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PREFACE

The transistor is being used nowadays as a technical amplifying element in
almost every field of technology. In consequence, the valve is more and more
superseded by the transistor. To the same extent as the transistor is replacing
the valve, those who up to now have only worked with valves must now also
become familiar with transistors. Experience has shown that the amplifying
element “valve” is theoretically relatively easily mastered by students,
apprentices, amateur technicians and so on. Why is it then that those very
circles who successfully apply the theoretical knowledge concerning the
operation of the valve in the circuit show an aversion to assimilating the
theoretical fundamentals of the transistor? Is the operation of a transistor as
an amplifying element really so different in principle compared with the
valve? Is it necessary to replace the simple formulae of the valve by obscure
four-pole equations in the case of the transistor? The answer to that is an
emphatic “No!”. The transistor is just as easy to understand as an amplifying
element in the circuit as the valve. Granted, the internal physics of the
transistor present more difficulty than with the valve. This, however, is by no
means simple in the valve and what “expert” in the use of the valve has
hitherto bothered himself about the internal more profound physical proces-
ses of the valve? It is important for the user of valves and transistors to
know what this type of amplifier can do. Here the greatest interest lies in the
characteristic values and curves. This does not mean that one should know
nothing at all about the internal physical processes in a transistor. It ought
to be said, however, that over-emphasis on the physical processes in the
transistor has “soured” its theoretical presentation to a large extent.

This text-book contains a short essential treatise on the physical facts
necessary to explain certain specific transistor properties. Its chief aim,
however, is the presentation of the principles of the transistor as an amplify-
ing element in combination with the essential circuit elements. Here we are
not so much concerned with reproducing the greatest possible number of
circuits built up as with arousing a basic knowledge of which suitable chosen
circuits to understand and eventually to develop oneself. Pure algebra is the
only mathematical science required to study this book. In order that the
less experienced may be able to concentrate on transistor problems, the
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most important properties of the transistor compared with those of the
valve have been set out in the form of an introduction. This summary may
serve the more skilled reader as a quick survey. The detailed explanations
mainly cover the so-called small signal amplification at low and high fre-
quencies. The derivations are included in such a way that even those who
dislike the formulae will be able to follow them without difficulty. Numerical
examples given after each problem should consolidate the material and give
the feeling for magnitude and dimensions.

The presentation of the transistor has been carried out in exactly the same
way as that which has already become classical for the valve. It is therefore
to be hoped that as a result of the uniformity of the presentation a better and
clearer connection will be shown between the two amplifying elements and
with it a basis for easier comprehension of the transistor.

January 1965 THE AUTHOR
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CHAPTER 1

INTRODUCTION

1.1. The transistor versus the tube

To those who are already familiar with the electron tube and wish to become
acquainted with the transistor, it is doubtless intriguing to investigate the
differences and similarities existing between the two amplifying devices.
However, even impartial readers can frequently profit by having both
devices described in uniform terms as is done in the following chapters.
By way of introduction the most important facts concerning the transistor
will be set out together with those of the electron tube in so far as they
affect the amplification process in a circuit. The whys and wherefores will
be explained in detail later. In this way, a general viewpoint is developed
before we penetrate into individual problems and will not appear to be wasted
effort.

1.2. The fundamental circuit of the transistor and the electron tube

The comparison between the transistor and the electron tube is first shown
in the following two fundamental circuits.

1.3. Why does the transistor amplify?

The following explanation should be sufficient without having to study the
physics of semiconductors.

I Collector

HI 29se

i Emitter |

Smmseae
]
o

"

)

[-X

Fig. 1.1
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The value of the base-emitter voltage determines how many charge
carriers are drawn from the emitter into the adjoining base region, although
most of these charge carriers are captured by the adjacent collector which
is also attracting them. Only a small part of the charge carriers attracted by
the controlling base voltage will be transferred as control current to the
more distant base electrode. The transistor is therefore in essence a “‘current
amplifier”, i.e. the control of the collector current by the base-emitter vol-
tage of varying intensity is the result of the favourable current division
between base and collector. This constitutes the actual transistor effect.

If an a.c. control voltage is connected at terminals @ and b via the capacitor
C, the d.c. voltage between base and emitter is then altered by the same
amount and in the same rhythm. The outcome of this is that the base draws
more or less charge carriers from the emitter. The greater part of this direct
current fluctuating in rhythm with the control voltage reaches the collector
and at the load resistance Ry in the collector circuit, it generates an a.c.
voltage which exceeds the control voltage by the amplification factor A,
being amplified between ¢ and d. As has already been mentioned, the control-
ling voltage applied between a and b also allows an alternating current,
small in comparison to the emitter current, to flow from the emitter to the
base. This a.c. control current is very small compared with the controlled
current flowing in the collector circuit and we therefore speak of “current
amplification™ Aj.

The control generator, however, also allows an additional alternating
current to flow via resistance R, which is connected in series with the d.c.
base voltage source but lies parallel to the transistor input. Viewed from the
control source, the current amplification is apparently reduced by this. In
the transistor, the base electrode and the collector electrode are both
attracting, as compared with the emitter, and therefore both have the same
d.c. voltage polarity (with the p-n-p transisitor both are negative and so
attract positive charge carriers).

1.4. Why does the electron tube amplify?

In the electron tube, the electrode furthest from the cathode, i.e. the anode,
draws electrons which are released by the cathode. The control grid is placed
between these two electrodes in the immediate vicinity of the cathode. This
control grid attains a negative voltage compared with the cathode by way
of the grid resistance R,;. This reduces the attraction of the anode; the
current drawn by the anode diminishes with increasing negative voltage at
the grid, and becomes greater in the reverse case when the negative voltage
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at the grid is reduced. Since no negative electrons are passed on to the
negative grid, control in the tube takes place essentially as a voltage control
With external control by an a.c. voltage, a current can still flow via the
necessary grid resistance Ry, or with high frequencies via the grid capacit-
ance. This “control current”, however, is not originally connected here with
the control process in the electron tube.

If a controlling a.c. voltage is connected across terminals @ and b via
capacitor C, the d.c. voltage between grid and cathode is altered by the same
amount and in the same rhythm. The result is that the attraction of the
anode is more or less weakened by the grid ; the current to the anode, the
controlled current, fluctuates with the rhythm of the controlling voltage.
This fluctuating anode current produces an a.c. voltage at the load resist-
ance Ry, which exceeds the control voltage according to the value of the
load resistance. The amplified voltage which is larger than the controlling
voltage by the voltage amplification factor 4,, appears between the out-
put terminals ¢ and 4. The control generator, however, also allows a current
to flow via the grid resistance R, which serves as a d.c. grid voltage supply.
If we compare this a.c. control current at input a or b of the tube with the
controlled a.c. output current in the anode circuit of the electron tube, we
can also show a current amplification A4; for the electron tube.

Since in the electron tube the anode attracts charge carriers from the
cathode, although the grid weakens the anode attraction, grid and anode
have opposite d.c. voltage polarity (anode positive, grid negative).

1.5. How strongly does an electron tube amplify?

Let us start with the results of the following considerations : The mutual
conductance (slope) S is the characteristic value of a tube which gives infor-
mation concerning the controlling action of the grid on the anode current.
The internal resistance R; is a similar characteristic value which tells us
about the controlling effect of the anode voltage on the anode current.
With the load resistance available, the anode voltage is not constant during
control. By means of its own controlling effect, it acts against the controlling
effect of the grid and apparently reduces the slope of the grid. We thus have
in the tube a so-called reaction of the anode on the grid. The two values,
slope and internal resistance, together with the load resistance, determine
the amount of voltage amplification.

Now in detail :

If we want to know the extent of the amplifying action of an electron
tube, we have to establish by measurement the amount of pull the anode
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exerts on the anode current and how much this attraction is reduced by the
grid. The values measured here are best plotted in a graph and from this we
obtain the characteristic curves of this electron tube. In this way we get the
so-called two-quadrant characteristic field. This consists of two diagrams
with a common axis, the anode current axis /. We refer to the right-hand
one, the anode current — anode voltage diagram, as the first quadrant.
The second quadrant is the anode current — grid current diagram.

The characteristic curves plotted in the first quadrant inform us about
the attracting or controlling action of the anode voltage. In actual measure-
ment the grid voltage is kept constant so that only the controlling effect of
the anode is expressed. If the applied grid voltage ¥, amounts to —3 V,
an anode current I, = 4 mA will flow at an anode voltage ¥, = 80 V. If
the anode voltage is reduced to 60 V a current of only I, = 2 mA flows.
This controlling action of the anode voltage can be expressed in a charac-
teristic value for this tube. The variations (4 called “delta”) were :

AVe =80 —60 =20V,
A, = 4— 2= 2mA.

From this we obtain as a characteristic value of the internal resistance :

AV, 20V
Ri==—""=_"—_=10kQ
Al 2mA
ma b1
8
7 Vy=-v
6 1
V=80V .
H] 12:2mA Vg._w
A 4 A R =4V
aly Ala
13 ,
Vg=-5v
z AV z
1
Volt Volt
Ve 6 5 4 -3 -2 0 20 4 60 80 Vo
:—:_“/v,.zv

Fig. 1.2
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The counter attraction, the controlling action of the grid, is expressed in
the second quadrant. Each characteristic curve in the anode current-grid-
voltage diagram is shown here for constant anode voltage in order to show
the grid control action only. In Fig. 1.2, for the sake of clarity, the only
characteristic plotted is for ¥, = 80 V. We can draw this curve by trans-
ferring points 1, 4; and 2 from the first quadrant to the second. Point 1,
for example, applies for a grid voltage Vy; = —1 V. It must therefore lie
perpendicular to —1 V seen from the —V axis, and with the current I, =
6 mA must give the new point of intersection in the second quadrant. If a
constant voltage Vy, = —3 V is applied at the grid, we obtain a current
I, = 4 mA at the “operating point” A». If an a.c. voltage v; = 2 V is now
connected at the grid, as is shown in Fig. 1.2, the anode current then fluc-
tuates by 2 mA, i.e. by iz = 2 mA.

Fig. 1.3

This control action of the grid voltage on the anode current is also indicat-
ed as a characteristic value for this electron tube. This value which expresses
the amount of controlling action of the grid is called the slope and is obtained
from:

If the grid resistance is Ry = 1 M{Q, an “a.c. input current” flows with
the value:

h=g, ~Tma~ 2HA

The current amplification therefore amounts to :
iz 2 mA

Aq =% T A 1000.

If there is also an anode resistance or load resistance Ry, in the anode cir-
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cuit, we also obtain voltage amplification. Because of the load resistance
the anode voltage is no longer equal to the supply voltage ; it is now reduced
by the voltage loss at the load resistance. The characteristic field of the
electron tube is shown below with a load resistance. The load resistance curve
shows the anode voltage which is still present with a particular anode
current. In Fig. 1.4, Ry = 20 kQ so that the supply voltage Vs is 160 V.

IG
8
RL=20kﬂ
Vo= -wv
/s &
/ Vo= v
’ 5 1
/ i=085mA /1 \A4
A 4 =0/ V.--
7 77 9=V
s 3
/
4 2
/
1
AVolt ‘ / Volt
6 5 4 3 2 1 0 20 40 60- 80 100 120 140 160
% Vs
S— V, sy
— ™
Fig. 1.4
It is now obvious in the first quadrant that with ¥, = —3 V grid bias,
we again have operating point A; because the load resistance line cuts the
characteristic line for V; = —3 V here. At this point, we therefore have an

anode voltage of Vo = 80 V ; the voltage drop at the load resistance amounts
tolp- R =5mA-20kQ, and V; = Vs — IR = 160 — 80 = 80 V. If the
grid voltage is now —1 V or —5 V, the anode voltage and anode current
are adjusted according to points 1 and 2. By transferring these points to
the second quadrant, we obtain the dynamic characteristic with the opera-
tional slope :
_s Ry _1. 10
Ri+ Ry, 10 4- 20
If we now apply an a.c. input current v; = 2 V, we obtain an a.c. output
current :

Sa

= 0.33 mA/V.

iy =v1°Sg =2 V-0.33 mA/V = 0.66 mA.
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This a.c. output current iz produces an amplified a.c. voltage vz at the
load resistance ; according to Ohm’s Law, this is derived from:

ve=1I*RL=1v1"Sag* R =0.66-20 = 13.2 V.

The voltage amplification is:
R Ry,

————— = 0.33mA/V-20 kQ = 6.6.
Ri+ Ry /

Ay=2 = S;-Ry=8
(2}

1.6. How much does a transistor amplify?

Let us first state the result of the following considerations :

The slope S is also a characteristic value in the transistor and gives
information concerning the controlling action of the control electrode
and therefore about the base voltage. The amount of the controlling action
of the output electrode, that is the collector voltage on the collector current,
is also given in the transistor through the internal resistance R;. This un-
wanted controlling action of the collector voltage occurs in two ways. It
brings about a variation of the current amplification and determines the
amount of base voltage necessary for a particular base current. The charac-
teristic value “internal resistance Ry thus comprises two control actions or
two reactions in the transistor. If we only indicate one of the two control ef-
fects of the collector voltage, for example that on the current amplification,
we show this internal resistance as R¢* (1/h22). The second reaction which
influences the input voltage is also indicated through a single characteristic
value known as the inverse voltage amplification Dy or the voltage reaction
D, = h12 = hre. In the transistor we, therefore, obtain the internal resist-
ance R; from both reactions together. With the slope .S, the internal resist-
ance Ry and the connected load resistance Rz, we obtain the amount of
voltage amplification A4, in the transistor, in the same way as in the elec-
tron tube.

As a result of the collector voltage reaction on the input voltage the input
resistance of the transistor between base and emitter is not a constant
characteristic value. The input resistance r4, therefore, depends on the amount
of collector voltage variation, i.e. on the voltage amplification 4, and there-
fore on the value of the load resistance Rj.

Now in detail :

When we investigate the amount of amplifying action of a transistor,
compared with an electron tube, we have to establish the extent of the
pulling effect, the control action of the base-emitter voltage, on the collec-
tor current, and find out the strength of the attraction of the collector.
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These two controlling influences on the collector current could also be
expressed through a two-quadrant characteristic field, as in the electron
tube. However, as the transistor is by its nature a current amplifying element,
as has already been stated, this property is also expressed when we investi-
gate the amount of amplification. We therefore make use of a four-quadrant
characteristic field when we measure a transistor and plot all the interesting
data in a graph (Fig. 1.5).

-I.mA
Ve =4V 1
ce 8 Ip
140uA
AN v 7 . ]
NN
N\ 6
100uA
N\A | A
N 5 | Ale
N A iy aVee
, 60 uA
p“:g- =h N 2 ! 2 d
0 l'1 2 AN 3 T
N R*-A¥c 1
AN } a [ h22
1
g’} | Vee
A 160 140 120 100 80 60 40 20 i 2 3 & 5 6 7 8velt
l
¥ |
1 o1 l =___AVBE =h
I1 - —_— et —— 4
,_//_z__]a\__f’i T I
P b 2V, 3 .A&\so,uA
Pt ____7rbl____
/1 03 | £ 2 100]JA
[ 4] *
Vg =V \140,4/\
~VgeT Vot
Fig. 1.5

The control effect of the collector voltage — Vog on the collector current
—1I¢ can be seen in the first quadrant. Every characteristic line which can
be obtained point by point through measurement is valid for a certain con-
stant base current, its course being very similar to that of a pentode tube
characteristic. With a change of AV¢g in the collector voltage, the current
varies only slightly by A4 because of the flatness of the characteristic curve.
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This control action can be expressed by :

_ AVer
T Al

In the case in point, R¢* = 3 V/0.6 mA = 5 kQ. This characteristic value
R¢* only contains the control effect of the collector voltage on the collector
current with a base current which is kept constant. The collector current,
however, is additionally influenced through a reaction on the base voltage.
Consequently, the internal resistance R; of the transistor diverges somewhat
from the value R¢*, as shown in Chapter 5.

In the second quadrant which gives the connection between input current
or base current —Ip and output current or collector current —I¢, a charac-
teristic curve can again be constructed with the help of points 1, 41 and 2,
as for the tube. The current amplification characteristic applies in this case
for a constant collector voltage — Ver of 4 V. A new characteristic curve
could be plotted for every other collector voltage.

The third quadrant shows the connection between input voltage — Vg,
the controlling base voltage, and the input current —7p, the controlling
base current. This kind of characteristic line is only applicable for a specific
collector voltage. We can construct it with the aid of the “reaction charac-
teristics” in the fourth quadrant. These characteristic lines tell us how
large the base voltage has to be for a particular base current when the
collector voltage assumes a certain value; i.e. the required base voltage
depends on the collector voltage; there is a reaction on the input. With
the help of points 1, A4 and 2, points 1, A3 and 2 can be plotted in the third
quadrant for —Vog = 4 V.,

The amount of the voltage reaction can thus be observed in the fourth
quadrant. With a variation 4Veg of the collector voltage the base voltage
must be altered by 4Vpg if the reaction is to produce no variation of the
base current. Otherwise, 4 Vg is the portion of the collector voltage variation
which reacts on the base. In the fourth quadrant we obtain the voltage
reaction from:

Ry*

AVgE
AVer'
In Fig. 1.5, hye = 0.025 V/2 V = 0.0125.

