2V, I¢ = 3A)
2N1529A - 2N1532A 1.2 -
2N1534A - 2N1537A 1.5 -
2N1529 - 2N1533 1.2 -
2N1534 ~ 2N1538 1.5 -

*  Characteristics apply also to corresponding, non-A type numbers
** Each parameter of the "MEG-A-LIFE" series only is guaranteed to an individual AQL of 0. 65%, inspection level II

*MOTOROLA Inc., Semiconductor Products Division.

216




lc, COLLECTOR CURRENT (AMPS)

lc, COLLECTOR CURRENT (AMPS)
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Fig. A.40 Power-temperature derating curve.
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maximum junction temperature, by the thermal
resistance factor. For d-c or frequencies be-
low 25 cps the transistor must be operated
within the constant Py = V. X I, hyperbolic
This curve has a value of 90 watts at
case temperatures of 25°C and is O watts at
100°C with a linear relation between the two
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Transistor Characteristics

temperatures such that allowable
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A.4a Collector Characteristics at 25°C: Types 2N1529A

thru 2N1532A and 2N1529 thrv 2N1533 Transistors
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TEST TRANSISTOR

L, COLLECTOR CURRENT (AMPS)
w

Fig. A.45 Switching time measuring circuit.

Also see Table A.10.

Fig. A.46 Collector current vs. base current.
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Fig. A.48 D-c current gain vs. collector

current.
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TABLE A.10 See Fig. A.45,

le v lon R Jta+t | ¢, t
(Amps)| (Voits) | (mA) | (ohms)] (usec) | (usec)] (usec)
2N1529A-32A
2N1529.33 3 3 300 65 10 2 5
2N1534A-37A
2N1534-38 3 3 200 100 8 3 5
5 Y
V=2V / /
g ! ave
5 /
3
g 2N1534A — 2N1537A _| /
3 2N1534 — 2N1538
g, /|
g 2N1529A — 2N1532A
2N1529 — 2N1533
//
0
10 20 3
Ves, EMITTER-BASE VOLTAGE (VOLTS)

Fig. A.47 Collector current vs. emitter base
voltage.

50 v
o =2y
0
g 35
2w
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£ 2
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g » N1529 - 2N1833 =
= .15 A
10 NISUA — IN1537A—
=
2N1534— 2N
s // N 1538
) | |
0 10 20 3
Via, EMITTER-BASE VOLTAGE VOLTS)

Fig. A.49 Base current vs. emitter base

voltage.
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Fig. A.52 gpp vs. temperature.
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Transistor Circuit Analysis

A.4b Determination of Allowable Peak Power

When a heat sink is used for increased heat transfer and Solution :
greater thermal capacity, the following equation can be used Enter the derating graph at t,/ + = 1 msec/50 msec, and
to determine the allowable pulse power dissipation, desig- duty cycle of 20% . Find Cp = 5. Substitute this value and
nated as Pp. The allowable pulse power plus the steady state the given parameters into the peak pulse power equation.
power, Pgg, gives the peak allowable power dissipation. Al- This gives Pp = 29 watts. Thus the peak allowable power
lowable pulse power is related by the following equation : is Pp + Pgg, or 39 watts.
t
L
o= Ty — Tx — 634 Pss b -‘r_'.;, I’S 1000 L%
850 (1/Cp) + ca (t;/1) g 0.2 N 0% DuTY CYCLE 11
where Pss  TIME——s — N ABSOLUTE NONRECURRENT
Cp = Coeflicient of Power (from peak power 0.59 |
derating curve), = 1% "‘\ I
T; = Junction Temperature (°C), g 100 == =
T, = Ambient Temperature (°C), e 2% N
6;c = Junction-to-Case Thermal Resistance (°C/W), S { )
6ca = Case-to-Ambient Thermal Resistance (°C/W), z F DUTY CYCLE 5%
o= ot b, | : [ 14 \%
(t;/t) = Duty Cycle = Pulse Width/ Pulse Period, & 10 . —
Pys = Steady State Power Dissipation, and e 20°%
Py = Allowable Pulse Power Dissipation Above Pgg. S -
7 = Thermal Time Constant ~ 50 msec ]50.'% N
The peak power derating curve is normalized with respect ;oo'%
to the thermal time constant, 7. The following example 110_‘ y ‘10-' o o= 1

shows the application of this equation in conjunction with
the peak power derating curve.

EXAMPLE:

Given:
Pgs = 10 W, T, = 40°C, t; = 1 msec,
(ty/t) =20%, 6cs = 3°C/W, ;6 = 0.8°C/W,
T; max = 100°C

t,/7, PULSE WIDTH / THERMAL TIME CONSTANT
Fig. A.53 Pulse power derating curve. Caution: In all

cases the peak pulse power should stay within the
Safe Operating Area.
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APPENDIX

SUMMARY CHARTS

TABLE 3.1Conversion from hybrid to hybrid-7 parameters.

hle

() Hybrid equivalent circuit.

h,, = 30 x 10°® mhos

n = ————— [3.56]
hig — rpp!
ryre = ’Hh& (3.60]
re
hio —tpp' ~
fo1, = ———22 Thyg -ty (3.61]
b 1-h,, ¢
1 -
. =hye - hye L1FBe ~ bro >h,, [3.63]
fee hio = 1oy
Common- Common- Tee-
Hybrid base [ collector equivalent
h; r
h ib h . e
ie ——_1+b“, i fb+1_(x
hiph r
h ZibTob _ g 1-h,, e
re T+hy 1 1-or,
~h Q
hy, —_— —(1 + hy)
! 1 + h“, f 1-0a
(@) Common-emitter configuration.
h & h ;
oe 1 . h“, oc (1 _ a)rc
Iy ic
— -—
B L 4 C {(c) Approximate parameter conversion formulae.
+ T
Vbe hreVee hgoip hoo  Vee h;, = 2200 Q
L l h,, =2x 10"
E & ° . E h,, = 290

(d) Typical values for type 2N929 transistor
at IC =4 ma, VCE =12v.