Since the collector voltage additionally influences the collector current
in this way through this second reaction, we obtain the characteristic value
for the total control action of the collector, the internal resistance R; from:
"1 — RS hpe

Dv = hre =

Ry
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The amount and origin of the transistor slope S will be explained later.
If we apply a constant voltage — Vgg of 0.25 V between base and emitter,
a base current of 100 uA and a collector current —JI¢ of 5 mA will flow;
we obtain the operating points As, 42 and A;. If we apply to the input an a.c.
voltage v; = 0.05 V, an a.c. base current i1 of 40 #A and an a.c. collector
current iz of 2 mA will flow.
The characteristic line in the second quadrant represents the current
amplification : )
2
o=+
which here has the value fop = 2 mA/40 uA = 50. In the third quadrant
the characteristic represents the input resistance ry, = v1/i1.
In this case the input resistance is :

ri, = 0.05 V/40 uA = 1.25 kQ.

In the electron tube, the control effect of the grid on the anode was
expressed through the slope S (mutual conductance). In the transistor also,
the control action of the base on the collector current can be expressed
through a similar characteristic value S. The connection between the con-
trolling voltage v; and the a.c. output current iz extends here over quadrants
3 and 2. We obtain the transistor slope from :
iz Bo

v

In our case, S = 50/1.25 kQ = 40 mA/V.

Js—

e Ko

Fig. 1.6

These considerations of the control process in Fig. 1.5 were only appli-
cable for constant collector voltage. If there is now voltage amplification
as well as current amplification, a load resistance Ry, has to be introduced
as is indicated in Fig. 1.6. Now, however, the collector voltage is no longer
constant during control and therefore contributes to the control.

For example, in Fig. 1.7 there is a supply voltage Vsof 8 V. The collector-



1.6] HOW MUCH DOES A TRANSISTOR AMPLIFY? 11

K ﬂmA
9 RL=0,3kn
’ I
] N\ — %ONA
1NN Y
\\ 6 12
Ay _ A__— 100uA
N Hh /vh
\\2 3 : 2 60,uA
2
1
.Ig -V_CE
LA 160 140 120 100 80 60 40 20 T3 L 56 7T & wout
; Vv,
I~| V2 s
<b a1 <§
vy
-~
e “‘__._0'2_:__> 2
Al =T I\ —— A, SONA
1= 2] \/ 1 100uA
e e ————— —__.‘u__us_..__—_._
- T~ oA
~VaeT vout
Fig. 1.7

emitter voltage — Vg will only be equal to this voltage when the collector
current is zero. With increasing collector current this voltage decreases as
is shown by the straight line for Rz, = 0.8 k€. During control we now have
the intersection points 1, 4; znd 2, or in the fourth quadrant 1, 44 and 2.
If these points are transposed, as already described, into the second or third
quadrant, we obtain the dynamic characteristic for current amplification.
Ry*
A=brarT R
In the case in point, 4¢ is 50 (5/(5 + 0.8)) = 43.
For the input resistance in the third quadrant we have:

no

"= 1 +14y - hre.
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With the two known characteristic values, of the electron tube, S and Ry,
the voltage amplification in the transistor can also be calculated from:

Re* R,
Ay=S- .
i Ri+ Rp
In our case,
S = 50 mA/V.
t 3
R Ry > kO —3.34kQ.

“T—R* S he 1—5kQ-40mA/V-00125

This minus sign only occurs here because the voltage reaction D, was made
much too big, for diagrammatic reasons.
The voltage amplification works out as :

< Ri-Rp —3.34-0.8 _
Ay = SR———; TR 40 mA/V ——_—3.34—}—0.81(9 = 42.
The relation
A=A, _ B

already set up for the electron tube also applies for current amplification.
In the case shown in Fig. 1.7, we here obtain :

rg

0 1.25 kQ
=TT R, T 10005 4z - 082 ka
_ e 0.82 _
A{ = AvE'L— 42—0—'5— = 43.

The input current i1 of 40 xA remains constant in Fig. 1.7 in contrast to
Fig. 1.5. As we see, only an a.c. input voltage v; = iiry = 40 uA - 0.82 kQ
= 32.8 mV is now required to control this current because of this a.c. vol-
tage reaction, in comparison with the 50 mV needed in the first case.

The a.c. output current is ip = i1+ 4 = 40 pA - 43 = 1.72 mA.

For the a.c. output voltage we obtain :

Vg = izRL = 1.72 mA-0.8 kQ = 1.37 V.

The characteristic curves used here to improve the graphic representation
agree in their specific information with the actual characteristics; they
deviate only in dimension which, however, is not important for the funda-
mental representation.
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1.7. What simple circuit illustrates amplification in the electron tube?

When the characteristic values S and R; of a tube are known, we can
determine the voltage amplification 4, by calculation and so obtain the
amplified voltage vz when an input voltage v; has been applied for control
at the grid, from:
R¢- Ry,

ve=1v1-Ay= 11 SR———-—-‘+RL.
In this formula v; + S'is a current which, according to Ohm’s Law, produces
the voltage vs as voltage drop in the parallel circuit :

_ R R
P R+ R

Consequently the following circuit obviously applies :

Fig. 1.8

The a.c. input voltage to be amplified is applied at the grid resistance rq
between grid and cathode. The amplified a.c. output voltage v2 can be
tapped between anode and cathode. We obtain the a.c. output voltage from
the simple circuit which includes a generator yielding a current v; -+ S. This
current is imposed on the parallel circuit R; || Ry, i.e. this current does not
depend on the total load resistance R; || Ry, of the generator. Consequently
we have to visualise a generator with very high internal resistance, so that
the current is determined by this internal resistance alone. This high internal
resistance is represented by the interrupted generator switch symbol.

The advantage of this form of so-called equivalent circuit lies in the fact
that we can more easily survey and calculate the operation of a tube in
conjunction with, for example, other circuit elements of an amplifier. For
higher frequencies we can also plot the undesirable capacitances in this
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type of equivalent circuit and so estimate the frequency dependence of the
amplification.

1.8. What simple circuit illustrates amplification in the transistor?

As the transistor has the same characteristic values, S and R, as the electron
tube for small signal amplification, the same equivalent circuit is valid for
the transistor as for the tube.

The only difference compared with the electron tube is that the input
resistance R; of the transistor also varies with change of the load resistance
R;. However, since the amplification will always be estimated or be valid
for a particular load resistance, this reaction can be ignored in such cases.

vVyS iy

s | B [0 |,

Fig. 1.9

The transistor equivalent circuit shows in a simple manner the connections
with the rest of the circuit elements in a specific circuit. The matching ratios
for the control generator and the load resistance are particularly easy to
recognise, i.e. the greatest control voltage vy is obtained when the control
generator internal resistance Ry is small compared with the input resistance
ri. For the largest possible voltage drop across the parallel circuit of Ry
and Rz, Ry should as far as possible have the value of R;. This is only
achieved with great difficulty in transistors because R; can be of the order of
100 kQ, though the load resistance, for example, is formed by the low
value of input resistance of the next transistor.

The behaviour of the transistor at high frequencies can also be described
by introducing capacitances into the equivalent circuit, as will be shown in
Chapter 16.
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1.9. How is the working point set?

In the electron tube the grid bias is chiefly obtained by means of a cathode
resistance.

The resulting voltage drop across the cathode resistance acts with negative
polarity on the control grid and so represents the negative grid to cathode
bias for setting the anode current working point. The resistance Rx is capaci-
tively bridged and thus short-circuited for a.c. voltage, so that the bias
remains constant during control of the tube. In the transistor an emitter
resistance Rg would correspond to the cathode resistance of the electron
tube. Unfortunately, this resistance in the transistor is not in a position to
produce the bias for the base. The reason is that in the transistor the control

electrode and the output electrode are both attracting and so have the same
negative polarity. The voltage drop across an emitter resistance has positive
polarity towards the base and can thus produce no negative bias. To
generate a base bias we therefore generally make use of a voltage divider,
Rr,, Rr,, which reduces the negative working voltage to the voltage required
for adjusting the collector current. If this divider is of high resistance, it
then becomes a pure series resistor. This type of divider is used especially
in output stages and is partly made up of temperature-dependent resistances.
The effects of temperature on the transistor can be compensated in this way.
This process is called “stabilisation”. An emitter resistance which serves
as negative feedback is also used for stabilisation.
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1.10. What is the effect of feedback?

Feedback means leading a part of the amplified a.c. output voltage back to
the input so that the controlling a.c. input voltage (the voltage to be ampli-
fied) is weakened in its control action. Feedback is used, for example, to
stabilise the amplifying properties of the electron tube and the transistor.
Therefore, if the amplification becomes weaker for any reason, for instance,
through ageing, the feedback automatically becomes less and a greater
part of the input voltage is able to control. In this way the output voltage
only varies slightly in spite of reduced amplification ; the amplification is
“stabilized”. We usually speak of “current feedback™ and “voltage feed-
back™ in the electron tube while the corresponding circuit in the transistor
is known as series or parallel feedback. It will be shown later that the
feedback has the same effect in both amplifying devices, but with the transis-
tor, the resistance of the control generator has to be studied more closely
because of its low value.

The action of feedback in the transistor and the electron tube can be
most easily compared if we consider that the voltage v’y to be amplified lies
at a series connection of the input resistance r; and the feedback resistance
Rm. This resistance Ry, appears greater for the applied voltage v'; than the
resistance Rz or Rx because the current through this resistance, correspond-
ing to the current amplification 4; = S ry, is greater than the current i1
which is actually driven through v';. Therefore only 1/51 part of the input
voltage v'1 = 51 mV actually operates as controlling voltage v1 = 1 mV,
in accordance with the voltage divider ratio in the two cases shown as an
example in Fig. 1.12.

The feedback with a transistor and an electron tube taken as example in
Fig. 1.12 can thus operate equally in both cases as is indicated by the numeri-
cal values chosen. All the same, there is still a basic factor to be considered
which is apt to be forgotten in the tube, that is the internal resistance of the
control generator. The following important principle applies :

The effect of the feedback depends on the value of the internal resistance
of the control generator and it can happen that the influence of the feed-
back can be completely eliminated by this. As Fig. 1.12 shows, the internal
resistance of the generator R; must be equal to 1 MQ in both cases. We
could consequently believe that equal ratios are found as was evident for the
other values. This, however, is not the case. On the contrary — and this
has to be watched with both the tube and the transistor — the feedback
action is entirely eliminated in the transistor. Why?

When the amplification in the transistor, that is to say, the slope, becomes



1.10] WHAT IS THE EFFECT OF FEEDBACK? 17

less, the feedback resistance R, = r¢- S Rg is also reduced. With con-
stant input voltage v’1, v1 would now increase and compensate the amplifica-
tion loss by a higher control voltage. Unfortunately, however, in our case
with R, = 1 MQ, the input voltage v'; decreases if Ryp becomes smaller.
This is because the control current #; in this control circuit is virtually only
determined by R, because the total input resistance in the transistor only

S=50mA/vV

=RK(I‘I"$)
=IMN-5-10
=50MN

amounts to r; + Rm = 51 kQ. Therefore ,if the feedback resistance Rpp
varies with reduced amplification, practically the same control current
flows through r;; the control voltage v; does not increase. There is thus
no stabilisation and the effect of the feedback is nil.

If we now compare the corresponding values for the electron tube we find
that with a variation of the feedback resistance Ry = S r¢ - Rg = 50 MQ,
the input voltage will almost remain constant because here the generator
with R; = 1 MQ is loaded by 51 MQ. The stabilisation is still fully effective
with the tube. If we had only given the tube a grid resistance r; of 100 kQ
and connected in a cathode resistance Rx of 1 kQ, the feedback resistance
R would be S-r¢- Rg = 5-100- 1 = 500 kQ, and so the total input
resistance would be 600 kQ. We can see here that the stabilising effect is
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greatly reduced with R; = 1 MQ and with a control generator with Ry =
10 MQ would become zero. Again this is because a variation in the feedback
resistance cannot change the control current if the internal resistance of the
control generator is large in proportion to the feedback resistance. There-
fore in unfavourable cases the control generator resistance can cancel the
stabilising effect of the feedback in the electron tube also. This danger is
greater in the transistor than in the electron tube because of the transistor’s
low ohmic quality.

We can say in both cases that the series or current feedback, is only
effective with voltage control, i.e. when the control generator resistance
Ry is small in comparison with the total input resistance #; + Rip.

Rg

Fig. 1.13

This form of feedback in Fig. 1.13 is based on the fact that the resistance
R’ with a value R'/(1 4+ Ay) is in parallel with the input terminals, i.e. at the
input voltage v;. The total input current i’; is formed from the normal
control current #; and the current i’g. Since the current i'g is driven in the
resistance R’ by the voltage v1 + v2 = v1(1 + A,) this resistance appears
divided by 1 4 A, when we consider it as connected directly at the input to
v1, and is thus reduced to R’/(1 + Ay). The stabilisation is then effective
because with a variation, for instance, a decrease, of A,, this resistance
appears greater. The stabilisation, however, only functions here if both
amplifying elements are controlled with a constant current, i.e. if the control
generator resistance Ry is large compared with the total input resistance
re | R'/(1 4- 4,). We call this “current control”. With decreasing voltage
amplification 4y, the resistance of the parallel circuit will increase and the
constant inflowing control current will cause a greater voltage drop, thus
producing a greater control voltage v1. The decrease in amplification is
again compensated for here by a higher control voltage. It is important to
realise here that with voltage control, that is, with a low resistance control
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generator, the feedback does not function in either case because then the
input voltage which at the same time is the control voltage at ry, cannot be
altered by the variable resistance R'/(1 + A.).

The parallel feedback in the transistor and the voltage feedback in the
electron tube are thus only fully effective with current control.

1.11. What is a residual current?

The current drawn from the base voltage out of the emitter is a dynamic
current, that is, the current flowing with a base-emitter diode connected
in the forward direction. This current flows for the most part via the base-
collector diode connected in the inverse direction because there is no blocking
effect for this current on account of the polarity of its charge carriers.
However, the working voltage also allows an additional current to flow in
the inverse direction which would even flow on its own when the emitter
diode is not connected.

02V.=
+

Fig. 1.14

This kind of current is called residual current. Here it is the collector-base
residual current,/cg,. This residual current is of particular importance since,
among other possible residual currents, it is the only one flowing in the cir-
cuit during transistor operation because even then the base-collector diode
is connected in the inverse direction. The value of such a residual current is
only slightly dependent on the driving voltage, here 9 — 0.2 = 8.8 V (satur-
ation), as is obvious from every diode characteristic for the blocking range.

1.12. How does temperature affect the transistor?

The currents in the transistor are not constant in spite of constant applied
voltages if the temperature in the transistor varies. Temperature variation
can occur through the external temperature or the internal heating due to
dissipation. The dynamic current thus increases with rising temperature as
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though the base-emitter voltage has altered by about 2 mV for 1°C tempera-
ture rise. In this way the collector current rises to double its value with
about 20 to 30°C temperature increase. The residual current, for instance,
Ics, is considerably more dependent on temperature and already reaches
twice its value at a variation of 9°C. Depending on the circuit and the
amount of normal base current in proportion to the residual current I¢p,, this
increased residual current can lead to a still greater variation of the collector
current which can be dangerous for the transistor. These influences therefore
depend largely on the circuit and will be dealt with in detail later.

1.13. What is “stabilisation”?

Every amplifying device, whether electron tube or transistor, should retain
its amplifying properties unchanged infinitely, as far as possible. There are
ageing phenomena in the electron tube and temperature influences in the
transistor which result in variation. In both cases measures for stabilisation
are taken, mainly through feedback arrangements. In the transistor, for
example, there is the frequently used emitter resistance which through a
d.c. feedback ensures stabilisation of the emitter current and therefore of
the collector current.

The working point, i.e. the collector static current, can therefore be
only very slightly displaced by a variation of the temperature. Changes in
the characteristic values for a.c. voltage amplification are also prevented as
a result. Direct stabilisation of the a.c. voltage can be achieved through an
uncapacitively bridged emitter resistance or other special voltage feedbacks.

1.14. What peculiarities have the cathode follower stage and the common
collector circuit?

The cathode follower stage is used in electron tube circuits for matching.
The input resistance of such stages can be made very large and the effective
internal resistance at the output can be made very small. In this way we can
provide a very high ohmic design with a low ohmic output if we connect
this kind of stage after it.

The collector-base stage also has the property of this form of resistance
transformation. However, such high values of input resistance as with elec-
tron tubes are not reached. On the other hand, the output resistance of such
a stage is greater in comparison with the electron tube because it is depen-
dent on the amount of the control generator resistance.
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Fig. 1.15

1.15. Are the earthed grid stage and the common base stage equal to each
other?

The small input resistance for control is common to both stages. Also,
considering the amplification action at high frequency, both stages show
advantages over the fundamental circuit. The common base circuit in the
transistor is regarded as having a very high limiting frequency. That is
correct for the current amplification, but unfortunately this is less than unity
in the common base circuit and so we can gain nothing from it. Consequently,
in the common base circuit only the voltage amplification and its limiting

Fig. 1.16
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frequency are of interest. Depending on the component values it can be
somewhat higher than in the fundamental circuit, the common emitter
circuit.