Fig. 3.24 Conversion to common-emitter h-parameters.

* For convenience in reference, the original table numbers have been retained in this Appendix.
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Transistor Circuit Analysis

() Hybrid equivalent circuit.

h,. = 30 x 10°* mhos

Common- Common- Tee-
. . Hybrid emitter collector equivalent
oy e
h h
h te - e ro +(1 - a)r
ib 1 N h“ h{c e b
Yeb . veb h hlehoe h 1 hic hoc Iy
11,, th 'i—_h_ = Hre re— + 7 -
L +f4e fc Te
heo _ b 1+ by -a
1 + hl’ h’c
(a) Common-base configuration.
- Peo o 1
° 1+ h, Ry, r.
ie iC
Rip - -
E I 2 C (c) Approximate parameter conversion formulae.
+
i ho c
Ven hepven hypie b Veb hy, =7.57Q
l h,, = 0.268 x 10°*
B ¢ * B by, = —0.996
h,p = 0.103 x 10°° mhos
() Hybrid equivalent circuit. (d) Typical values for type 2N929 transistor.
Fig. 3.25 Conversion to common-base h-parameters.
_ Common- Common- Tee-
-2 Hybrid emitter base equivalent
h;. hy, ) Ip + L
v 1+ hy, 1-a
Vbc ecC
bic Boe | 1-h, =1 | 1-h,,- Mivhorng | g _fo o
+ {15y (1 - (X)rc
-1
hfc “(1+h!e) - 1 lh 1 a
(a) Common-collector configuration. + o -
hosp 1
h h —00 _
oc oe 1 + h(b (1 _ a)rc
hlc ,AD <i_°
B I ® E (c) Approximate parameter conversion formulae.
+ 1
Vbe LI Y hyeip hoe Vec By = 2200 Q
! | h,, = 0.9999 1.0
¢ ¢ ¢ ¢ ¢ By, = - 291

(d) Typical values for type 2N929 transistor.

Fig. 3.26 Conversion to common-collector h-parameters.
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pZ:aen;- Common- Common- Common-
eter emitter base collector
o hf. - h”, 1 + h’c
1 + hf. hfc
r hle + 1 1- hrb - hlc
‘ hOG hob hoc
bre h (1 hrb 1- h,c
~(1+hye) ~ e
e hos ib b Bos B
(a) Tee-equivalent circuit, common-base. s h,, - h,o(1+hy,) h Bye + h((1-h,.)
h°° hob hoc
a ; _A; h
l_a‘b_ﬁlb ﬁ hfc - 1'_+‘;", _(1+hlc)

(b) Tee-equivalent circuit, common-emitter.

(c) Approximate parameter conversion formulae.

o = +0.996
r. = 9.7 MQ
r, = 6.667
r, = 260 Q

(d) Typical values for type 2N929 transistor.

Fig. 3.27 Conversion to tee-parameters.

TABLE 5.1 Single-stage amplifier formulae.

R- 2 R, - Yo A=t 4=t
i, i, i v,
h-parameters PO 1 ky -Re by
(Second subscript R n - hih 1+h,Ry b l1.r (h _ h,h,)]
omitted) R, 7 ° b +R, ! T Th,
Ry ry ry ( 2)
(1;_:-+(1—(1)._—c Ur, 4 a+-,—; N a+’c Ry
fo+ry(1-0)4p, —S € rc+r,-—R = xa, R =
Common-base 1+R"—:r°- 1+£'—:—‘ l+¥ r‘,(1+r"+ ")+r (l-aq»r—")
tee-equivalent c b c <
circuit Tr,+r,(1-0), ry+ R N aR, s + RL
(see Fig. 2.31) . R . «1 = Y ™ «1
2xp L1 rtub(l_a»,—)
re ry fe
1 5 gt B n
s f) —20tB) rel1s58 —_te fq R B+l rB+D)
Common-emitter 1+ Ry +r; 1+ R! + 1y 1 Ry +18 re 1 Ry e L o+ Ry
tee-equivalent fa re fa * ra(B+1) * t3(1+B) ¥ g
circuit ~
ey +r2(l )
(see Fig. 2.31) i@ B) r[1e B ~_B + R
Note: ri =r, + Rz ; Ry +e)<ry 1. Ratrs 1. R ”
R = circuit resistance re Ty
in emitter 21 <Ly <ry, B»1, R «rq4
L}
¢ 1
t + (Ry +1,)(B+1) rt R +ry 1 A+ 1 :
1+ Ry +1,)(B+1) 1+8 1+ Re+rs 1. ry+ Ry 1.0 +[r,(1+2)+ s ]_
Common-collector fe ra(1+8) g fe e/ 1+B[Ry
tee-equivalent ~
c?rcuit Fro+ Re+e) (B4 1), 2‘r,+Rl"'b, T1+8, 3 1 = 1 ,
1 h
(see Fig. 2.31) re» (R +1)(B+1) 1+8 1 +(,,. . lfa )_E_ _Rl_b
Ry <t fo+ R <14 +B/R, L
<1,
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TABLE 6.1 Type No. 2N930,