1.16. A word about current and voltage directions

In principle, the technical current or voltage direction is used here in all
considerations concerning circuits. Every voltage thus drives a current from
the positive pole to the negative pole. This fact makes us say, for example,
that in the electron tube a current flows from the anode to the cathode
although we know that from the physical standpoint electrons are liberated
in the cathode which then fly to the anode. This determination of current
direction is therefore not always linked with the true physical current
direction. It is only meant to serve as a means of explaining, comparing
and calculating the regularity of the laws of flow in any network. If, for
example, we assume that electron tubes and transistors are both present
in a circuit and that all the currents and voltages have been calculated, we
also know then that the direction of current in the electron tube is actually
reversed while in the transistor the assumed technical direction of current
is correct because (with a p-n—p transistor) positive charge carriers travel.
If every current and voltage is now in a particular direction, we have to
indicate these also in a circuit diagram. By agreement, this indication of
direction is shown by arrows or double indices or by both together.

3

-Vebs Yoo
bt—rp-
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Fig. 1.17

In Fig. 1.17 an initial voltage E drives a current [ in its own direction. This
current is driven from a to b so that the voltage drop Vs» drives between
a and b. The voltage between b and c also operates from b to c. A voltage
Ve would operate corresponding to its index from ¢ to b. If, however, we
wish to indicate that it does not do this, we write a minus sign before it.
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Now — V¢p indicates a voltage which does not operate from c to b butin the
opposite direction. A voltage indication — Vpg thus also means that a
voltage acts here from E to B, i.e. E is positive and B is negative. These
symbols are found with transistor d.c. voltages.

The current direction is usually only indicated by the arrow. With the
transistor it has become customary for all currents which flow from the
transistor to be denoted with a minus sign. As the base current flows out
of the transistor, it is therefore indicated as —I¢.

In spite of all this, however, the principle remains that all currents and
voltages are based on the technical current direction. This is also valid for
a.c. currents and voltages for which the momentary relative directions are
given.



CHAPTER 2

PHYSICAL PRINCIPLES OF THE TRANSISTOR

The physics of the semiconductor play an important part in the considera-
tion of internal transistor processes. A precise knowledge of all the physical
processes is not necessary for technical use of transistor amplifying devices.
Here the measured characteristic curves and values are of the greatest
interest. All the same, some knowledge of the physical “inner life” of the
transistor is useful for interpreting specific transistor effects. The following
investigations are based on the processes in the germanium semi-conductor
but also apply fundamentally for the behaviour of silicon semiconductors.

2.1. The conduction mechanism in germanium

Germanium has the atomic number 32 in the periodic system of elements.
It therefore has 32 electrons. The external 4th electron shell whose electrons
have the highest energy content, is occupied by 4 electrons.

2.1.1. CRYSTAL STRUCTURE

Only the four electrons of the external shell play any part in the considera-
tion of the crystal lattice bonds between the germanium atoms. In an
“equivalent atom™ for germanium, therefore, four electrons and four
positive nuclear charges are assumed (Fig. 2.1). All four electrons contribute
to the bond, i.e. they act with a certain force on another adjacent atomic
nucleus. This dynamic effect takes place because these electrons not only
circulate about their own atomic nucleus but interchange with an electron
of an adjacent nucleus around which they themselves now revolve. Because
of these combination functions of the external valency electrons, germanium
is chiefly (at low temperatures) an insulator. Through external influences
in the form of energy supply by means of heat or light, however, individual
electrons can lose their valency bond (semiconductor). We therefore speak
of intrinsic conduction and call these charge carriers minority carriers.

2.1.2. INTRINSIC CONDUCTION

When an electron leaves its valency shell and so breaks open a lattice bond,
a “hole” is left behind. This hole acts as a positive charge carrier because
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the positive nuclear charge with -+ 4 predominates over the charge of —3
electrons. The hole will therefore endeavour to recapture an electron (re-
combination) which re-establishes the lattice bond. This tendency is not
found in metals so we do not refer to “holes” in that case. It is immaterial
in recombination whether the electron comes from an adjacent stream or is
another free electron. If an impulse is exerted by an electrical field, electrons
travel in one direction and holes in the other. We also call the positive charge
carriers ‘“‘defective electrons”. If we want to raise the number of free carrier
pairs, we have to increase the energy supply (heat or light) (high tem-
perature conductor, photoconductor). There are then more carrier pairs
in the medium than will recombine.

There is, however, still another method of producing carrier pairs, namely
by alloying the semiconductor with other materials (extrinsic conduction).
To sum up we can say that a semiconductor is a material which according
to its lattice structure represents a non-conductor. Free charge carriers are
produced through heat or light so that in germanium there is an increase of
about the factor 3 per 15°C rise in temperature.

2.1.3. EXTRINSIC CONDUCTION

In order to raise the conductivity of germanium we add an alloy of antimony
or arsenic atoms in the ratio of about 1 : 10 millions. Both are quinquevalent
atoms, i.e. they have five electrons in their outer shell. These spurious atoms
are absorbed into the lattice bond in place of a germanium atom (Fig. 2.2).
The result is that only 4 of the 5 valency electrons of arsenic, for example,
contribute to the electron bond in the germanium crystal lattice. The fifth



26 PHYSICAL PRINCIPLES OF THE TRANSISTOR 2

SN &
@ free el?cfron .

positive

70 7N

n-conductor
Fig. 2.2

valency electron is so loosely attached that it can move as a free conduction
electron. The positive atomic residue does not show the tendency to capture
an electron and there are therefore no holes. Disturbing materials like arsenic
and antimony are known as donors ; this kind of imperfect semiconductor
is of the n-type.

If we alloy germanium with trivalent material, that is one with three
valency electrons, the following situation is the outcome: If gallium or
indium, for instance, is used, these atoms work themselves into the crystal
structure of the germanium. However, there is now one electron missing
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from each gallium atom for the lattice bond. Through the combination
exchange of the electrons from atom to atom, this missing electron is
eventually replaced by an electron from a germanium atom (Fig. 2.3).
There is now a hole in each germanium atom concerned. The conductivity is
therefore raised through positive charge carriers. The gallium atom securely
installed in the lattice bond now has 4 electrons and is thus negatively
charged. It does not show a tendency to give up this electron. Such disturbing
materials which combine with electrons are called acceptors; the semi-
conductor is of the p-type. Since extrinsic conduction far exceeds intrinsic
conduction, the charge carriers formed here are known as majority carriers.

2.2. The p—n boundary layer

If we allow close impact between p- and n-germanium through alloying, a
boundary layer is produced between the two in the dimension of 20 um, re-
sulting in the following transformations. The n- and p-germanium are each
considered electrically neutral, and therefore uncharged. The sum of all the
charges is nil.

Positive charge carriers can move in the p-germanium and negative ones
in the n-germanium. If two electrically neutral p- and n-materials strike
one another, there is no electrical impulse (electric field) which could lead
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to a spontaneous union of the positive and negative charge carriers. As a
result of the natural mobility (thermal agitation), however, holes from
the p-germanium diffuse in the boundary layer into the n-germanium and
recombine there with the electrons. Conversely there is also a diffusion of
electrons from the n-layer into the p-layer. This process is not kept up
long enough for all the free electrons to be combined with holes or vice
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versa, as we might at first assume. As far as the diffusion does succeed,
there is now an electric charge field between the positive donors and the
negative acceptors which are no longer neutralised by increasing diffusion
(Fig. 2.4.)

The resulting charge field is now so directed, however, that it counteracts
the combination, that is, the straying of the electrons towards the p-germa-
nium and the movement of the holes towards the n-germanium. Therefore
all the holes cannot combine with the electrons. Equilibrium is produced
between the effect of diffusion and the reversing energy of the space charge
field (Fig. 2.5). Along the space charge field the field strength is dependent
on the charge density of the space charge. In a narrow limiting zone all the
electrons and holes are recombined ; there the acceptor- or donor-density,
the space charge density, is at its greatest. The possibility of recombination
becomes gradually less with growing boundary layer thickness, while the
density of charge carriers increases and the space charge density decreases
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(more acceptors or donors are neutralised). The sum of all E - A/ or the line
integral of the field strength gives the voltage gradient or the potential
threshold along the boundary layer. The potential gradient in relation to
the p-layer is shown in Fig. 2.5. The expression ‘‘potential threshold” results
from the fact that the electrons or holes remaining cannot jump over this
potential threshold unless energy is supplied in the form of heat or radiation.

2.3. The p-n-combination as rectifier

The rectifying effect of a p-n-layer is based on the fact that by applying an
external voltage the potential threshold in the boundary layer is strength-
ened or weakened according to the polarity (Fig. 2.6). In case a, the negative
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pole of the voltage source with the initial voltage E is at the n-layer. Electrons
of the n-layer are driven through this towards p and the holes of the p-layer
move towards n. The initial voltage E causes a voltage drop from p to n at
the boundary layer, i.e. n becomes more negative and the potential threshold
is lowered from b to a. The rectifier operates in the passband ; the reduced
potential threshold can no longer prevent the charge exchange (transmission
current). It is different in case ¢ with polarity in the blocking direction. Here,
throughthe -} poleat the n-layerthe electrons of this zone are removed from the
boundary layer while holes in the p-layer are also removed from the boundary
layer. The space charge is therefore increased and the potential threshold
becomes greater (c). Nevertheless a slight current still flows in the blocking
direction. It is not formed through the majority carriers (extrinsic conduc-
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tion) but through minority carriers (intrinsic conduction). The potential
threshold cannot detain these minority carriers but even forces them on.
By applying higher blocking voltages the small blocking current can rise
sharply and a flood of new charge carriers is produced (Zener zone).

2.4. The junction transistor

In the junction transistor two p-n-layers are arranged one behind the other.
If one n-layer forms the common layer for two boundary layers, we obtain
a p-n-p transistor. We can regard this transistor as a counter circuit con-
taining two diodes. The centre electrode is called the base and two outer
ones are known as emitter and collector respectively. A voltage in the block-
ing direction is always applied at the collector-base section. The diode
operating in the transmission is the base-emitter section (Fig. 2.7).

+l=
ll
emitter base collector \-T F
p n P €
|
|
Ir I
| i —C
i
Eo- -Vee %BI | "
n 'IB ! CE
’ = !
| |
[ l I
A
V,
| __l\ I
Voltages Vs 15V | i
againstearth < v Vs=potential threshold
{ potential) l | Ve ~(-Vge)
-V '
Fig. 2.7

If at first only the base-emitter voltage — Vg is applied, holes from the
p-layer travel into the base space because the potential threshold Vs,
between emitter or base has been reduced (Vs,. —Vae). With equal pro-
portioning or imperfection density in the p- and n-germanium, the holes
would recombine with the electrons in the base space. Actually, however,
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the imperfection density in the base space is made about 500 times less than
in the emitter zone. At first, therefore, nearly all the holes from the emitter
injected into the base travel as far as the base electrode and unite there with
conduction electrons. The holes in the base space are produced because the
combination electrons stray into the emitter layer. If a voltage — Ve + Vac
is now applied at the base-collector section, only a very small current flows
to the base electrode. The holes drawn through the base voltage and injected
into the base zone now move for the most part into the collector zone.
This transistor effect takes place for the following reasons. The applied
voltages mainly occur as voltage drops at the boundary layers. There is
consequently practically no force on the holes through external voltages in
the base space. The holes move only as a result of the diffusion effect or,
in the drift transistor are driven through a drift charge field in the direction
of the collector. This drift field is produced through a concentration drop
i.e. the donor density decreases in the collector direction inside the base.
Since in addition to this the base zone is made very narrow (10 + 100 zm)
the holes drawn out of the emitter easily reach the base-collector boundary
layer. The potential threshold between the negative base charge carriers
and the positive collector charge carriers is further increased by the applied
collector voltage —Vce (—Vs,, —Vce + Vae). This potential threshold,
however, is no longer a barrier to the holes injected into the base, on the
contrary, they “rush” down at this potential drop. Almost all the holes
from the emitter injected into the base are gathered in, so to speak, by the
collector. The remainder goes as base current to the base electrode. The
collector current is only slightly dependent on the collector voltage. The
ratio between the collector current and the small controlling base current
is the current amplification factor B, (direct current amplification, hrg).



CHAPTER 3

SYMBOLS, SIGNS, FUNDAMENTAL CIRCUIT

The technical symbol for the p-n—p transistor has already been shown in
the fundamental circuit, the common emitter circuit, in Fig. 2.7. In this cir-
cuit the emitter is the common connecting point for all applied transistor
voltages. All the current and voltage directions are based on the technical
current direction from positive to negative. The voltage indication — Vpg
signifies that the voltage does not operate according to the given index

i -

i

%

=

d.c. values a.c. values

comparison with electron tube

Fig. 3.1
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BE, from the base to the emitter, but in the opposite direction and is there-
fore negative. All direct currents which flow to the interior of the transistor
are indicated with the positive sign. A current — I thus means that the
current flows away from the transistor. These direction signs are customary
in published characteristic fields. In the n—p—n transistor the emitter current
and the collector current are reversed in direction compared with the p-n—p
transistor. The transistor symbol therefore shows a reversed arrow for the
emitter.

We insert small letters for control with alternating current values. Thus
v1 indicates the a.c. input voltage, vz the a.c. output voltage, i; the a.c. input
current and iz the a.c. output current. The a.c. current values are super-
imposed on the d.c. operating currents and voltages. The actual relative
directions of the a.c. current values are always used in the following state-
ments. The d.c. and a.c. values are shown separately in two circuit diagrams
in Fig. 3.1. It can be seen, for example, that the output voltage is rotated in
phase by 180 ° in relation to the input voltage.

By describing the a.c. values alone and entirely omitting the d.c. supply,
we finally reach the transistor equivalent circuit diagram which will be shown
later.

If we contrast the electron tube fundamental circuit with the transistor
fundamental circuit we learn which electrodes correspond to each other.
Thus the grid and the base, the cathode and the emitter, the anode and the
collector all have the same task. All the following derivations are based in
the first instance on this transistor fundamental circuit. By comparing it
with the electron tube fundamental circuit we can discover the extensive
formulary agreement between the two amplifying elements.



CHAPTER 4

THE FOUR QUADRANT CHARACTERISTIC FIELD

The measured transistor characteristics serve best at first to describe the
technical behaviour of the transistor. We can obtain quantitative and
qualitative statements concerning the amplification of a.c. voltages and
currents from characteristics of this kind. For mathematical considerations
characteristic values can be defined with the help of the characteristic
curves. The measurement of characteristics for a.c. behaviour is not so
simple for the transistor as for the electron tube because point by point
plotting of “static characteristics’ is not suitable for describing a.c. processes.
Characteristics for dynamic transistor behaviour have to be plotted at
constant crystal temperature (see temperature behaviour of the transistor).
Each characteristic curve must therefore be dynamically measured from a
working point of constant dissipation (oscillograph).

The a.c. behaviour of the transistor at low frequencies can be seen from
the four quadrant characteristic field. This field is shown in Fig. 4.1. for
the fundamental circuit, the emitter-base circuit. Why is a four quadrant
characteristic field assigned to the transistor when two quadrants are
obviously sufficient for the electron tube? To that we can reply that it is
just as feasible for a.c. voltage control to give a two quadrant characteristic
field for the transistor as it is for the electron tube. However, as the transis-
tor in contrast to the electron tube, is not only a voltage amplifier but ampli-
fies current as well, it is desirable that we should be able to investigate this
property also from the characteristic curves. Apart from this, it is evident
that the transistor has two amplification reciprocals, a voltage amplification
reciprocal and a reciprocal of current amplification, i.e. compared with the
electron tube which only shows a voltage reaction, the transistor has a
current reaction as well. Nevertheless, both reactions in the transistor can
be combined into a common amplification reciprocal as will be shown later.

In the characteristic field in Fig. 4.1. characteristic values for calculation
can be obtained in the individual quadrants. If 4 is the working point in the
quadrants concerned, a characteristic value for small signal amplification
can be determined from the slope of the respective characteristics at this
point. Such characteristic values are termed h-coefficients because they are
used in the A-matrix in a four-pole representation of the transistor.
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In the first quadrant we obtain the
Output conductance :
i ,
hoe = = i1 =0, @.1)

U2

In this case vq is the a.c. voltage applied at the output and iz the current
which flows when the input is open for alternating current; thus iy = 0
(open circuit).

The second quadrant shows the
Current amplification :

hay = W vz = 0. “4.2)

Here i is the a.c. input current when an a.c. input voltage has been applied
and iz is the a.c. output current flowing when the output is short-circuited
for alternating current ; thus va = 0 or Vg is constant.

The third quadrant supplies the
Input short-circuit resistance :

v
hi=-= ©2=0. 4.3)
n
This characteristic value results from the a.c. input current values for short-

circuited output; thus vz = 0.
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From the fourth quadrant comes the
Voltage reaction :

he=— h=0. (4.4)
v2

Here vs is the a.c. voltage supplied at the output and v; the resultant voltage
measured at the input in the case when the input is open; thus i1 =0
(open circuit).