Electrical
Parameters Ic =13 pa Ic =4 ma Unit
hib * 2100 17 Ohm
h,,* 0.045 x 10-¢ 0.056 x 10° mho
h,* 200 370
h," 1.5 x 10™* 2.3 x 10
) P 420,000 6300 ohm
R, " 9% 10 20.8 x 10-¢ mho
B, ™ -201 -371
h, " 1 1
* Published data
** Derived data using conversion formulae of Chap. 3
TABLE 6.2 Type No, 2N930,
Electrical Ic =1ma I =.2 ma Ic =' 3 ma
Parameters 25°C 100°C 25°C } 100°C 25°C I 100°C Unit
| | -
by, 320 | 460 340 | 480 360 | 500
I | |
h;, 30 36 20 I 24 16 } 20 ohm
| |
h,, 0.076 x 10® ; 0.086 x 10° | 0.11 x 10°¢ ’ 0.13x 10 | 0.15x 10 I 0.18 x 10°® | mho
h,, 1.8 x 10 25x%x 10 2.0x 10 2.8 x 10 2.2 x 10 I 3.0x 10"
|
ro=1/h,, 13.2 x 10¢ 11.6 x 10¢ 9.1 x 10° 7.7 x 10¢ 6.7 x 10° 5.57 x 10° | ohm
hy. = hijp (1 + hy,) 9630 16,650 6820 11,600 5780 10,000 ohm
h,.=hop (1 + hy,) 24.4 % 10°° 39.6 x 10 | 37.4x10° | 62.5% 10"¢ 54 x 10°° 90.5 x 10® | mho
h., = hph,, (1 + hy,) ~h,y 5.5 x 10 11.7 x 10 5.5x10* 12.2x 10" | 6.4 x 10™* 15 x 10
| |
ty=hiq —r,(1+hy,) 2230 I 2750 1710 { 2450 1330 : 1500 ohm
te = hyo/hy, 23 30 15 i 19 12 i 17 ohm
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TABLE 7.1 Class A amplifier design formulae.*

Item Formula Formula
(R %0) (Rr=10)
2
X BVmaxlo _ Rrlo Pe (7.10a)
max 4 2 2
PeE pnax Veclo = Pc P¢ (7.10b)
Vee BV ax + 2R71o BV pax (7.10¢)
2 2
RL
Nmax 05 —Mm— 0.5 (7.10d)
Rl’. + 2 RT
BV BV,
R} ——max _ R ——_max (7.10e)
t 21, T 4P,
__Omax_ 0.5 (7.10f)
PCEmax
BV 16 Pc R 2P
I max | /1, ST _ I, ==—¢ 7.10g)
Q(Op() 4RT T BVrznax © BVmax ( &
Pccmnx VCC IQ = PC Vcc IQ = PC (710h)
I ax 21, 215 (7.10i)
*Transformer coupling to load assumed.
TABLE 7.3 Measured parameters on a 2N930 transistor.
! T, =175°C T, = 25°C T; =175°C
C (ma)
hy, IB(#.) Vee (V) Vge (V)
1 460 2.2 0.515 0.215
2 490 4.1 0.54 0.24
500 10 0.56 0.26
10 490 20 0.58 0.28
20 425 47 0.61 0.31
30 380 79 0.635 0.335
40 335 120 0.655 0.355
50 310 161 0.67 0.370
60 290 206 0.68 0.38
70 250 240 0.695 0.395
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TABLE 7.2 Class B push-pull amplifier, design formulae.

Formula Formula
It
em (Ry%0) (Rr=0)
o _.M Vzﬂ (7123)
mex 4(Ry + RLY 4R,
Vee Ve
PCEm.x ”2 RZ’. "2 ;z (7.12b)
n Rf
L 0.785 7.12
max iy (7.12¢)
Ve Ve
R! —cc —cc 7.12d
L ﬂch 772Pc ( )
2 [J 2 2
~omax L(-R_LT) T 2466 | (7.12e)
Pee, 4\Rr + R, 4
2Vee ~ BV imex Voo + ™ Po Ry Ve BV
Vee Vee = max (7.12f)
=BanxPCRT772 2
Vi Ve
P __Yee Yee 7.12
CCmax ﬂ(RT+R£) ”Rll, ( e
For I, =kle, ., k<1
3%
Psc —n_Ri"—c (7.12h)
(per transistor)
n 1;_” (7.12i)
kv .
P, _ZRL,LC (7.12j)
(per transistor)
I _Yeec Yee (7.12k)
Rr+Rg R,
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Transistor Circuit Analysis

PROBLEM C.1 Plot the following transfer function on logarithmic coordinates:
10

Gljw) = —————— . c.1
! jol + jw/10) €D
Solution: At very low frequency,
, 10
|G(](D)| =|— .
jo
Express gain in decibels for the low frequency region:
db = 20 log,, 1—0 = 20[log,, 10 - log,, w]
(]
=20[1-logywl. (C.2)

Note that if db is plotted versus log,,w, the resulting curve will be a straight
line as in Fig. C.la (dashed line). This line crosses the zero db axis at « = 10,
since at that point, (C.2) = 0. The line is an approximation to the actual fre-
quency-response curve only at very low frequencies.