The connections between the characteristics in the individual quadrants
and the validity of their information will be studied in Fig. 4.2.
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The first quadrant shows the connection between collector voltage and
collector current. Each characteristic is valid for constant base current
~Ip. We notice that the general course of this characteristic is very similar
to the I,-V, characteristic field of the pentode. The rise at the beginning
of the curves is steeper than for the pentode; the so-called knee-voltage
at the bend of the characteristic is therefore smaller in proportion. If the
transistor is operated with a load resistance of Ry = 2 kQ, a collector vol-
tage —Verg = 5 V appears, as Fig. 4.2 shows, with a working voltage of
10 V if the collector current —Io = 2.5 mA, because the voltage drop at the
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load resistance is Vz = 2 kQ - 2.5 mA = 5 V. The working point 4; is
thus set with a base current —1Ip of 50 uA. For control with working point
Ay, the slope of the characteristics, the output conductance hg22 can now be
stated. In the electron tube in this case the internal resistance Ry was read.
The reciprocal value of A2z, the output conductance, is also an a.c. internal
resistance here and will be denoted as R;*
1 v
T he B
This internal resistance is indicated as R;* because it is not as in the electron
tube, the actual effective source resistance. The difference arises from the
fact that the characteristics apply for constant base current —Ig. The reac-
tion of the collector voltage variation vz only extends to the current amplifi-
cation in this characteristic field; we can therefore speak of a current
reaction. The fact that there is also a voltage reaction on the input voltage
alters this internal resistance R;* and produces the actual transistor internal
resistance Ry as will be described later.

We can learn the “current reaction” from the second quadrant which
shows the connection between collector current and base current. With
— Ve = 5 V constant, the “static characteristic”” for current amplification
has been constructed in Fig. 4.2 from the first quadrant. With a non-constant
collector voltage, because of the load resistance Rr = 2 kQ, the plotted
points on the resistance straight line can be transferred to the second
quadrant and we obtain the dotted operating characteristic. The slope of
this dynamic characteristic for control in working point A3 is less than that
of the static characteristic whose slope is the current amplification.

R¢* i1=0. 4.5)

Bo = ho1 == . (4.6)
n

The variation of current amplification through the output voltage vs can
therefore actually be indicated as a reaction on the current, a “current
reaction”.

The third quadrant now gives the connection between input voltage and
input current. The course of these characteristic curves depends, as Fig.
4.2. shows, on the collector voltage, i.e. each static characteristic is valid
for a constant collector voltage, as in the second quadrant. The voltage
reaction of the output voltage ve on the input voltage vy appears in this
characteristic field. If there were no voltage reaction, there would have
to be an input voltage v’ for current control, i.e. for the current i; corre-
sponding, for instance, to the characteristic for —Vezg = 5 V. Neverthe-
less, because of the voltage reaction, the dotted characteristic applies if the
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collector voltage, in accordance with the resistance straight line for
Ry = 2 kQ, varies with the modulation. Only the smaller input voltage
v1 is now required for the same current control is. The slope of the static
characteristic at working point A3, the input short-circuit resistance i,
is denoted as r¢,

rig = hi1. 4.7

The input resistance present during control with load resistance through
voltage reaction, corresponding to the slope of the dotted curve at working
point A3, is greater than r;, and is always indicated as rs.

The characteristics for the voltage reaction are illustrated in the fourth
quadrant. This is the connection between the collector voltage at the input
and the base voltage necessary for a certain base current. With the help of
these characteristics, we can construct the characteristics in the fourth
quadrant, as can be seen in Fig. 4.2. The slope of the characteristic at
working point A4 represents the voltage reaction hi2. As with the electron
tube, this characteristic value can be termed the inverse voltage amplification
Dy(hze)

Dy = hya. 4.8)

It will be shown later that we can also define an inverse current amplifica-
tion D;, corresponding to the current reaction in the first and second qua-
drants.

To sum up, the four quadrant characteristic field of the transistor gives
information concerning the behaviour of the transistor during control.
From the illustration of the transistor fundamental circuit, the emitter-base
circuit, in Fig. 4.2, we can recognise in particular the fwo reactions of the
transistor which must be regarded as a very important contrast to the
electron tube with only one reaction. The current reaction of the collector
voltage appears with reduced slope as dynamic characteristic for current.
amplification. The voltage reaction is seen as dynamic characteristic for
input current and input voltage, which flattens off here. The input resistance
therefore becomes apparently less through the voltage reaction. Such
characteristics can be used with particular advantage in large signal amplifi-
cation. In this way, ail interesting data such as current, voltage and output
amplification, input resistance and so on, can be calculated. The probable
non-linear distortions can also be estimated.



CHAPTER 5

TWO-POLE REPRESENTATION OF THE TRANSISTOR

We shall not deal with the four-pole representation of the transistor intro-
duced earlier, because of its lack of clarity. On the other hand, reducing
the tube to a two-pole representation has proved useful from the start. Why
should a similar presentation not be equally applicable for the transistor?
The essential difference compared with the tube, namely the two-fold reac-
tion in the transistor, has already been discovered from the characteristics.
It will now be shown how the transistor characteristic values S, R; and D
are obtained and what two-pole equations can be drawn up with them.
Since the four-pole h-characteristics are usually given in data sheets for
transistors, the two-pole characteristic values of the transistor will also be
expressed through the A-characteristics.

The characteristic curves in the first, second and third quadrants are
shown once more in Fig. 5.1, in simplified or idealised form. To begin
with, only the current reaction will be considered. As far as the charac-
teristics are concerned, the ratios are exactly as in the electron tube. We
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learn the reaction from the dynamic characteristic for current amplification
whose slope is less because of this reaction. The idea “current reaction”
resulted from this fact. The second and third quadrants now obviously
also supply information about the transistor slope

so—B_PB_ R Al (5.1)

This slope S* is also valid at first, therefore, without taking the voltage
reaction into account, because the static characteristics for —Veg = con-
stant were used in the definition. From the relevant internal resistance:

1
hea
we should now obtain, according to Barkhausen, an inverse amplification,
the “inverse current amplification”

R#* = (5.2)

o b huhe

Dy = D* = S RE - (5.3)
As in the electron tube, vs + Dy states the amount of output voltage which
apparently operates in reverse at the input, and weakens the current amplifi-
cation here. The characteristic diagram in Fig. 5.1 shows clearly that with
the static characteristic Bo, a smaller input voltage is necessary than with
the dynamic current characteristic f; for modulating an equal current is*.
Since the dynamic current characteristic 3 always applies in the actual
case, we can say that the input voltage v1* available is less effective in
comparison with the static case with vz - Dy. The actual control voltage is
v1* —vp ¢ Dy, and the output current is therefore obtained from :

—Uz’D‘

*=a* /3d— P

0
Since fofry, is now equal to S*, the following equations are also valid :
ig* = S*(Dl* — Dwz) = S*(U1* —_ Di * iz* * RL)

iz* = S*Ul — S*. D{ 12* RL S*. U1 — iz _—

R
io* + ix* = S* . p*
Ri*

. 1 R¢*
* . gk, Ok *. Ok N
2 o*- S 1 R[ =u*S Ry* -+ Ry

5.4

The current i2* obtained without taking the voltage reaction into account
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thus results from the short circuit current v1* - S* which appears at the paral-
lel circuit of Rs* and Ry as output current in the resistance R;. The output
current is* must also have a dynamic slope Sg*. Consequently iz* = v1* - Sg*
must be valid as well.

According to Eq. (5.4) the dynamic slope is:

*

F_Rl_—. (5.5)

* + Rg
This slope was the result of the “operating current amplification” f; because
the reaction affects the current amplification fo, as we saw from Fig. 5.1.
The “operating current amplification” can therefore be calculated with
the same “reduction factor”.

Sg* = S*

R*

ﬁa = 130 * m (5-6)
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Fig. 5.2

To calculate the actual output current iz we must now also consider the
voltage reaction. This reaction is shown again in simplified form in the
third and fourth quadrants of Fig. 5.2. The static characteristics for ry,
are given for variable collector voltage —Vcg, as the three parallel ry,
characteristic lines show. If the two outer ry, characteristics apply for the
largest and smallest collector voltages respectively with vg, all other inter-
mediate values thus lie on the dotted dynamic characteristic r;, the effective
input resistance. An input voltage v1* was required to control the input
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current i1, ignoring the voltage reaction. If we now include the voltage reac-
tion, only an input voltage v; is required, corresponding to the new input
characteristic for r;. This reaction voltage v+ Dy acts on the lines of a
positive feedback and so reduces the necessary input voltage v1.

We therefore obtain :

nn=0*—ve-Dy ou: n* =uv1+ v3:Dy. 5.7

If the voltage v;* from the preceding relation is now inserted into Equation
(5.4) we obtain the actual current iz, taking both transistor reactions into
account.

We thus have:

Ry*
i = (v1 + va- Dy)- SR*+RL
7 Ry - D S-————R*
iz = (v1+i2* Re* Dy)- R R,
R* Ry*
7 —— *
ia v S¥—o—— R¢*+R + ig- RL- Dy SR—¢*+RL
. R* R¢*
Ry Dy S*— b ) gk
a1 — R Do S Rg*—i—RL) O >y
Re*
Lge_TMT
i oS RE TR 0
2: =
R¢* Ri* 4+ Ry,
— Ry - D, - S* — Ri+D
I~ Ry Dy S*pp g — R Dy
151 n

i — —_—
2T DiR*+Di R, — R.- Dy Di- Re* + (Di — Dy)- Ry,
U1 1 141 1

— Dy R & “DR+ Ry

(57

Dy

We now observe from the equation found through simple algebraic
conversions, that the total reciprocal amplification in the transistor is ob-

tained from the difference between the two reciprocal amplifications.
Reciprocal transistor amplification

(5.8)

ipg =

hi1 - hog
hzy

D= Di— D, = — hpe. (5.9)
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The resulting internal resistance of the transistor is obtained from:
Transistor internal resistance

R¢* 1
R = = . 5.10
D han(1 — iz h”) o
Dy h - hae
The slope of the transistor must as a result be derived from :
1 D¢ — D, 1 s ha

S

" DRi (Di— Dy)R*-Dy  R* D¢ hu- s
We thus obtain the same slope as when the voltage reaction was not included
because the static slope applies in principle for short-circuit on the output
side, and so for constant output voltage, which is not the case for D and
Ry.

Transistor slope

S=g5+=E "2 (5.11)

With these “tube characteristics™ for the transistor, it is now easy to calcu-
late all the interesting working values for the loaded transistor.
For the a.c. output voltage vz in the fundamental circuit we have:

a.c. output voltage

n Ry Ri* RL

=h-Rp=—~——=01"S 77— 12
2=t Ru=po—p =0 Sp—p (5.12)
according to Equation (5.8), when extended with Rj.
The voltage amplification 4, comes from :
Ay =22 = —1— LR or
"o D R+ R
voltage amplification
R Ry,
Ap = S———=, 5.13
? Ri+ Ry -13)

The input resistance ry, is reduced through the voltage reaction because the
inverse voltage also drives the input current. Therefore,
v1 4 vz Dy

=
re

0

The input resistance is consequently obtained from :

n1 U1 r’o

r‘=—:—=

i1 1+ vz Dy
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If we abbreviate with v, we obtain :
Input resistance

"o hn

= 1+A9°Dv=1+Av'h12‘

ry (5.19)
The current amplification A4; is found from the output current iz =
v1+ Ay 1/RL and the input current i1 = v1/ry, as:

Current amplification

Adi=2— 4t =5 Ry
it L

R * rtm.L (5.15)

By transistor capacitance amplification we understand the ratio of output
capacity to input capacitance.
Capacitance amplification
vy iz

Ap =22 = 4, 4, (5.16)
1l

Example 5.1

A transistor T7 (for example, the OC 71) is operated at a working point
—Verg = 3 Vand Ir = 3 mA. Its A-parameters have the following values :

h1i = 0.8 kQ hie = 5.4-10"1

h21 = 47 hzz = 80- 10-¢ S .
Transistor 71 is loaded with Ry = 3.3 kQ. The a.c. input voltage should
amount to v; = 10 mV.
Required

The characteristic values, S, Ry and D and the complete working values.
Solution

_ ha _ 47 _ L 10-3 _
S = o= 08105 = 58.8+1073 = 58.8 mA/V
1 1
R‘ — h12 - h21 = 80 5.4 - 47 = 20.8 kQ
hgp — ————

hi1 104 106-0.8- 108

1 108

D=k = W3 208 10°

= 82-10

_hu-hp 0.8-103-80 o
D= — 136+ 10,
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or
Dy = g = 5.4-104
D = Dy — Dy = (13.6 — 5.4)- 104 = 8.2- 104,

Voltage amplification
Ri- Rp 20.8-3.3

Ri+ Ry 8.8 308 133 168

Ay = 201g 168 = 45 dB.

A0=S

Input resistance

h11 0.8 .
"= 4, Dy 1F 1685410 073 KL
Current amplification
. o 0.735

Capacitance amplification
Ap = Ay Ag = 168 - 37.5 = 6300
Apyy = 101g 6300 = 38 dB.

Input current

U1 10-10-3

llzr—":mz 13.6yA.

Output current
g =11+ Ay = 13.6 - 37.5 = 510 pA.
Output voltage
vg=vi* Ap = 10+ 168 = 1.68 V.
Input capacitance
pr=v1i1=10-10-3-13.6-10-6 = 136 102 W,
Output capacitance

D2 = vz iz = 1.68- 510 10-6 = 858 - 10-6 W,

45



CHAPTER 6

TRANSISTOR EQUIVALENT CIRCUIT

6.1. Voltage equivalent circuit

The transistor equivalent circuit can now be evolved with the two-pole
formulae for the transistor fundamental circuit in Fig. 3.1, the common
emitter circuit. We learn from Equation (5.12) that the output voltage vz
results from the initial voltage v1/D which is split at the voltage divider Ry,
Ry, and appears at Ry, as a voltage drop. We therefore obtain the simple
equivalent circuit for the output parameters as for the electron tube.The
input resistance is very high in the electron tube and is not usually included
in the equivalent circuit diagram for this. In the transistor, however, the
input parameters are dependent on this resistance. We thus have the transis-
tor voltage equivalent circuit as shown in Fig. 6.1.

B i ip C
i Ry Ry
Vi V2
n
D
o é o
E E
Fig. 6.1

6.2. Current equivalent circuit

According to Eq. (5.12) the output voltage vz also results from the current
v1 - S which can be regarded as supplied from a generator with an infinitely
large internal resistance. vg is then the voltage drop produced by the current

i A




6] TRANSISTOR EQUIVALENT CIRCUIT 47

v1 - S at the parallel circuit of R; and Ry. With this generator which supplies
a constant current v; - S independent of the load resistance, we obtain the
current equivalent circuit of the transistor as Fig. 6.2 shows.

Example 6.1

The transistor 71 in Example 5.1. is to be represented in the voltage and
current equivalent circuits.

Solution
See Fig. 6.3.
i1=13,6 pA _ i3=051mA
R;:zo.&kn
¥;=10mA r; 0735k v =168V R=33k0
Yepmizav
i1=13,5|lA 1'2=0,51mA
v;'5=0588mA

N\
vi=tomy E:Ir,:cnzskn & R,-:zo,akn[] V,=168V [JRE"’““

o

Fig. 6.3



CHAPTER 7

FIXING THE OPERATING POINT

The d.c. working voltages and currents must be fixed in accordance with
the objective in hand. A negative bias is required at the base and the collec-
tor compared with the emitter. In the electron tube ,by contrast, a negative
voltage is necessary at the grid and a positive one at the anode. With the
electron tube, therefore, the bias can be produced through a cathode resis-
tance. This bias production is not possible in the transistor by using a
corresponding emitter resistance. Nevertheless, a resistance of this kind is
present in most circuits ; it produces no bias but serves for negative feed-
back.

The bias is fixed by means of a voltage divider connected to the working
voltage. In practice, a voltage divider of this type may be high resistance
or low resistance. A high resistance voltage divider has its lower part short-
circuited by the low input resistance of the transistor in parallel with it and is
thus transformed into a pure series resistance. The bias is therefore either
produced through a high series resistance R, or through a low resistance
voltage divider as we see in Fig. 7.1.

v 7
K o

Fig. 7.1

7.1. Fixing with series resistance

The series resistance R, represents the upper partial resistance of a voltage
divider the lower part of which is formed through the low d.c. input resistance
— Veg/—1Ip (~ taken from the third quadrant) of the transistor. If the latter,
for example, is 3 k,Q the input voltage is — Vpg = 0.3 V,and —Iz = 0.1 mA,
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then with a working voltage of —12 V, R, must amount to 12/0.1 — 3 =
117 kQ. Even variations of the d.c. input resistance from transistor to
transistor only cause slight alteration of the input current — Iz. The collector
current and with it the collector working point can certainly deviate consi-
derably through different current amplification and residual current and
this can be very undesirable because it entails the possibility of exceeding the
collector dissipation. For this reason the series resistance has to be adjusted
for each transistor.