6 db/octave or 20 db/decade

20
Corner frequency
1 olt 100" 100
o ' @
3
20N Slope of —20 db/decade ~ _o20lL 3 dbdown «—12 db/octave, or
NS / 40 db/decade
1 ~ Exact curve
—_ Py O —- —40}
"s 0 N L ) 1 ~
- 100 . 7
1
¢ o -
1 Fy ' O
~20F L S K] :
1+i7o £ i
£ 90 }
—40 Slope of —~40 db/decade g‘ !
-135
b
(a) 2-180
o

Fig. C.1 (a) Separate Bode components which are combined to obtaini the resultant diagram of Fig. C.1(b).
10

; P /)]
wl|l+j =
J ( J 10)

{b) Bode plot of the transfer function G(jw) =

Now consider the very high frequency region where 1% > 1. In this region,

|G(jw)| = S (C.3)

L v f 1 ?
) <ﬁ>
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Frequency-Response Plotting

Express gain in decibels:

100

db = 20 log,, —- = 20 [log,, 100 - log,, »”]
®

]

It

20[2 - 2log,, w]
40[1 ~log, w] . (C.9)

This is again a straight line; i.e., db is a linear function of logow. This line
crosses the zero db axis where log,,w = 1, or at w = 10, by coincidence, at the
same point where the low-frequency approximation cutve crosses the zero db
axis. Note that the slope (—40) of (C.4) is twice the slope (— 20) of (C.2).

Figure C.1b  shows the superposition of the straight line approximations to
the very low- and very high-frequency regions of the |G (jw)| cutve, as well as
the actual curve. As frequency reduces or increases indefinitely, the curve
|G(jw)| approaches the straight lines asymptotically. Hence, this type of dia-
gram is often called an asymptotic diagram. Practically, the degree of approxima-
tion represented by the two asymptotic portions to the left and right of their
common intersection point, is remarkably good. The excellence of the straight
line approximation to the actual curve is the key reason for the widespread use
of this type of diagram. Figure C.1b also shows the plot of the phase angle plotted
on the same frequency scale.

PROBLEM C.2 For the transfer function of Prob. C.1 with generalized gain
and time constant, calculate the gain error at the intersection of the two asymptotes.

Solution: Consider the mathematical expression for |G(jw)|. Use K and T
instead of the numerical values of the previous example. We have

K
Glje) = ———,
o) = 7a)
G (jo)| = —X

oV1+ o*T?

When T > 1 (high frequency) or when T <« 1 (low frequency), the approxima-
tion method applies with high accuracy. Where T = 1, the approximation is
poorest. Here, the asymptotic diagram indicates a value (at the intersection of
the two asymptotes) of 20 log,, KT. The exact value is

KT KT KT

|G (jw)| = ———= e ==
wTV1+(wT)? 1Visl V2
or
db = 20 log,, XL = 20 logy KT — 20 log,o V2 ,
approximate error
value
so that

error (db) = —20 log,o V2 = ~10 log,o 2 = —10(0.301) = —3.01 db.

At this poorest point, the actual curve is very close to 3 db below the value
indicated by the asymptotes.
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Transistor C

where

1

in and phase characteristic of

Plot the ga

3

PROBLEM C
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Frequency-Response Plotting

Solution: Refer to Fig. C.2. At low frequency, the asymptote is simply K, a
horizontal line whose ordinate is given as

db = 20 log,, K.

At high frequency, |G(jw)| = K/wT, which intersects the low-frequency asymp-
tote at wT = 1,0or w = 1/T. The slope at high frequency falls off at 20 db/decade,
since the high-frequency slope has « to the first power only in the denominator.
The low-frequency phase shift is approximately zero, approaching a 90° lag at
very high-frequency. At wT = 1, phase lag may be calculated from

G(jw) =

1+j’

hence, phase lag = 45°.

db=2010g10K
} 20
= ]
= 3 db dow :
" @ ~—= High frequency’
0 1 i asymptote
* ioT T \—(20 db/decade)
" T Corner frequency)
°
® 0
H I
? \ @G —
® I
£ i
1
2 ~45 1
£ | * 0 T, T,
H : I : T -~
-] I £
& =0 i 2 Exact curve
Note: Negative phase angle = phase lag 6 db/octave
20 log,,—= - ! f\\._
Fig. C.2 Plot on Bode coordinates. T, [
F I 9 : Asymptotes
©
- | @ e
e 0 |
o — |
2 [
@
c
° I
o |
g 1
8-90
a

Fig. C.3 Bode plot of transfer function. Note that the phase moves
toward — 90° and then returns to its 0° asymptote.

PROBLEM C.4 Sketch the asymptotic diagram and the approximate phase char-
acteristic of the following transfer function:

. 1+ jwT,
Gljo) = 192 1571,
1 +jwT,
Solution: Refer to Fig. C.3.

PROBLEM C.5 Sketch the asymptotic diagram and the approximate phase char-
acteristic of the following transfer function:
1+ jwT,

G(jw) =
Jo 1+jol,

, T.>T,.
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Solution: Refer to Fig. C.4.

1
T,

6 db/octave 20 logy,

Asymptotes
/TN /T, /1, 1T,
L{ T T

N—— ©

'

2
LS

b))
W
-
S
— — —— — —

=]
o

%

Phase angle in degrees —» I' N.l (db)—
=)

l
O
<}
|

=]

=)

(=

Phase angle in degrees <» (db) -
0
o

~__ =

Fig. C.4 Bode plot gf transfer function. Note that the phase Fig. C.5 Bode plot of transfer function. Note relative com-
moves toward + 90° and then returns to its 0 asymptote. plexity of phase diagram.

PROBLEM C.6 Sketch the asymptotic diagram and the approximate phase char-
acteristic of the following transfer function:

(1 +juTX] +joT)
(1+joT)1 + joT) '

Solution: Refer to Fig. C.5.

G(jw)=K L>T,>T,>1,.

PROBLEM C.7  Sketch the asymptotic diagram and the approximate phase char-
acteristic of the following transfer function:

K
(1+j0T)1 +joL) ’

Gljw) = I,>T,.

Solution: Refer to Fig. C.6.

12 db/octave
20 logy K Asymptotes
AN
* Exact curve:™ 6 db/octave 20 logy, K ;
) 1 ’ 0T J/ 6 db/octave
3 T, i
2 o : d ) by 1
1 : @) = A 0 : ! '1'*2
i \ 11 Py
\ T :
* 12 db/octave 1 .
~e
g ’ - 12 db/octave
e 1 1 !
'§. 0 Tl T2 8 % 7_}—.
1} T -
' - £ oo :
< ! (3 : :w—>
@ -90 f £ , :
. 2 -90 ' '
: 5 i !
i" -180 .
_g -180 .
o

Fig. C.6 Bode plot of transfer function.
Fig. C.7 Bode plot of transfer function.

PROBLEM C.8  Sketch the asymptotic diagram and the approximate phase chat-
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acteristic of the following transfer function:

K( + joT,)

Gliw) = ——~=—-F—
bo) = G + joTy’

.>T,.

Solution: Refer to Fig. C.7.

C.3 More Complex
Frequency-Response Functions

. 1+ ]mTz s (1 + ]wT)
G = , G = 1
(i) A +joT,) A + joT,) () jo( +joT,) (I + joT,)
. 1 , 1+ joT
G = ) G = 1
Uo) = D 2 loT, bo) = 1 joT,)
Gs(]w) = (1 + ]le) GG(](IJ) = (1 + ]le) (1 + ]O.)T4)

[(-0*T?* + 1) + j2{Tw] [1 + joT,]’ (1 +joT,) (1 + joTy)




Resonant
peak
3 ]
~ 20 logye % 14 "I Exact
/ - \\ curve
" 0 db/octave } \\
12) symplt(/)lt;s \
o (o=t
3 4 12 db/octave
c
K] I
) |
o 90
©
w
o
£
o 180

Fig. C.8 Bode plot of quadratic function

Transistor Circuit Analysis

20
4:0.05
s {=0.1
10 // {=0.15
L=y
/4_\ {=0.2
el £=0.25
f o N {=0.3
'\\ =0.4
° C=0.6 t:\\ 4:0.5
= §=0.8/ ~
_§ {=1.0
-10
c
5 s \
213
2 [~
3l=
-20
-30
G(jw)= 1
—’T*+2fjwT+1
_a0 | | |
0.1 0.2 03 04 0506 0.8 1.0 2
@ T—

Fig. C.9 Magnitude of output/input versus dimensionless frequency wT for various values of £.
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0
————
20 \\Q\‘SQQQ\“/:EHB

T %%Q\\\ -t =0.15
P o NN AN
o \\ /§'=0:3
< =047/ N 1

g 00 §=g.s'/’/ N

- = 6

als =08 ™
HE 08> S

- \\\\\ N
NS -
— ===

0.1 0.2 ‘0.3 04 05 06 08 1.0 3 4
T —»

Phase angle of

;////
|

I

W
(=]
®
—
o

Fig. C.10 Phase shift of output/input versus dimensionless frequency @T for various values of £,

PROBLEM C.10 Sketch the Bode diagram of the expression

1

G(jw) =
! —0'T*+joT+1

c.9

Solution: Compare the middle term of the denominator with the standard form
2ljwT, 2¢ =101 ¢ = iz . Refer to the ¢ =% of Fig. C.9. Note that gain is
0 db at T =1 for this damping factor. Figure C.10 shows the companion phase
shift curve.

PROBLEM C.11 Plot the gain and phase characteristics on Bode coordinates
of the transfer function

K
T (1+jeT)1+jeT,)
Solution: Proceeding as before to determine the gain characteristic,

_ K
1+joT,||1+joT,|

G(]CO) Tx > Tz . (C-lo)

|G (jw)|

Expressed in db:

K
1 +joTi||1+joT,}

db = 20 log,,

20(log, K — logy, |1 + jo T,| —loge|l + jo Ty)). (C.11)

Note that each factor in the transfer function makes its separate contribution to
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the decibels of attenuation, and in plotting the asymptotic diagram, each term
may be considered separately.  Thus, as shown by Fig. C.1la, the separate
asymptotic contributions of each term are drawn to provide an asymptotic or
straight line approximation to the entire curve of Fig. C.11b.. This approximation
is at its best in regions far from the comer frequencies. Similarly, each term of
the transfer function contributes its phase shift component, which may be added,
as shown by Fig. C.1lc,

20 10g‘oK
} 1 1 )
2 T, T, 1/T
{a) S0 § 0 l/ 2 >
i ] @ o Arcton 0T, i
i < - Arctan T,
c
= 1+jwT, L +ioT, 6 db/octave o —90
@ . Combined
0 db/octave g & phase angle
20 togyg K 6 db/octave 5—180
-
’ o
5 Phase lag due to 1/(1+jwT,) = arctan wT,;
~ 0

(b)

curve

Actual resultant

Phase lag due to 1/(1+jwT,) = arctan wT,;
Over-all phase lag is sum of separate phase
lag components.

{c)

Fig. C.11 (a-b) Bode plot showing how components of asymptotic diagram are added to deve lop over-all diagram.

(c} Bode plot showing how separate phase lags of trans fer function are added together.

Note in Figs. C.1la-c that corner frequencies for the resultant asymptotic
curve occur at w = 1/T;, and w = 1/T,. Note further that each successive corner
frequency marks the point where the corresponding term of the denominator starts
to increase rapidly with frequency, resulting in a sharper slope of the asymptotic
line following the corner point. The phase shift curve tends toward the values
corresponding to the gain asymptote slopes; i.e., 90° for 6 db/octave, 180° for
12 db/octave, etc. The phase shift curves tend toward these values only when
corner frequencies are widely separated. When the corners are less than a few
octaves apart, the limiting phase shift values constitute only a crude guide.
A more accurate plot would require calculating the exact phase shift at a few
well chosen points. Since the corner frequencies represent points of poorest
approximation, it is particularly convenient to calculate phase shift at these
comers. In practical cases, phase shift is important in limited regions where
exact calculations may be made once the approximate phase curve is known.