7.2. Adjustment with low resistance voltage divider

A low resistance voltage divider should set up a constant d.c. input voltage
— Vg independent of variations in the transistor d.c. input resistance. This is
only possible if the voltage divider transverse current is a multiple of the
transistor input current. This has the drawback that the a.c. input resistance
is reduced because for alternating current the two divider resistances lie
parallel to the input resistance r;. In calculating the values of resistance,
we therefore always have to compromise. Moreover, the setting of the collector
current working point is more difficult compared with the setting with
series resistance because variations of the d.c. input resistance produce an
additional displacement. Special adjustment of this type of voltage divider
is thus more essential in transistor replacement than with the series resistance.
Why is the low resistance voltage divider used generally in spite of this?
The reason is that we must have a low resistance voltage divider if we want
to make use of working point stabilisation through series negative feedback
by means of an emitter resistance (see Working Point Stabilisation 9.5.).
Thermistors are used as voltage divider resistances to compensate for the
influence of temperature. The purpose of these voltage dividers will be des-
cribed in more detail in the chapter concerning temperature influences.

Example 7.1

A transistor T; is loaded with Ry = 2 kQ. The working voltage is V =
9 V. The collector current working point should lie at Ic = 2.25 mA.

Required

The necessary series resistance Ry and the values Ry, and Ry, for a low
resistance voltage divider. This voltage divider should only load the input
voltage additionally with about 1 kQ.

Solution
The resistance load line for R;, = 2 kQ is plotted in the first quadrant of
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Characteristic curves Ty

Ie(ma) L=-sopa
-8 / -120
-100
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Fig. 7.2

the characteristic curves of transistor 71 (Fig. 7.2.) This links —Veg =9V
with —Ic = 4.5 mA. The working point —I¢, = 2.25 mA yields a static
collector voltage —Veg, = 9 — 2.25-2 = 4.5 V. This working point is
obtained with a base current —Ig, = 40 uA. From the second and third
quadrants we obtain approximately the base bias required —Vgg, = 0.155
V. The d.c. input resistance is consequently :

— Ve . 0.155
—Ig ~ 40-10-8

Rpe = = 3.88 kQ.

The series resistance required is then:

9

=30-10° 3.88 = 225 — 3,88 ~s 221 kQ.

Ry = Y_ Rge
Is
The low resistance voltage divider is obtained as follows :
An additional load which may amount to 1 kQ is produced for the a.c.
input voltage from the parallel circuit of Ry, and Rr,. Since with voltage
division 9 : 0.155, the resistance Rr, is about 60 times greater than Rr,
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its influence on the parallel circuit with Rz, will not be substantial and Rr,
should therefore be chosen at 1 k€. The total d.c. input resistance is then :

1-3.88
R{n = RT2 ” RBE == -1-_—*—-—3—§8— == 0.8 kQ.
Therefore,
Vv vV 9
RT1 = Rtot - Rln = 'T - Rin =V———BE/Rtn - Rin = __0.155 —0.8=45.6 kQ'
0.8

If the characteristic fields usually given are used, as this example shows,
for calculating the d.c. values, for instance the d.c. input resistance Rpg,
considerable errors can arise in certain circumstances. Strictly speaking,
a four quadrant set of characteristic curves which has been statically record-
ed point by point should be used, because the normal published dynamic
characteristics are only valid for a constant crystal temperature and there-
fore only apply for a particular working point of constant dissipation.



CHAPTER 8

APPARENT INTERNAL RESISTANCE WITH
LOAD VARIATION

It must be noted that the voltage amplification changes with variation of the
load resistance. Consequently the amount of the input resistance is also
altered and according to Eq. (5.14) we can write :

rq ry

0 0
144, D, "1+ Dy-S Ry

In the equivalent circuit diagram, therefore, these two resistances can be
represented as being coupled to each other (Fig. 8.1).

re

i i

Ry R
v 4 v v2 HRL
‘el H T_L 1
: o :
- o i
PP ]

Fig. 8.1

If the source resistance Ry of the control generator e; is small compared
with the transistor input resistance r4, the voltage vy is practically constant
if the load resistance and therefore the input resistance vary. However, if
the source resistance Ry is not a negligible quantity, the amplification 4,
is less, for example, with a smaller load resistance. This means, of course,
that the input resistance r; would become greater and the input voltage
v1 is increased as a result. Reduction of the amplification is equalised again
to some extent through the rise in input voltage. This fact can also be inter-
preted as assigning a smaller output resistance Ry to the transistor because
through the higher load the voltage has not decreased according to the
actual R; but to a lesser degree. In this consideration the input voltage is
assumed as constant.

How do we obtain the altered output resistance R;, which is also called
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the ‘“working output resistance” and which mainly acts as a dampling
resistance in resonance amplifiers?

The equivalent circuit in Fig. 8.1 can naturally be calculated for two
different load resistances, Ry, and Rr,. We then finally have the values
ves1, vgre and ige. An output current change was produced by the load
variation. As a result of this change in current, the voltage drop at the appa-
rent internal resistance Ry, is altered; this is the output voltage variation.
The apparent internal resistance is then obtained from :

v2/1 — Ug2j2
Ry == 21— 22 8.1
€a o0 — I3

Example 8.1
A transistor T3 with § = 58.8 mA/V; Ry = 20.8 kQ ;
D = 8.15-107%;r, = 08kQ;
D, = 54-10 '
is loaded with R, = 2 kQ and Rr, = 0.5 kQ.
The control generator has an initial voltage e; = 10 mV and a source resist-
ance Ry = 1 kQ,
What apparent R;eq is effective?

Solution
RL1 = 2kQ

_ JRR 208-2
A01~Sm—58.8m—107

. Ty B 0.8
1 14+ A4,-D, 1+ 107-54-104

e " _ 10 0.76
ri + Ry 0.76 41

van = v1° 4, = 4.32-107 = 462 mV

r = 0.76 kQ

11 = =432 mV

_vpn _462-10°3
V"R~ 24108

1
Ry, = 0.5kQ

=231 pA.

20.8-0.5
sz = 58.8 m = 288

0.8

2 = T 38 54105 — 0787k

re
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0.787
V1/2 = IOW‘H—I = 4.4 mV
vee = 28.8-4.4 = 126.5 mV
, 126.5
I2/2 == —0—5— = 253 [lA
A — 126. .
R zﬂ_462 1265:3355 — 152 KQ.

ea Aip 253 — 231 22

A better method of accounting for the source resistance of the control
generator and therefore for estimating the working output resistance R;eq
with load variations is given in Fig. 8.2.

r‘ ------------------ -
ol o 1 !

, —0
: i
: Rg Rieq I

C")‘% N o2 | R

1 ri 4] :
: tou |
i
! |

R/‘eq SeqDeq |

equivalent transistor
Fig. 8.2

If we assume the control generator to be without internal resistance,
the input voltage is then v1 = e;. The source resistance Ry of the control
generator is now connected in series with the input resistance r; and thus
added to the actual transistor. With this we obtain the equivalent transistor
indicated in Fig. 8.2, whose characteristic values must be changed. The
equivalent characteristic values Seq ri,, and Deqare obtained as follows :
The slope was S = f/ry,. If a resistance Ry is now connected in series with
the input resistance, the input current i1 and consequently the output
current iz will be reduced for the same input voltage v1. The slope Seq is
therefore similarly reduced and we obtain the new apparent slope from:
Working slope

_ Bo . ha
r,+ Ry  hu-+ Ry

Corresponding alterations have to be made in the expressions for R; and
D. The resistance Ry must be added to the input resistance ry, in these rela-
tions also. The following equations then apply for the

Seq (8.2)
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Working internal resistance :

1 1
Ry = = 8.3
feq 1 Dy-Bo hos — hiz * ha1 ®.3)
R* ryy+ Ry hin + Ry
and for the
Reciprocal working amplification :
Deq l = r‘O + Rg - Dv. (8.4)

= Seh . R‘eq_ R‘* . ﬂo

With these equivalent characteristic values, all the formulae are valid from
now on, as for the transistor with its characteristic values S, R; and D
(see Chapter 4), except for the equation for the input resistance ry which
here runs:

Input resistance

T
= 1+ R = T,

To conclude the investigations into the apparent internal resistance Ry of
the transistor, i.e. the “working output resistance” produced when a control
generator is influenced by a source resistance which cannot be disregarded,
it must again be pointed out that this need only be represented if the load
resistance Ry, is variable because only then does the reaction on the input
resistance occur. The source resistance Ry of a control generator is again
only effective as the result of a variable input voltage. For a specific load
resistance a transistor circuit can always be calculated with the transistor
characteristic values S, Ry and D even if this load resistance is afterwards
altered. It is then sufficient, for instance in the case of the resonance circuit,
to calculate the apparent resistance Rteq which, as a damping resistance
is in parallel to the resonance circuit. The numerical relationship can be
found from the following example.

+ Ry. 8.5

Example 8.2
We have a transistor 77 with the known data:
riy = h11 = 0,8 kQ Dy, = hip = 54104
1 -
B =ha=47 E;=h22=80-106
S =588mA/V R=208%kQ D =28.15-10

This transistor is to be loaded with Ry = 2 kQ. A control generator with
Ry = 2 kQ supplies an initial voltage ey = 1 mV.
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Required

1. All the input and output data for constant Ry and the voltage equivalent
circuit.

2. All the input and output data for variable Ry, and the voltage equivalent
circuit.

Solution to 1

o R-R . 2082
_ ri, . 0.8 _
"={T A D, 15107 54107 ~ 076k
_ re . 076
Dl_elr¢+Rg _12+0.76 = 0.275 mV
, v 0.275
vg = 01 Ap = 0.275- 107 = 29.4 mV
v 294
IZ_E,_T_ 14.7/4A
A= 4,2 — 107978 _ 406
L 2
Ap = Ay A; = 107+ 40.6 = 4350
v 0.275 4_
/1=0,362pA igeTuA

Rg=2kn Ri=20,8k 0

V4=0,275mV | 1r;=0,76k0 V229,4mV [RL=zkn

t%'aaasmv

g S

‘91=1mV

Fig. 8.3
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Solution to 2

1 1
Rteq_h _ hiz - ho1 _g)—— 5.4-10-4-47 = 14 kQ
2" hn+ R, 105 08-103+2-10°
Y
Sea = TR, =05 F2 — 68mANV
Deg = e = : — 42.5- 10-4
8 Rieq - Seq  14-10° x 168108
A S, Rieq.RL_l68 142 — 204
Veq eq Rieq + R_L - . ————14+ 3 = K
a e _ 10-3 B
VS TR 07612 108 - 0302kA
vy = e1+ A’y = 29,4 mV
. vz 294
2 ——ITL—'—Z—— = 14.7[1,A
! 0.76 + 2
Aicq = Aler—: == 29.4 T+ = 40_6 = Al
Apeg = A'y- At = 29.4 X 40.6 = 1190
g e _ 108 _
Deq = Deq =53 235 mV.
f1l0.3'82pA
Rge2kn Regetak L
go\.)‘e‘:lmv vy=tmv Vo=29.4mV []RL'Z"-“
rj=0.76x 0L 1&:235,,,\,
eq

Fig. 8.4



CHAPTER 9

TRANSISTORS WITH NEGATIVE FEEDBACK

Negative feedback is a means much used with the tube to influence and stabilise
the amplifying properties of an amplifier. Even greater use is made of these
methods with transistors because the transistor is extremely subject to
external influences; its dependence on temperature is an example. With
negative feedback, as the name implies, part of the amplified a.c. voltage
« - vz is allowed to operate against the applied input voltage v1. In principle,
therefore, we can distinguish between a series and a parallel coupling.

We have “‘series feedback’ when the input voltage is in series with the
feedback voltage (only applies with voltage control : see 9.11). In parallel
feedback the input voltage has the feedback voltage at the input resistance
superimposed on it ; they operate in “parallel”.

In the tube we usually refer to “current and voltage feedback™. Current
feedback occurs when a cathode resistance is connected in the circuit.
Here the cathode current causes a voltage drop which as a feedback voltage
is in series with the input voltage (series feedback). Voltage feedback takes
place in the tube when a feedback voltage is fed back from the anode to the
tube input.

Because of the high input resistance, it is possible in the tube to effect

equivalent generator  equivalent transistor
Fig. 9.1
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the “voltage feedback™ in series or parallel, though the parallel feedback
predominates. As a result of its low input resistance, the transistor in the
corresponding circuit, by returning the feedback voltage from the collector
to the base, is more suitable for parallel feedback. Series feedback from
collector to base is difficult to realise and will therefore not be further
dealt with. We therefore only refer in the transistor to series and parallel
feedback. The two forms of feedback will be treated in the following sec-
tions in such a way that an equivalent transistor with changed characteristic
values is formed.

9.1. Series feedback

The series feedback is obtained if a resistance R’ is inserted in the lead
from the emitter to the “earth” line of the circuit. The base will have a
positive bias because of the feedback resistance R'. However, as a negative
bias is required, an over-compensation of this positive bias has to be pro-
duced through the voltage divider Rr,,,, so that a negative bias results.
The feedback voltage is « - v2 which is connected in series with the transistor
input voltage vi. The two voltages supply the new input voltage vy at the
equivalent transistor between B and E’.

To calculate the equivalent characteristic values of the transistor with
series feedback, we use the correct equivalent circuit for the control source
and the transistor.

Control source equivalent circuit

We have a control source equivalent circuit based on the points B and E’
which includes the voltage divider resistances Rr,;,. The equivalent initial
voltage is equal to the open circuit voltage between B and E’ (transistor
not yet connected) whereby Rr, || Rz (|| parallel) appears as a load and the
following equation applies :

Rz, | Rr,
= €] o\
' % Ry + (Rey [ Rrp)

The new equivalent source resistance is equal to the resistance which lies
between B and E’ when e; is short-circuited. We then have:

Ry = (Re, | Re) | Ry = ———
Re, R, TR,
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B
Rg
te

EI
Fig. 9.2

The control source therefore has the following equivalent circuit (Fig. 9.2).

Transistor equivalent circuit

In the transistor fundamental equivalent circuit the feedback resistance R’
is inserted on the output side and connected to the input circuit. The
following equivalent circuit is produced as a result (Fig. 9.3).

Fig. 9.3

Part of the output voltage « - vz acts as feedback voltage. This feedback
is produced as the voltage drop of the current iz at the parallel circuit R’ |
(R’y + ry) if we disregard the very small base current, while vz decreases at
the resistance Ry lying in series. Since the voltage in the series circuit
behaves like the resistances, the feedback factor is found from:

_uw _ RIR,+r)
o= =
va RL
As in most cases R' < (ri + R'y) we obtain for the:
feedback factor
o~ R ©.1)

Ry
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For the correction at the input of the transistor equivalent circuit we get
the equation :
' —vm—ave=0
or
v'i= 01+ & va

With this we obtain the new input resistance r’; as follows :

’
U1 . . . U1
Py = - in which i71=—
11 ri
and consequently
, v'1 v + o vy v+ v1-Ay
r¢e=—-r¢e=1rg =r .
n U1 n1
Input resistance
r'y=r(l + «- Ay). 9.2)

The voltage amplification A’y for the equivalent transistor comes from:

O R B v2 __vn
v v14 &6 Aytn 14+a-A4,

- V1T 1o
Voltage amplification

Ay v 9.3)

- 14+ x4,

If we investigate the new current amplification the following expression
must apply :

r's Ay ri(l 4 o - Ay) re
A' = A' _—= = ] A
TR T e A, Rz, Ao g, = A
Current amplification :
A’y = As 04

The current amplification is not altered with series feedback. The new
equivalent characteristic values S’, R’y and D’ for the equivalent transistor,
as represented in Fig. 9.1, are obtained as follows : The new static equivalent
slope S’ must be given for the case of short-circuit on the output side, i.e.
Ry, = 0.

The following then applies :
S’ = isfv'y in which i3 = vy - S and therefore S’ = S(v1/v'1).

Now

Vi=vn+a Ady-ri=v1+vm=0v1+é"R=v01+0n"S'R.



62 TRANSISTORS WITH NEGATIVE FEEDBACK 9

In consequence we now have

n 11
S=8S—=8§———
v’y Svl—l—vl-S-R’ or
Equivalent slope

. S

T 1+ SR
The internal resistance R’¢ is obtained according to the following considera-
tions : The input voltage v’y is set at zero, i.e. the input is short-circuited for
alternating current. ry then lies in parallel to R’ and the only input voltage
is now the feedback voltage. Instead of the load resistance a generator with
negligible internal resistance is connected at the output at the same collector
open-~circuit current (the same working point), supplying an initial voltage
ez. As a result of this initial voltage, a current iz flows which produces at
R’ the input voltage v; = iz * R’, which wants to drive a current in the oppo-
site direction to iz as feedback voltage. We therefore assume that R’ is less
than r;. We can now apply the following equivalent circuit produced from
the normal transistor equivalent circuit: (Fig. 9.4).

s (9.5)

i =( _iz'R')l ()] iz'R' (]
2 R R DR K
, , € .
12(1+SR)=E3; lz=€2m.
From this now emerges the

Egquivalent internal resistance
Ry = f—: = Ry(1 + S- R). (9.6)

The internal resistance increases with series feedback. The equivalent amplifi-
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cation reciprocal is obtained, according to Barkhausen, from:
p— l —_—

R'y-S
The amplification reciprocal is not changed with series feedback. The
following equivalent circuits can now be given for the equivalent transistor:

D’ .7

8 C
T_' vi:s
in Uri' C"‘\ R v, []RL
£ £
B [y
R,
a7 b
G
4 E
Fig. 9.5

Example 9.1

A transistor T1 is operated with series feedback as the following circuit
shows. The output voltage v should amountto 1 V.