PROBLEM C.12 Plot the Bode curves for the function

K(l+joT,)

G(]CO) = ’
jo(1+joTy)

I,>7T,. (C.12)
Solution: Refer to Fig. C.12. At very low frequency,
6lw =&, 6w - K.
Jw w

This curve, or an extension thereof, crosses the zero db axis at w = K. At o = 1,
db = 20 log,, K. This straight line extends indefinitely to the left (toward @ = 0,
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on the logarithmic scale). Phase shift at very low frequency tends toward 90°
lagging. At w = 1/7;, the term in the numerator starts to increase substantially
in magnitude, thereby introducing a leading phase shift component. The increase
in w7, starts to balance the increase in the w of the denominator (w7, still much
less than unity), so that the gain curve flattens out. The (1 + jwT,) factor in
the numerator creates a positive slope change of 20 db/decade to balance the
initial negative slope of 20 db/decade. At w = 1/T,, the second denominator
factor introduces a second corner frequency, adding a 20 db/decade negative

slope to the asymptotic gain curve. Phase shift tends toward the values corre-
sponding to the different slopes between the corner frequencies.

6 db/octave 12 db/octave
0db/octave 20 logy oK t—m———
20 log,oK |-- I
: AN \ J 6 db/octave * |
RN ] —_ I WK
= , : N_ Asymptotes : ) 0 1 WV
z 0 L \\; i 1 yr 18 db/octave =
} 1 1/T, K YT, w—>
w T | B,
g
¢ o
Il ® /T
[ < 0 |
o 0 A YT, £ I w =
E I ' —_ o —90 i
c | [ @ = |
(]
o l S —180 1 .
: 90 g R‘S
& 8 -270
o

Fig. C.12 Bode plot of transfer function.

PROBLEM C.13 Plot the Bode diagram of the transfer function

G(jw) =

K

(jo)*(l + joT)

Fig. C.13 Bode plot of transfer function.

(C.13)

Solution: Refer to Fig. C.13. The gain curve has a single comer frequency at
® = 1/T. The initial slope is 12 db/octave until the corner frequency, at which
point the curve falls at 18 db/octave. Phase shift is 180° lagging at low fre-
quencies, approaching 270° at higher frequencies.

PROBLEM C.14 Plot the Bode curves for

G(jw) =

K

(jo)(0.1jw + 1)

Solution: Refer to Fig. C.14. This shows the Bode plots for K = 1.

20
10 N ;zg
0 \ ~90 §
\\<—Phcse curve ]
— : \ [
o | i & -
2 —-20 Exact curve N | ~_150 :-
< Asymptotes o
—30F ©
8
—40 '3
41—-270
-50 A
0.1 1 10 100

Q)

Fig. C.14 Bode diagram, amplitude and phase.
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Transistor Circuit Analysis

PROBLEM C.15 Plot the Bode curves for

¢lio) = K : ©.15)

(mxm+ncg+9

Solution: Refer to Fig. C.15. This shows the Bode plots for K = 2.

10 Exbs\ )
d Y -
curve \ -]
0 } BN —-90 %
\N N A o
3 symptotes 3
—10F Phase > < “;_
3;_20 L curve \ 1 180 5
Q.
(1]
~30} \ @
\ 3
—40 + \ @
SN~ 4-270
=501 1 10 100

Fig. C.15 Bode diagrom, amplitude and phase.
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APPENDIX

DISTORTION
CALCULATION

D.1 Distortion

S

X+ X, —2%q
D 0T 100
2 (%) 2(x; — %1)

Xg = quiescent value of wavetorm

Fig. D.1 Calculation of second har-
monic distortion component inan ap-
proximately sinusoidal waveform.
Higher harmonics are negligible;
D = percent distortion.

D, (%) =

2(xy —xz +x"'—x")

D, = VD} + D}

Fig. D.2 Calculation of second and
third harmonic distortion components
in an approximately sinusoidal wave-
form. Higher harmonics are negligi-
ble; D = percent distortion.




Transistor Circuit Analysis

PROBLEM D.1 Refer to Fig. D.2. Analyze the wave described by the following
parameters for distortion components: x, =2, x, = 0, x, = 1, x' = %, x" =l2 . Also
use (D.1).

Solution: Using direct substitution, the following results are obtained:

3 1
2+0—3——2

D,(%) =

3 1
2+5 -3

2-0-2@3 - 1)
D, (%) = 22 -0,

1
22-0+3 + 7

yo=(1—),[2+0+2(2>]=1,

1
Y|=§[2—0+%“%]=1;
-lso-3_11-0
Yz—g + 2 - 71=Y
1

y3=g[2—0—3+1]=0.

The wave exhibits no second or third harmonic distortion components. As a
matter of fact, at the points defined in this problem, the wave has the parameters
of a pure sinusoid.

Test the formula of Fig. D.1 for second harmonic distortion:

2.2
p) = —=—%__ x 100 = 0.
D, (%) 2(0_2)><

This result is of course necessary for consistency.



BVcpo

BVcEo

BVcEgr

BVcEs

BVEgo

LIST OF SYMBOLS

current gain

small-signal average power gain
voltage gain

base electrode

breakdown voltage, collector to base,
emitter open

breakdown voltage, collector to emit-
ter, base open

breakdown voltage, collector to emit-
ter, with specified resistance be-
tween base and emitter

breakdown voltage, collector to emit-
ter, with base short-circuited to
emitter

breakdown' voltage, emitter to base,
collector open

breakdown voltage, reverse
collector electrode

input capacitance (common-base)
input capacitance (common-collector)
input capacitance (common-emitter)
output capacitance (common-base)

output capacitance
(common-collector)

output capacitance (common-emitter)
emitter electrode

small-signal short-circuit forward
current transfer ratio cut-off fre-
quency (common-base)

small-signal short-circuit forward
current transfer ratio cut-off fre-
quency (common-collector)

small-signal short-circuit forward
current transfer ratio cut-off fre-
quency (common-emitter)

static value of the forward current
transfer ratio (common-base)

small-signal short-circuit forward
current transfer ratio (common-base)

static value of the forward current
transfer ratio (common-collector)

small-signal short-circuit forward
current transfer ratio (common-
collector)

static value of the forward current
transfer ratio (common-emitter)

small-signal short-circuit forward
current transfer ratio (common-
emitter)
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static value of the input resistance
(common-base)

small-signal value of the short-cir-
cuit input impedance (common-base)

static value of the input resistance
(common-collector)

small-signal value of the short-cir-
cuit input impedance (common-
collector)

static value of the input resistance
(common-emitter)

small-signal value of the short-cir-
cuit input impedance (common-
emitter)

static value of the open-circuit out-
put conductance (common-base)

small-signal value of the open-cir-
cuitoutputadmittance (common-base)

static value of the open-circuit out-
put conductance (common-collector)

small-signal value of the open-cir-
cuit output admittance (common-
collector)

static value of the open-circuit out-
put conductance (common-emitter)

small-signal value of the open-cir-
cuit output admittance (common-
emitter)

small-signal value of the open-cir-
cuit reverse voltage transfer ratio
(common-base)

small-signal value of the open-cir-
cuit reverse voltage transfer ratio
(common-collector)

small-signal value of the open-cir-
cuit reverse voltage transfer ratio
(common-emitter)

base current (d-c)

base current (instantaneous)
collector current (d-c)

collector current (instantaneous)

collector cut-off current (d-c), emit-
ter open

collector cut-off current (d-c), base
open

collector cut-off current (d-c), with
specified resistance between base
and emitter

collector current (d-c), with speci-
fied circuit between base and emitter

collector cut-off current (d-c), with
base short-circuited to emitter



Ig

Igpo

Transistor Circuit Analysis

emitter current (d-c)
emitter current (instantaneous)

emitter cut-off current (d-c), collec-
tor open

forward current (d-c)

forward current (instantaneous)
reverse current (d-c)

reverse current (instantaneous)
saturation current

region of a device where electrons
are the majority carriers

region of a device where holes are
the majority carriers

total power input (d-c or average) to
the base electrode with respect to
the emitter electrode

collector junction dissipation

total power input (d-c or average) to
the collector electrode with respect
to the base electrode

total power input (d< or average) to
the collector electrode with respect
to the emitter electrode

total power input (d-c or average) to
the emitter electrode with respect to
the base electrode

large-signal input power
small-signal input power
load power

large-signal output power
small-signal output power

total power input (d< or average) to
all electrodes

small-signal forward resistance

external base resistance

‘base resistance

extemnal collector resistance
collector resistance

external emitter resistance
emitter resistance

saturation resistance

load resistance

temperature
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ei—C

Vesr

VeCcF

YR

ambient temperature
case temperature
junction temperature
thermal resistance

thermal
ambient

resistance, junction to

thermal resistance, junction to case
base supply voltage (d-c)
base to collector voltage (d-c)

base to collector voltage
(instantaneous)

base to emitter voltage (d-c)

base to emitter voltage
(instantaneous)

collector to base voltage (d-c)

collector to base voltage
(instantaneous)

collector supply voltage (d-c)
collector to emitter voltage (d-c)

collector to emitter voltage
(instantaneous)

collector to emitter saturation volt-
age

emitter to base voltage (d-c)

emitter to base voltage
(instantaneous)

emitter to collector voltage (d-c)

emitter to collector voltage
(instantaneous)

emitter supply voltage (d<)
forward voltage (d-c)
forward voltage (instantaneous)

d-c open-circuit voltage (floating
potential) between the collector and
base, with the emitter biased in the
reverse direction with respect to
the collector.

d-c open-circuit voltage (floating
potential) between the emitter and
collector, with the base biased in
the reverse direction with respect
to the collector

reverse voltage (d-c)

reverse voltage (instantaneous)
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Acceptor impurity, 4

Amplifier performance:
small-signal, 97
common-emitter, 97
common-base circuit, 107
common-collector, 109
formulae, 113

Amplifiers:
basic circuits, 17
capacitor-couples, 124
direct-coupled, 121
emitter-follower, 54
multi-stage, 121
performance calculations, 52

Approximation techniques, 92

Audio amplifier, 97

Avalanche effect, 161

3

Base spreading resistance, 17

Bias circuits:
constant base voltage, 71
temperature sensitivity, 71
general configuration, 79
emitter bias, 83
approximate analysis, 92

Bias compensation, 85

Bias drift, 149

Bias point stability, 69

Black box, 39

Bode diagram, 199

By-pass capacitor, 124, 155

c

Capacitances, 22
Capacitor coupling, 124
Carriers:

majority, 4, 6

minority, 4, 6
Characteristic curves, 24
Collector resistance, 17
Classes of operation, 178