Required:
All transistor equivalent characteristic values and all a.c. input and output
current values.

The transistor data are:

S=58mA/V Ry=208kQ D =815 104
n,=08kQ D,=54-10

The capacitances in Fig. 9.6 are so large that they represent short circuits
for alternating current. The voltage divider resistances should be added to
the control generator to produce base bias. The equivalent control generator
then has an equivalent internal resistance R’y equal to the resistance which
can be measured against carth with short-circuited initial voltage e; at
terminal B. Ry, Ry, and Rr, are then connected in parallel and
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ter

. 1 . 1 .
RG_L_I__L_;__I__ i +l+ ] = 0.875 k.

R, " Rr, Rr, 175 2 146

The voltage amplification of the transistor is:
_ Ri¢ Ry, _ 20.8 x 0.5 _

Av - Sm —_— 58-8 m -_ 28-8-

The normal input resistance is :
T4 0.8

= 0.79 kQ.

=174, D, 1+ 288x54 1074

The equivalent characteristic values for the transistor with negative feed-
back are given as follows:

LRI+ Ry 50

RL ~ 500 = 0.1
r'e=r(l +oa-Ay)=0.79(1 + 0.1 x 28.8) = 3.06 kQ
r AV _ 28 —
Ay = 1+x-4, 14+01x288 74
S’ o) 58.8 = 15 mA/V

“T1F+S-R 1+ 588x0.05
Ry = Rl + S-R) = 20.8 x 3.94 = 82 kQ
D' = D= 8.15-10-%

0.79

'y = S L‘— = —_—
A’y = A AvRL 28.8 03 45.6.
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With the equivalent characteristic values, the voltage amplification of the
equivalent transistor is obtained from:
, _ o Re- R, 82x05
A'p= 8 RiT R~ 1582+0.5 = 74.
For the working values we get :

va

=g T 05 2mA
L N S
V' = T, =74 135 mV

12 2
1= T 156 43.8 uA
vy 135
= =306 = 43.8 uA
T ,_Dz'iz_ 1X2X10_3_
Ap= Ao A= = 0135438108 340.
The initial voltage ey of the equivalent control generator is :
¢y = ,,'15@’_‘ _ 135306+ 0875 .0 v
r's 3.06
J,=43,8pA
Ry’ |38mV Y=y
y
{ei=173mV
iz:Zl'ﬂA
Rj=82k 1
I','=3.06kn. V2=1V RL-D.Skn.
ffg}wsv

Fig. 9.7
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As control voltage v between base and emitter we have :

vz 1

For the feedback voltage we obtain:
vm =oa-ve=0.1x1=01V.

The following equivalent circuits (Fig. 9.7) therefore apply. If we investigate
the initial voltage e; in the actual circuit, we find that ¢’y is the open circuit
voltage at the unloaded voltage divider. e'; thus lies at the parallel circuit
of 2 || 14.6 kQ ; this resistance is

2x14.6
Ry = 3146 = 176K
In this way,
_ , Ry+Ry 1.76 + 1.75
e1=¢e1 Ry 173 176 = 346 mV.

9.1.1. VOLTAGE CONTROL ; INFLUENCE OF THE CONTROL GENERATOR

It is evident from Equation (9.3) for voltage amplification, that the effective
amplification A’y is only changed a little with a variation of the normal
transistor amplification 4, caused by altered characteristic values. Voltage
“stabilisation” occurs as a result of the series feedback. This stabilisation
is only effective, however, when the transistor is voltage controlled. We have
voltage control if the internal resistance R, of the control generator is small
in comparison with the effective input resistance s because only then
is the input voltage v's & e; independent of variations of the input resistance,
according to Equation (9.2), with variable amplification 4,. We can also
have voltage control when a naturally high resistance generator is artificially
made low in value through a small load resistance, for instance, and through
the voltage divider for the base voltage (see 9.1); an equivalent internal
resistance R'g is thus produced.

If there is no voltage control, that is if the control generator resistance Ry
is no longer negligible, the voltage stabilisation deteriorates as can be under-
stood from the following consideration. If we proceed from the constant
initial voltage e; of the control generator, (Fig. 9.8), the transistor input
voltage

v’ e r'
1= e1———
r"+Rg
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Fig. 9.8

corresponds to the voltage division between r'; and R,. The output voltage
vg is therefore

IO S r __ r‘(l+‘x.A‘U) . Av
=vr Ay = ST R, T a4, ©-8)
—e-S- A,

and the total voltage amplification is based on the initial generator voltage e’y

va ,
Avt0t= a= S'Alg-
Therefore, if the amplification A4, varies with constant initial control
voltage, vz will only vary with A’y if Ry is < r'y, because then the reduction
factor

§ = ri(l + X Av)
ri(l +0"Av)+Ra
is constantly equal to 1. In the extreme case R, could be > 'y (current

control).
Then in Equation (9.8)

9.9

ri(l + - Ay)
S —
Ry
and the value (1 + « - 4,) diminishes by A’y, i.e. V2 varies exactly as much
as Ay and there is no longer stabilisation of the voltage amplification. In
all other cases between the two extremes assumed we can calculate the
amount of the stabilisation effect from Equation (9.8).

With a variation of the load resistance, the internal resistance R’; operates
according to Eq. (9.6) as long as there is voltage control (Ry << r's).

As we can see, the series feedback only reaches full effectiveness if the
control generator is of low resistance compared with the input resistance
r's. This fact can also be explained as follows :

The voltage v between base and emitter is always decisive for the control
of a transistor. If we want to alter anything through feedback, the voltage
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v1 between base and emitter also has to be changed through the feedback
voltage. Fig. 9.3 shows that according to the principle of superposition,
the voltage drop v1 is produced from two voltage drops as the result of two
initial voltages e’ and ea. One is produced through e'; and the other, in the
opposite direction, through es. The feedback voltage effective at ry is less
than « - ve. This is reduced through the voltage division between R, and ry
according to the reduction factor

f_ N

§= ri + Ry
If therefore R; > r¢, only a little of the feedback voltage « - v2 becomes
effective, i.e. with current control the “series feedback™ is ineffective. It
follows from this that in the transistor, the so-called *“series feedback” is
strictly speaking a parallel coupling because only the feedback voltage
superimposed at r; *) is decisive. In the electron tube Ry is usually < ¢ and
therefore the feedback voltage at the cathode resistance is almost completely
effective at the input of the electron tube, between grid and cathode. Conse-
quently, we can consider this kind of feedback in the electron tube as a
series feedback.

Example 9.2

In the feedback circuit in Example 9.1, the amplification 4, will be reduced
by the factor x = 0.7, that is, to 709,.

How much percentage decrease would there be in amplification A’, with
pure voltage control and therefore complete stabilisation, and what is the
actual value of this?

Given

4y

Ay, = 28.8; x = 0.1; A,,=1+“.A_v=

74; rge=0.79 kQ.

Solution
With pure voltage control R’y would be << #’; and therefore s’ = 1. In this
case, the total amplification, based on constant generator initial voltage ¢’y is :

Avtot = S' ‘ A'v = 1 X 7.4 = 7.4-

If for any reason we now reduce the transistor amplification to 4, - x, the
total amplification becomes

Ay x 28.8 X 0.7
Ay . =g - =1- - =
%ot, ~ O 4o =1 l1+oa-AdAy-x 1+ 0.1x28.8x0.7
*) Possibly weakened by s’

6.66.
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The percentage drop of variation of voltage amplification is thus:

A"’tt
pom (1_ 02)-100:(1—&—62)-100=10%.

Avy, 7.4

Compared with a variation A4, x of 30%, the amplification in this case
with voltage control and series feedback is only reduced by 109%,.

Actual case

The generator resistance R’y of 0.875 k(2 is no longer negligible in comparison
with the input resistance r; of 0.79 kQ. The total amplification based on e’y
is consequently

_ r r‘(l + & A’)) . ’
A=A = T e A+ R,
. 0.79(1 + 0.1 x 28.8)

~0.79(1 + 0.1 x 28.8) + 0.875

-7.4 = 58.

With a decrease in amplification to 4, - x, we have:

. n(l+o-A4,0%x) 07901+ 0.1 x 28.8 X 0.7)
" +a-4y-x)+ R, 0.79(1 + 0.1 x28.8%0.7) + 0.875
2.38
T 238+0875 0.72
and
£, Ay x 288x07

2~ Ttow-Ady-x 1+01-288-0.7
The total amplification is thus only:
A =5y A"y, = 0.72X6.66 = 4.8.

’
.
tot -

The total amplification has therefore dropped from 5.8 to 4.8. This corres-
ponds to a percentage change of :

A"tot
U PO TR ¥
pA—-(l Ath) 100_(1 5.8) 100 = 17%.

Compared with pure voltage control, the amplification loss is 79, greater
and the stabilisation has deteriorated.
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9.1.2. THE APPARENT TRANSISTOR CHARACTERISTIC VALUES WITH SERIES FEED-
BACK

In the previous considerations the transistor has been mainly shown in
series feedback, so that a specific input voltage was assumed. Through the
derivation of the input resistance r’y the influence of the control generator
resistance could also be found.

The apparent internal resistance Ry or working output resistance, in
the single transistor stage has already been mentioned. As a result of the
feedback to the transistor input resistance with variable load resistance,
this actual effective resistance R; depends on the size of the control genera-
tor resistance. Even with series feedback we can add the control generator
resistance Ry to the transistor. This equivalent transistor is then controlled
from a generator whose internal resistance is nil. The input resistance from
the control generator aspect no longer has any influence since the input
voltage remains constant even when, for example, the load resistance is
varied. With the resulting effective apparent transistor characteristic values
Sv.» Ri.,» Deq, all working values for the equivalent transistor can then be
calculated.

equivalent transistor

L

Fig. 9.9

The slope of the equivalent transistor is obviously less because only a
small portion v, of the applied input voltage v'1 is controlling. The input
voltage lies at the series circuit of the resistances Ry, ri, and R'(1 + fo).
The resistance R’ appears increased by the factor (1 + fo) because the cur-
rent in this resistance exceeds the input current by this factor. This control
voltage vy appears as partial voltage at r;, and the equivalent slope Seq is
smaller corresponding to the voltage divider ratio. The following then applies :

"{0

Ryt rig+ RA T o)

Seq = S (9.10)
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Since o = S riy, and as rule Ry + r¢, is < R'(1 + ry), we have:
S . r10 1

A m; ~ 9.11)
i.e. in the extreme case, the slope of this stage is no longer dependent on
the transistor characteristic values. The stabilisation can be found satis-
factorily from the actual values which deviate from the extreme case.

The apparent internal resistance of the transistor Ry, is obtained as
follows :

To determine this resistance R;; a current iz is applied to the output
with an initial voltage eq. This current flows as iz - (1 4+ fo)/Po, increased
by the feedback resistance R’. The feedback voltage Vi, = i2(1 + Bo)/Bo - R’
controls at the input resistance and is reduced according to the voltage
division between Ry and r;. In the corresponding equivalent circuit in
Fig. 9.4, we have as a counteracting initial voltage

re

0
v ————
b )
gt Re R T
e = = .
D D £ 10 + Rg
The current driven is now found from:
ee—e e R iy

=2 =2 =
T TR Ri °RiDr,+ R,

if we put (1 + Bo)/fo = 1.
By resolving according to iz we now have :

€2

ip =
ry

%)
ri0+Rg

Thus the apparent internal resistance Ri,, of the transistor is:

R‘(l + SR

e , o 9.12
R,eq=?2_=R,-1+SR;o+Rg. 9.12)

If SR" > 1 and Ry < ry,, then
Rteqm Ri-S-R. 9.13)

With a displacement of the working point, S’, for example, is increased while
R; is decreased. It follows from this that even the effective internal resistance
Ry, of the equivalent transistor is stabilised.
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The reciprocal amplification of the equivalent transistor is obtained from :

1
D=5k~ 9.19)
eq ~ Teq

Example 9.3

A resonance circuit is to be connected as load resistance Ry, to a transistor
T: with the known characteristic values R; = 20.8 k€, S = 58.8 mA/V,
ri, = 0.8 kQ and a series feedback resistance R" = 100 Q. The resonance
resistance Ro = 100 kQ. The resonant circuit coil is tapped in the ratio
1 : 6 for matching to the transistor. The control generator has a resistance
R; = 3 k. What is the effective Rp in parallel with Ro as a damping
resistance?

Solution

-
Rteq: Ri\ 1 + yteR rto+ Rg)
0.8
- -3 3 _
20.8(1+58.8x10 % 0.1 % 10 0-8+3)

= 20.8 X 2.24 = 46.5 kQ
The effective damping resistance is therefore
Rp = R“equ = 46.5 X 36 = 1.67 MQ.

9.2. Parallel feedback

With parallel feedback the reverse coupling from the collector to the base
is carried out through a resistance R’. The equivalent transistor with its
terminals B, C, E, includes this resistance R’ and is treated in effect like
a normal transistor though naturally with different characteristic values. In
the estimation the resistance in the emitter lead is only used for adjustment
and stabilisation of the working point. It is short circuited for alternating
current through the capacitance and therefore has no feedback (Fig. 9.10).

It is obvious from the circuit diagram that the input voltage v'; does not
only produce the current i; which flows through the input resistance r¢. The
feedback resistance R’ carries an additional current i’s and the total input
current i’y is therefore iy + i’g. The input resistance r'; for the equivalent
transistor has obviously decreased. The current i’g in resistance R’ is driven
through a voltage which is obtained from :

vrr = 0’1 4+ ve = v1(1 + 4y).
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equivalent transistor
Fig. 9.10

If we consider the input voltage v’ as driving voltage for the current i'g,
we obtain the following relation :
v'1(1 + A4y) v'1
IR = > == 7
R R
1 + Av
There is consequently at the voltage v'; a resistance R'/(1 4+ Av) connected
in parallel with the transistor input resistance r;. The new input resistance
for the equivalent transistor is then found from:

RI
Pe—— 1+ Ay
(=T
RI
re 4 T+ 4,
The following expression is also valid now:
ri- R
, ri- R ri- R ri+ R
{ = P = .
R ri+ Apri + R’ re
— .4
A+ 49)(re+ 71 i A
If we now introduce the following value:
Ut ri
TS e— T e———— -1

as feedback factor with open circuit on the input side (current control
Ry > r;) we then obtain the input resistance with parallel feedback from:

rn|| R
' = —————m, .16
il ey (5.16)
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Since in most cases R’ > r; we can set down as a close approximation:

~ r
L G

With this equivalent input resistance we find the input voltage from:

.17)

rl

. r's
v = €1 ;’1—}——]39
This input voltage is also at the transistor input resistance r; and the output
voltage vz is thus obtained with the old amplification factor 4,. We can
therefore apply :
Ay = Ay. 9.18)

The voltage amplification does not vary with parallel feedback. Nevertheless,
at a certain input voltage v'; which is required for a desired output voltage
vg, the input current i increases by the factor (1 4 « * 4,) while the output
current i remains constant (Ry - iz = vz has not changed). The current
amplification A4’; = is/i’1 has now become less and the following equation
can be applied :

b e 1 n| R
Av= Ay RL AvR_Ll-}-O"Av’
, _n|R Ay
A= (9.19)
so that
A= TR A
(ri+RH)RL 1+40o-4y
If we put Ay - (ri/R1) = Ay, we obtain :
A
A’y A Ry : (9.20)

" T¥oa A nt R S1+a A4y
Equation (9.19) shows that the current amplification is stabilised. Alteration
of the characteristic values, which produces a change in voltage amplifica-
tion and thus in current amplification, only causes very slight variation of
the second term corresponding to the stabilisation factor « - 4, (see 9.3).
This stabilisation, however, only occurs with current amplification, i.e.
with current control, as will be shown in the next section.

FEquivalent Characteristic Values

The derivation of the working values for parallel feedback is based on a
given input voltage v;. We most therefore first assume a control generator
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with R; = 0 because this given voltage v; is not influenced by the transistor.
This applies to all the previous derivations (apart from the determination
of the apparent characteristic values). The input resistance, for instance,
was determined with these deductions and it was thus always possible to
connect in and calculate a control generator in which R, was not negligible.

The equivalent internal resistance R’; now also holds good with constant
input voltage vy, that is with R, = 0 and the input therefore short-circuited
for alternating current. For an a.c. voltage vz supplied at the output, there
is therefore a resistance available, the equivalent internal resistance of
which is formed from the parallel connection of the normal R; with the resist-
ance R’ earthed by the short circuit.

R¢= R¢| R. (9.21)

The given input voltage v; controls completely at the input resistance r;
and so the slope does not alter.