Class A push-pull, 178

Class B push-pull, 180
Collector-base feedback, 81
Collector-base leakage, 67

INDEX

Common-base:
characteristics, 25
circuit, 107, 127
connection, 13, 17, 173
parameters, 47

derivation, 48
power gain, 14
voltage gain, 14

Common-collector:
characteristics, 26
circuit, 17, 109, 176

Common-emitter, 17
characteristics, 25
circuit, 17, 97

Complementary transistors:
direct-coupled, 155, 156
d-c feedback, 157

Complex impedance, 126

Composite characteristics, 179, 181

Composite load-line, 181

Constaat power hyperbola, 164

Conversion formulae, 45, 52-4

Coupling capacitor, 124

Covalent bonds, 2, 8

Crossover distortion, 181

Current feedback, 190, 194

Current gain, 26, 32

Cut-off, 73

Cut-off frequency, 113

Cut-off region, 160

D

D-c bias, 67

D-c feedback, 145, 157

D-c models, 20

D-c stabilization, 73

Diffusion, 5

Diffusion current, 6

Diode compensation, 85, 95

Direct coupling, 144
stability with temperature, 148

Distortion, 163, 174

Donor impurity, 4

Driving impedance, 121

Dynamic resistance, 8

E

Ebers-Moll model, 15
Electron-hole pairs, 3, 6
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Emitter bias, 83
Emitter-follower, 54, 95, 109, 121
current gain, 112
gain, 56
voltage gain, 112
Emitter resistance, 17
Energy gap, 2
Equilibrium, 6
Equivalent circuit, 41
Ebers-Moll model, 15
d-c models, 20
hybrid-7, 16, 21, 62, 114
small-signal, 16
tee-equivalent, 16, 43
Equivalent model, 41
Excitation level, 2

F

Feedback, 36, 186
Feedback amplifier, 190
Feedback and distortion, 188

Feedback and frequency response, 187

Feedback, types, 190

Forbidden gaps, 2

Forward conductance, 22

Frequency response, 124
asymptotic diagram, 137
effect of emitter resistors, 129
high-frequency response, 132
interstage coupling network, 125
low-frequency, 124
multiple time constants, 136
universal curve, 126

G

Gain margin, 198

Gain stability, 201

General bias circuit, 74, 79
General bias equation, 74, 77
Generator resistance, 175

H

h-parameters, 38
High-frequency behavior, 22
High-frequency circuit, 140
High-frequency performance, 113
Hybrid parameters, 38

conversion to tee parameters, 43

conversion to hybrid-7 parameters, 64



Hybrid-7:
calculations, 115
capacitances, 114
circuit, 114
conversion formulae, 64
equivalent circuit, 62
parameters, 114
measurement, 116

Impedance matching, 138
Impedance variation, 108
Impedance variation with R, 101
Impedance variation with Ry, 101
Incremental output impedance, 33
Input impedance, 97, 121
Instability, 187

Integrator, 202

Intermediate frequency range, 136
Interstage, coupling circuit, 130
Intrinsic resistivity, 3

J

Junction temperature, 85
Junction transistor, 13

K
Kernel, 2

L

Large-signal operation, 30
Leakage, 67, 68, 90

current, 67

equivalent circuit representation, 68
Load line, 27, 143
Load line curvature, 179
Load line of input circuit, 28
Logarithmic plotting, 131, 137, 140
Low-frequency response, 124
Low-level transistor characteristics, 72

M

Majority carriers, 4

Miller effect, 118

Minority carriers, 4
Multiplication effect, 161
Multi-stage amplifier, 121, 197

Transistor Circuit Analysis

N

Negative feedback, 187
Nonlinearity:
nonlinear behavior, 20
nonlinear operation, 30
nonlinear region, 30
Nyquist criterion, 196
Nyquist plot, 198
Nyquist point, 196

(o]

Open-loop, 186, 196
Operating limits, 160
Operating point, 26, 67
drift, 67, 69
Operational amplifier, 200
Output admittance, 39
Output impedance, 97
Output transformer, 141

P

p-n junction, 5
Parameter definition, 39
Positive feedback, 187
Potential barrier, 5
Power amplifier, 160
Power amplifier design equations, 171
Power dissipation, 95
Push-pull amplifier, 178
design formulae, 182
equivalent circuit, 180

Q

Quiescent point, 26

R

Recombination, 3
Rectifier, 5
circuit, graphical analysis, 11
equation, 7
power dissipation, 11
static equivalent circuit, 16

- Reverse leakage, 7, 10

Reverse voltage ratio, 39, 46

S

Sacuration, 36, 73

244

Saturation region, 160
Saturation resistance, 162
Self-heating, 85
Semiconductor crystal, 2
Single-stage amplifier, 97
Small-signal:

amplifier, 97

operation, 30, 38
Stability, 196
Stability factors, 73-76, 81
Stability margin, 198
Static characteristics, 24
Summing circuit, 200
Surface leakage, 10
Switched operation, 35
Switching circuit, 93

T

Tee-equivalent circuit, 46
Temperature effects, 68, 162, 168
Thermal resistance, 162
Thermal runaway, 18, 89
Thevenin’s theorem, 71, 129
Three-stage amplifier, 148
Transconductance, 166
Transformer-coupled amplifier, 141, 165
Transformer coupling, 138

equivalent circuit, 138

frequency response, 140
Transistor:

basic circuits, 17

bias, 13

breakdown, 19

current gain o, 13

current gain B, 14

description, 12

junction transistor, 12

parameters, 25
Two-stage amplifier, 125, 129, 133
Two-transistor circuit, 34

u

Universal curve, 126

A

Voltage feedback, 190
Voltage gain, 33
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