S = S. 9.22)
The equivalent reciprocal amplification is obtained from :
1 R+ R’
D= SR D T (9.23)

It cannot be concluded from the expression 4,/(1 + « + 4y) in Equation
(9.19) that the voltage amplification is stabilised, for this is 4’y = Ay.
If, however, we relate the voltage amplification to the generator voltage,
the voltage amplification is also stabilised. Then e; yields the constant input
current i; and the stabilised output current iz which once more results in a
stabilised output voltage ve. If, therefore, we consider the parallel reverse
coupled transistor not at its input terminal but from the aspect of the initial
control generator voltage e; a stabilisation of the voltage amplification corres-
ponding to Ay(1 4+ « - A4,) is also effective here (see also 9.21).

Example 9.4

A transistor 7, is operated with parallel feedback (Fig. 9.11). The load
resistance Ry, = 0.5 kQ is reduced through the feedback resistance R =
7.2 kQ because this appears as an extra load resistance in parallel with it.

All the operating values are to be calculated for an output voltage vs of
1 V. These values are already plotted in the circuit diagram in Fig. 9.11.

Given
S = 588 mA/vV Ry = 20.8 kQ D = 8.15-104

riy = 0.8 kQ Dy = 5.4 x 1074,
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Viz=2mA
DRL=°-5““-
ig=0.144mA
R -Q
. 3
1
, 2
R=72k0
f1=019mA
=0.046mA
Vo=V

Rg=1,8k.0.

V1=36,8mV
fé1=379mv

Fig. 9.11

Solution
For the transistor without parallel feedb:ck we obtain :
Effective load resistance :

, Ry- R 0.5x7.2

L=/ IR - 77 0.47 kQ.
Voltage amplification :
. Ri- Ry, _ 20.8 x 0.47 _
Av - Sm - 58.8 m - 27-2-
Input resistance :
ry
r ° 0.8 = 0.79 kQ

1+ 4,-D, 1+27.2x54-10-2

Current amplification
For the reverse coupled stage we find :

rg 0.79
A{ == "R—,I—l Av = O,T 27.2 == 45.6.
Feedback factor :
re 0.79
& ~ 0.1.

“R¥rn 7210719

Since R’ is not negligible in comparison with r;, the following values are
obtained according to Eq. (9.16):

0.79 X 7.2
peo= R 7.99

T 1+a-4, 1+01x272 = 0.19 k2
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r's 4 0.19

A{ =E‘ v-=6-.27'27.2=11
Ay = Ay=272

, _va 1 _
v’y —Av———27.2—36.8mV-v1
L o1 368

i's =1i1+A41=0194x11 = 2.14 mA

R . 12} . 36.8 _
., vi+vy 10368
i = e T 0.144 mA

it = i1+ irr = 0.0466 4- 0.144 = 0.19 mA
er =01+ i'1" Ry, = 0.0368 + 0.19x 1.8 = 0379V

ve iz 1x2-10-3
A = T T 368 109 x019. 108 26

With the equivalent characteristic values we have:
20.8 x 7.2

S = 58.8 mA/V
1 1

/ == = == . -2
b R'¢- S 53.5kQ x 58.8 mA/V 3.18-10
o ReRL 535%x0.5
Av= Ri+ R~ 588 5354+0.5 2.

9.2.1. CURRENT CONTROL. INFLUENCE OF THE CONTROL GENERATOR

We can speak of current control when the current supplied from a control
generator is only determined in volume by this generator. This control
current is then independent of the instantaneous value of the transistor input
resistance r’;. This is obviously the case when the internal resistance of the
control generator Ry is large in proportion to the input resistance r's. This
condition can, of course, be produced artificially if a high resistance is
connected in series with a low resistance generator.
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Pure current control cannot always be realised. Stabilisation of current
amplification as expressed by Eq. (9.19) then deteriorates. The amount of
stabilisation in this case is found from the following:

With actual current control the input current is only decided by the initial
voltage of the control generator, e, and through its internal resistance Ry.

= i1

Rg+r'l R,Rg+r'¢ 10

The input current is less than the desired control current i1,. The reduction
of input current is the result of the weakening factor:

s—— Ro (9.24)

£
Ry + TTa 4,
The weakened control current is amplified again, according to Eq. (9.20)
by the reverse coupled transistor and we obtain :

If the current amplification 4y _, is related to the control current iy, with
¢ € Ry, we get:

By introducing the above expression we obtain :

- o Ry 4y on
S 7YV S ey Y S
T T4a Ay

The maximum control current i1, flows with pure current control if r'c is <
Ry. Then s = 1 and the current amplification 4; , = A's. Stabilisation of
current amplification is then fully effective with 4,/(1 + &« - Ay) if there is a
variation in the transistor characteristic values and consequently a change in
Ay (see also 9.3.). In the extreme case R, can become << r'; (voltage control).
Eq. (9.25) then becomes

Ry Ay ’_‘_gﬂ.A
re l+a-A, R R, 7
1+a- 4,

A’tot =
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There is no longer any stabilisation of current amplification since with a
variation of A, the current amplification also changes to the same degree.
In all cases between pure current control and voltage control the stabilisa-
tion effect can be calculated from Eq. (9.25). If we investigate with current
control the ratio vs/es, i.e. the voltage amplification in relation to the initial
control generator voltage, we find :

g =1, S Av o
2= M T w4y Re
in which
. €1
l]o——':E

Now vg is also equal to iz - Ry, and we obtain :

el Av rs

02=E's——————l+a‘A0R—L.

If the value from Equation (9.24) is inserted for s, we get :

rg Av
rg 1+06'A0.
1+“'Av

Ve = €1 (9.26)

Ry +

1t is only with current control that r¢/(1 + « - Ay) is << Ry and can therefore
be disregarded. The voltage amplification A’y = vgfer is then stabilised
according to the second fraction. With voltage control R, would be << ry/
(1 + &+ Ay) and in this case R, can be omitted in Equation (9.26). Then,
however, 1 + « + 4, is also cut out of this expression and so there is no
voltage stabilisation.

Example 9.5

In Example 9.4 we had r'; = 0.19 kQ and R, = 1,8 kQ. We now have to
discover to what extent there is current control. We have to calculate the
precentage drop in current amplification A’; with a variation of amplifi-
cation A, - x when x = 0.7, for pure current control and for the actual
case concerned with R; = 1.8 kQ.

Solution
With pure current control the following expression is valid according to
Equation (9.19j:

0.79 x 7.2
R A4 7.99 27.2

A= TTad, — 047 ‘Troixziz &
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With x = 0.7 we obtain :
_n| R Ay x 27.2x0.7

No=R, TFa A= T oaxziaxor ~ 0%
The percentage decrease in current amplification is :
A’y 9.9
LY — — . p— —~ 2. f— 0,
=1 yE ) 100 (1 - ) 100 = 10%.

The following calculation shows how little pure current control remains in
the actual case.
The weakening of input current according to Equation (9.26) is:

Ry 1.8

g =R RS = 181019z >
T 1+ 4,
If the drop in amplification is x = 0.7, we get:
R, 1.8
S = = = 0.88.
z r| R 0.71
R'+l_—+¢x-A,,-x 18453

The current amplifications based on the control current i3 are therefore:
Ay, =5 A4=09x11 =099

Aty = 55° A't, = 08899 = 8.7.

The actual percentage change in current amplification with 309, reduction
of voltage amplification is:

A‘tot
0 —— —_ ___._x . —_ — .8__2_ . —_ 0
% = (1 ) 100= (1 9.9) 100 = 129,

Since the variation is only 29 greater than with pure current control,
we can still speak of an almost pure current control.

9.2.2. THE APPARENT CHARACTERISTIC VALUES OF THE TRANSISTOR WITH
PARALLEL FEEDBACK

The apparent transistor characteristic values are only of interest with variable
load resistance. Here also, as in series feedback, an equivalent transistor
can be visualised and added to the control generator resistance R,. The
transistor then has the apparent characteristic value Ri, ;s Seqs Deq; in the
equivalent transistor there are the effective characteristic values.
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equivalent transistor
Fig. 9.12

The slope Seq is obtained with the output short-circuited if R’ is in parallel
with the input resistance r;,. The apparent slope Seq is less than the normal
slope S because only a small part v; of the applied voltage v'1 controls
the transistor. Voltage division takes place in the series circuit of R, with
the parallel circuit of 7, and R'. We can therefore apply :

rigl R
=8 ——
(g 1K) + Ry
The apparent internal resistance Ry,_is also found here by taking the control

generator resistance into account.
The voltage vs applied at the output drives the current i and we have:

Seq 9.27)

U2

i eq iz .
The current iz is mainly produced through the control voltage v; which drops
through vz at the voltage divider R’, Ry || ri,. Here
Rg | rey
U1 = U2 W.

Therefore,

Rg || re,
SEI TR
The remaining reaction of output voltage on the amount of output current,
corresponding to R¢* and Dy, can be disregarded as very small. We therefore
obtain :

ia=101°-S = vg

by 1 Rellr+ R

R‘ = e—— I =

“ h 5 Rlrg 028
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The amplification reciprocal results from :
1 (flo I R’) + Ry Ra I T,
N rigl R (Rglirg) + R”

(9.29)

Since in general Ry > ry, | R, pi | R' & riy, Ry |l 1, & ri, we find that:
R, T
Deq v =2 ———,
€a iy Ty + R
R,
~—2 9.30
W (9.30)

Example 9.6

The following apparent characteristic values are obtained for the stage with
parallel feedback in Example 9.4.

We had:
Ry=18kQ, R =72kQ,r, =08kQ,
S = 58.8 mA/V, e1 = 379 mV, R, = 0.5 kQ.
Solution
righ R 0.72
Seq =8 —— 5882 __ 168 mA/V
eq (g 1 ®) + Ry 072+ 18 mA/
(Ry | re) + R 3
Rl o 10° 0.5+7.2 _ .00

et S Rylr, 588 055
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1 108

Dea = 5% R, 168x024x10% 0248
Ripg* Re 0.24 X 0.5
= e Seq — 00— = 0. 16.8 x 10-8 == =22 108
TS TR 0.379 X 168 X 107 5+ 0.5 1©

9.3, Stabilisation characteristic value

With series feedback we obtain stabilisation of voltage amplification when
there is voltage control. Equation (9.3.) can be applied.
A= — A0
14+«- A4,
Parallel feedback produces stabilisation of current amplification with current
control, or, based on the initial control generator voltage, stabilisation of
the voltage amplification also, according to the above Formula.

If the characteristic values are changed through an alteration or displace-
ment of the working point, 4,, for instance, falls to A, - x if x is << 1. The
effectiveness of the stabilisation can now be learnt from the amount of
variation in the effective amplification, 4, - x’, when the amplification
alters by the factor x, x’ being the reduction factor for the stabilised amplifi-
cation.

There is thus an interesting connection between x’ and x which can be
represented graphically, and the parameters or values for a favourable
shape for this curve, for it is naturally desirable that x’ should be > x.
The following formula applies for the stabilised amplification :

Av'x

A Vg = Tm. (9.31)
Therefore
Ao, s +a-d) 1+a- 4y
Ay 1 “Apex 1
v + o v X ; + - Ay
or
Ay = ITJF_"‘_'_@ — Ay 9.32)

-+ Ay
X



84 TRANSISTORS WITH NEGATIVE FEEDBACK 9

The reduction factor x for the stabilised amplification 4’, with a reduction

x of the normal amplification Ay, is therefore :

x = %i‘x‘_A".. (9.33)
=t Ay
x

It can be learnt from this formula that the stabilised amplification varies
even less with x when :

e Ay >3, (9.34)
X
1 T I . —
TX' x50 '“*ZOL’:/’ﬁ//’f?A?‘
0o | //A//
©A-20 //
// iy A

0.8 / : A
A l+aA
/ A10 Ale Ax
4 X Troax
0.7 v +0O
/ AX’ =A'X'
0.6 A5 / oA-2
. J+orA
x= ossible
0.5 /[ / Z 71““ P“f"‘)'}:'
R IENIW / I |
0 0.05 01 0.2 03 0.4 05 06 0.7 08 09 1
X

Fig. 9.14

We can therefore call the value « - 4, the stabilisation characteristic value.
The curves x’ = f(x) for different stabilisation characteristic values are
plotted in Fig. 9.14. We see from these curves that with increasing stabilisa-
tion characteristic values the drop in stabilised amplification only occurs
with greater reduction factors x.

Example 9.7

In Example 9.5, there is virtually current control. What is the stabilisation
factor and how large is x’ with x; = 0.9, x2 = 0.7 and x5 = 0.5?

Solution
a6 Ay=01-272=272;

Xy = 11+°"A” =— 312 _ 0975
';1‘+0“Av 66'{"2.72
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.X'2 = ngg—— = 0.9
7 + 2.72

x's = —1——3'—72—-—— = 0.79
03 + 2.72

9.4. Non-linear distortions

The characteristics of a transistor are not straight lines. For this reason the
characteristic values S, R; and D are only valid for a specified working point
with very little modulation. If a transistor is controlled with a larger sine
voltage, the output current and the a.c. output voltage are no longer sinus-
oidal. In this case we speak of non-linear distortions because these arise
at a non-linear characteristic. These distortions are smaller with current
control than with voltage control since the characteristic for current ampli-
fication is only slightly curved. Output stages are amply modulated. Since
the greatest distortions occur there, current control is mainly used for modu-
lation (see 17.2.1.).

9.4.1. THE NON-LINEAR DISTORTION FACTOR

As we know, a non-sinusoidal voltage can be resolved into a fundamental
wave of equal frequency (1st. harmonic) and a sum of sine voltages whose
frequencies are multiples of the fundamental frequency (harmonic analysis).
These multiples are also known as upper waves or higher harmonics. If
the quadratic mean value is formed from the transient values of the funda-
mental wave (1st. harmonic) we obtain the effective value vpw of the funda-
mental wave. If the quadratic mean value is formed from the transient value
of the upper wave we obtain the effective value vyw of the upper wave. The
effective value of the non-sinusoidal voltage wave is found accordingly
from the quadratic mean value of the transient values of this curve. However,
since we already have the quadratic mean values for the fundamental wave
vew and the upper waves vyw, we obtain the effective value of the non-
sinusoidal voltage from:

vy = Vil + vBw. (9.35)

To obtain an idea of the amount of non-linear distortions of this kind we
form the ratio between the effective value of the upper wave and the effec-
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tive value of the non-sinusoidal curve and call this the non-linear distortion
factor.

d="20w_ _vuw 9.36)
% Vdw + dhw)
This factor can be calculated from the transmission characteristics or can
be measured at the amplifier itself.

9.4.2. IMPROVING THE NON-LINEAR DISTORTION FACTOR

We are able to reduce the non-linear distortions of an amplifier by means
of feedback. With series feedback the input voltage v'; is a sinusoidal vol-
tage. The control voltage v; at the input resistance r; is less than v’; because
of the feedback but it is sinusoidal all the same. As the amplification is now
non-linear with large modulation, we obtain at the output a non-sinusoidal
voltage :

v, = 01" Ay. (9.37)
X

The fundamental wave vFw of this output voltage operates with « - vgw
against the input voltage v’y and thus produces the control voltage vi. In
addition the upper wave voltage

vuw = U,;‘d= U1 Av'd (9.38)
acts at the output as the impressed voltage.

This upper wave voltage, however, is no longer completely effective at the
output load resistance because the feedback causes a weakening of the upper
wave voltage through an opposing impressed voltage, the feedback voltage.
Now only an upper wave voltage v'yw = v1 * Ay * X is present at the load
resistance. The voltage reacting inversely on the output circuit through
the feedback is therefore :

(- vuyw) Ay = (0 v1° Ay - x)* Ay. 9.39)

If we consider the fact that the sinusoidal fundamental wave at the output
is obtained from Equation (9.35) as:

vFW = V(Uf — vhw) = V(U: — vy d)

vrw = J Vi1 — d)] = o1 - 4/ (1 — d7) (9.40)

we obtain the following equivalent circuit for the distortions in the output
circuit (Fig. 9.15).
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1
—
VeA, k=,
ép bvew Ry Vuw* Vew
ocVyA,, - X,
foeVrly Ay

(~)—

Fig. 9.15

The upper wave voltage resulting at the output is obtained from :
1% Ap'x = v]'Av°d—((x' n- Av'x)Av
XxX=d—x"x"Ay.
Therefore
. d
o 1 + & A'y.
The new reduced non-linear distortion factor is consequently derived accord-
ing to Equation (9.36) from :

x (9.41)

ar= 9.42)
V(UZFW + v%w)
If the values introduced in Fig. 9.15 are inserted, we thus get:
d= v Ao x _ x _ L
Viok 430 — a4 of 435 Yl -+ 2 Y[R 4]

If we insert the value found for x, this expression becomes :

1 d
YY) ~ A
V[(l-kz2 Ay) (1 —d2) + 1] 14+ o A4y
The non-linear distortion factor thus decreases in about the same measure
as the amplification decreases through feedback. Therefore, this is only
true of series feedback in the case of voltage control and of parallel feedback
with pure current control.

If the non-linear distortion factor is improved in single stages through
feedback, series connection of such stages will increase the factor for the
whole amplifier because the percentage factor values of the individual stages
are approximately added together. With a number of stages, therefore, it is
better to undertake the feedback over the complete amplifier.

’

(9.43)
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Example 9.8

It was established in Example 9.5 that there was virtually current control
in the stage of Example 9.4. In the calculation of the non-linear distortion
factor, the improvement through

1+oa-dy=1+01x272 =372
is consequently fully effective. If the non-linear distortion factor in this
stage is d = 59 without feedback, there is a distortion factor of

d 5

NI Td ~3m

= 1.35%

with feedback.

9.5. Working point stabilisation

The transistor characteristic values are strongly dependent on the working
point, i.e. on the static voltages and currents, as will be described in Chapter
13. The working point selected and adjusted does not have to be absolutely
stable, as we shall see in Chapter 10. Considerable working point displace-
ments can occur through changes in the ambient temperature and through
load variations. We now have a means of reducing displacements of the
working point by making use of the feedback.

Adjustment of the working point is done by the base voltage divider
(see Chapter 7). The criterion here is the static collector current which also
determines the transistor dissipation. This collector current working point

* ocdVep

Fig. 9.16
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above all should be kept constant. With a feedback which is not designed
for a.c. voltage alone, as, for example, parallel feedback from the series
connection of a capacitor with the resistance R’, we obtain stabilisation of
the d.c. voltage- or current working points as well as stabilisation of the
amounts of alternating current.

The resulting voltage variations in series and parallel feedback are shown

in Fig. 9.16 through an increase of AI; in the collector current.
In both cases the increase of collector current causes a positive change AVer
in the collector voltage and a similarly positive variation in the feedback
voltage « - A Vg at the base to the emitter. An alteration of the base voltage
in the positive direction, however, means a reduction of the collector current,
i.e. the actual increase of collector current will be less than it would be
without feedback. If the variation of collector current or voltage without
feedback is AI'c or AV'cr respectively, the variation reduced through feed-
back is obtained as follows :

The variation 4V’cg is decreased through the altered feedback voltage
o+ AVor which operates inversely with the amplification factor A4,. The
following expression can therefore be applied for the reduced working point
deviation :

AVCE = AV'CE — zxAVc-E- Ay.

If we resolve AV¢e we obtain :

_ AV'er
A VCE = m- (9.44)
R c
S, M(ss B
e
* ¢ Ry [] AVCE
adVee

e

Fig. 9.17

This stabilisation, however, is only fully effective when the base voltage divi-
der is made of low resistance with series feedback. As we also saw in Fig.
9.1 for a.c. voltages, the “generator resistance” for the base bias also counter-
acts the stabilisation with d.c. voltage feedback. This influence will be ex-
plained in an equivalent circuit (Fig. 9.17).
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The feedback voltage « - 4 Ve first appears at the feedback resistance and
will operate as additional d.c. input voltage. However, only the voltage
between base and emitter counts as d.c. input voltage. The feedback voltage
reduced according to the voltage division acts at the input in exactly the
same way as the bias e’ (the open circuit voltage at the voltage divider)
lies at the d.c. input resistance -, reduced through the “internal resistance”
of the voltage divider R’y = Rr, | Rr,. The reduction is:

=

5 = —————— 9.45

ri-+ Rr, || Rr, (9:43)
The effect of the feedback voltage is reduced with this reduction factor.
We can therefore imagine the feedback factor correspondingly reduced and
with an insufficiently low resistance voltage divider we obtain the working
point deviation from
av’e

ave = 14+x-5- A4,

(9.46)

Example 9.9

A transistor T is connected as shown in Fig. 9.18. By what percentage will
collector current variations be reduced?

S =588 mA/V; re=2kQ;
Ay =S Ry=29.9; R =50+ 150 = 200 Q;
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R 200
Kee = E“—‘ W =04

2x14.6
24 14.6

§ = ri= _ 2
ri= + RTl I er 24+ 175

100 100
Py T T a5 A4, 1+ 04x0.534x299

Rr, | Re,= = 175 kQ

= 0.534

= 13.5% .




CHAPTER 10

THE INFLUENCE OF TEMPERATURE ON THE
TRANSISTOR

In general the electron tube is insensitive to external temperature fluctua-
tions. The reason for this is that the working temperatures of the electrodes,
e.g. the cathode and the anode, lie far above the ambient temperature. The
temperature gradient is therefore changed little relative to the variable exter-
nal temperature. The tube characteristic values are thus not affected by tem-
perature. Things are different with the transistor. The limit of permissible
internal heating is 75 °C for germanium transistors and 130 °C for silicon
transistors. If the limits are exceeded, the transistor becomes unserviceable
The transistor internal temperature, the junction temperature 7; depends
to a very great degree on the external or ambient temperature Tamp and on
the conveyed dissipation which as current heat causes the transistor to heat up.

10.1. Permissible transistor dissipation

It is not possible to state a permissible dissipation for a particular transistor
type as it is with the tube. This is because a maximum temperature difference
ATwax = T3 — Tambmax is required to yield a maximum dissipation. Since
the highest junction temperature for germanium Tj is 75 °C, the influence
of the ambient temperature on any possible temperature difference is thus
very great. The maximum dissipation therefore depends on the maximum
estimated ambient temperature Tambyay.

In calculating the permissible transistor dissipation we must remember
that the conveyed dissipation may only be equal to the dissipation carried off.

Pc = Pott (10.1)

If the conveyed dissipation P¢ were constantly greater than the energy carried
off at the time, a continual temperature rise in the crystal would destroy it.
The conveyed dissipation depends on the adjustment of the working point.
If we disregard the base-emitter dissipation which is always very small,
the dissipation conveyed is practically equal to the collector-emitter dissipa-
tion.
The working point for an average collector current Ip, and a voltage V¢,
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prevailing at the transistor, lies in the A-circuit. The maximum dissipation
is therefore :

PC = Vco ¢ Ico.

max
The working point in the B-operation lies at current I, = 0. If the load

resistance is connected to the transformer as is the case in push-pull B-

operation, the dissipation occurring depends on the maximum current

modulation and we have

I

max

Pe

max %0

if the modulation takes place sinusoidally.
Ohm’s Law for the “flow of heat” can be applied for the thermal capacity
which the transistor is able to yield.

[ g‘ = Pof(.
It reads :
AT
Popy = X (10.2)

Here Por is the flow of energy, AT the thermal stress and K the heat resistance.
The heat resistance K depends on the construction of the transistor. External
cooling conditions also play a considerable part. The heat dissipation can
be the result of conduction, radiation or convection. Heat conduction is
promoted by good contact with the chassis when there is a large surface.
Heat dissipation through convection is caused by motion of the air. The
heat resistance is thus not an ‘“‘apparatus constant” but can be approxi-
mately stated by observing certain prerequisites.

For transistors available up to the present, the heat resistance varies about

K = 0.8 + 0.003°C/mW

The resistance concerned can possibly be calculated from a sum of heat
resistances, e.g. K = K¢ + Ken, where K¢ is the heat resistance between
junction and case and Ken is the resistance between the chassis and its
surroundings.

Since the permissible dissipation can only be equal to the energy Porr
which can be produced, it follows that with rising ambient temperature and
therefore decreasing thermal stress AT, the permissible dissipation must also
be reduced, or, conversely, must increase at constant ambient temperature
with rising crystal temperature.



94 THE INFLUENCE OF TEMPERATURE ON THE TRANSISTOR [10
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Fig. 10.1

If we assume a maximum ambient temperature of Tamby., = 45 °C,
ATmax is then 75 — 45 = 30 °C. With the heat resistance limits previously
mentioned we obtain dissipations of :

AT 30
Pcma.x PO“max = —k— = ﬁ = 37.5mW
or
y , AT 30
Pluax = Pottmax = F7 =503 = O W

The maximum transistor dissipation up to now lies therefore at 10 W and
is thus far below the maximum tube dissipation.

If the maximum dissipation in a particular case has been calculated accord-
ing to the highest possible ambient temperature, the working point I, can
be set. If this adjustment is made with Tamp = 20 °C, for instance, it is
possible that the calculated maximum dissipation cannot be set at this tem-
perature. With increasing ambient temperature the crystal temperature also
rises and the result is an increase in the collector current. It is therefore
possible that with Tamn = 45 °C, the maximum dissipation adjusted with
Tamp = 20 °C will be exceeded because of the larger collector current.

10.2. Temperature influence on the collector current

With increasing input voltage Vgg at initially constant crystal temperature,
the input current I varies exponentially according to the equation :

VBE

Vr
Ip=Ci-¢ . (10.3)
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C, is then a constant corresponding to the space charge constant pf the tube.
The so-called temperature voltage has the value Vr = 8.7 - 10-5Ty,. The
collector current differs from the base current by the current amplification
factor and with a new constant Cz we can apply the expression :

v

— (10.4)
T
Ic = Cz N ]
With a base bias Vg, we obtain for the static collector current the relation :
V g,
VT
Ieg=Cz-e . (10.5)

If we now leave the bias — Vg, constant we can establish that with rising
temperature the collector current again increases according to an exponential
principle. The relation

I = I+ ek 47
is then valid.
If we insert for the constant
Dr
k=%
we have:
D, AT
VT
Ic = Ico i~ . (10.6)

By introducing (10.5) into (10.6) we then obtain :
Vpg,t Dy AT
VT

I.=Cs-¢ . (10.7)
Here Dr - AT is obviously a voltage which apparently also controls at the
base and increases the collector current with growing temperature difference
AT. We call Dr the reciprocal temperature difference.
The following values apply for germanium transistors.

I;mA 01102105 1 2 5| 104 20 | 50 | 100 | 200

\"
DTI?—C

2712625124 (23}22 (21| 2 |19] 18| 17

With mean values, acording to (10.6), we can approximately put:
AT
I~ Iy - €3, (10.8)
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i.e. for each 13 °C the current increases by about the factor e = 2.718 or
with the factor 2 for every 9 °C temperature change.

This variation of collector current applies to the most unfavourable case
with the ideal transistor. In practical operation the rise of collector current
is mainly reduced through the internal base resistance 7’55 because the base
current produces a voltage drop at this resistance which makes the base more
positive. This extreme case will be applied in subsequent considerations
just to be on the safe side.

After a transistor is connected in a circuit the junction temperature rises
from the value of the ambient temperature. As a result the collector current
is raised, the conveyed dissipation increases and the temperature can rise
still further. If the conveyed dissipation at a certain temperature is not equal
to the energy given off, thermal instability occurs, i.e. the temperature rises
continuously until the transistor is destroyed. External switching measures
can be used to prevent this kind of influence. Different cases will be studied
in the following investigations.

10.2.1. CONSTANT D.C. BASE AND COLLECTOR VOLTAGE

This is the case, for instance, when a resonant circuit is present as load
resistance, or a resistance is connected by means of a transformer. There is
then no resistance voltage drop and the working voltage is equal to the
d.c. collector voltage and therefore constant (Fig. 10.2).

I
Ry
— =3 Icm A(mW)
———in}
i - I
- VBE V-- VCE 23V
Fig. 10.2

The d.c. base voltage should also be produced from a low resistance source
and because of the low resistance incoupling of the input bias, no additional
ohmic resistance will be switched. in The base bias — Vg, is thus constant
and independent of the d.c. input resistance. The transistor dissipation in
this case is now directly proportional to the collector current.

PCI =3- IcmA[mW].

If we now plot in a diagram the current dependent on the temperature
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Tj corresponding to a temperature difference AT = Ty — Tamp according to

the Formula
AT

IC j— ICO . e13

we find that the resulting curve can be used at the same time as energy curve
P (Fig. 10.3).

w Iema b
80 30
s r IR
/
60 20 | Fort
s 15 b———f 7
w2 |/ [/ / S
30 0 [ - 7 |
| IR .+— R f—
| | |
1% 5 ]
375 - A — 5/ | ;
187 A —H= | |
I 0496 O * ' -7
Co 2 31 2 er 700 70
° » /-
Tomp % S v
Fig. 10.3

Ifthe transistor used has a heat resistance, for example, of K = 0.432°/mW,
the energy which can be yielded would be

0432 0.432

that is to say, 30 mW for each temperature difference 75 — Tamn of 13°.

If we assume a collector current Io, = 0.496 mA at an ambient tem-
perature of Tamp = 25 °C, the current rises to twice its value for every 9 °C
temperature increase in the crystal, as we see from the current curve in Fig.
10.3. By plotting the curve for dissipation energy as a straight line starting
at the ambient temperature, we find that at 13 °C temperature increase this
straight line goes through Poyy = 30 mW. It can now be seen from the diagram
that with a switch-on current I, = 0.496 mA the curve of the dissipation
P¢ (current curve in the other scale) intersects the curve for dissipation
with only a very slight temperature rise.

With an ambient temperature of Tamp = 34 °C, the Porr curve would
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begin at 34 °C because then the excess temperature or temperature difference
AT = Ty — Tamp only starts at 34 °C. The point of intersection of the two
energy curves already lies here with a somewhat greater temperature dif-
ference, as well as for an ambient temperature of 43 °C. The limiting case
occurs with Tamp = 52 °C; there the two characteristics for Pc and Porr
are tangential. The current at switch-on Io, = 3.75 mA now rises to Ic =
10.2 mA at 65 °C. The tangent to the Pc-curve is always given for a tem-
perature difference AT = 13 °C with a current rise by the factor e = 2.718.
With a somewhat higher ambient temperature the two curves in the above
case would no longer intersect. The conveyed dissipation then rises more
than the energy given up. There is now thermal instability and the tem-
perature on the crystal rises to the point of destruction. Whenever the collec-
tor current tends to rise above 2.5 times its value after switch-on, there is
the danger of thermal instability and we have to switch off at once. We could
now say that in Fig. 10.3 the ambient temperature of Tamn = 52 °C which
brings about thermal instability is already very high and so the danger is not
so great. This is true if the static current Ic, with Tamp = 25 °C is only set
at Ic, = 0.496 mA.

If, however, Ic, has already been adjusted at 3.75 mA with Tamp = 25 °C,
the temperature scale T; would apply in Fig. 10.3. The two energy curves
would therefore already be tangential with Tamn = 25°C. Even a slight
increase in the ambient temperature can now lead to instability. This fact is
important because the dissipation would only be P¢ = 3-3.75 = 11.25
mA with the switch-on current Ic, = 3.75 mA. If we assume a maximum
ambient temperature Tambyqax Of 45 °C, the maximum temperature difference
AT could become 75 — 45 = 30 °C. The maximum dissipation in this case
with K = 0.432 is then :

ar_ 30
K

Ponex = % = 0432

max

= 70 mW.

Consequently, without a knowledge of the above considerations, the adjust-
ed dissipation at switch-on of P¢ = 11.25 mW would be justifiable. It can
even rise to Pc = 3-10.2 = 30.6 mW and be stable. Nevertheless, every
minute rise in the external temperature would then lead to instability. We
also have the case of constant base and emitter voltage in the measurement
of transistor characteristics, possibily carried out point-by-point. If these
characteristics have to be valid for a.c. behaviour, it is obvious that all
characteristic curves must be taken up dynamically by working points of
constant dissipation so that the crystal temperature remains constant, as is
more or less the case in modulation with a.c. voltages.
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10.2.2. LOAD RESISTANCE (ALSO PRINCIPLE OF SPLIT-LOAD OPERATION)

With a load resistance in the circuit the d.c. collector voltage — Vcg, is less
than the d.c. operating voltage by the voltage drop Ic, - Rz and is therefore
no longer constant with variable static current. We can arrange for the dissi-
pation to be at its greatest at the working point selected, decreasing with
every change of the static current I¢,. This is always the case when with
static current half the operating voltage appears as collector voltage (Fig. 10.4).

I AR

Q

>

- -Vee

Ve 2Ve W
Fig. 104

With twice the static current the voltage at the transistor is theoretically
zero, likewise the dissipation. Thermal instability can now be prevented with
certainty through the increase of collector current with rising external tem-
perature. This socalled *“principle of split load operation™ is based on the
fact that an amplifier stage is operated for direct current with a resonance
circuit as load resistance via a resistance with half the supply voltage. This

Ry =3kt

Ry=(30-3ley o) ley L)

Fig. 10.5



100 THE INFLUENCE OF TEMPERATURE ON THE TRANSISTOR [10

resistance is capacitively short-circuited for a.c. voltage control (Fig. 10.5).

The dependence of dissipation and the working point on the ambient
temperature will be seen in Fig. 10.6. The same transistor with a heat resist-
ance K = 0.432 is again used. The following expression applies for the
dissipation :

P(,'2 = (30 — 3'IcmA)'IcmA[mW].

R Temal
90 30
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S 25

60 20

a |
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o= obase — |
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The switch-on current is once more Ig, = 0.496 mA. This current increases
with rising junction temperature to about I = 5 mA which in the previous
case (10.2.1.) with ¥ = 30 V operating voltage would inevitably lead to
destruction. Here, however, the two energy curves intersect at this current
and give a stable working point in 4;. The transistor can therefore be used
to much greater advantage, for the dissipation can now amount to Pc =
75 mW. In the case in (10.2.1.) the maximum dissipation in the stable
limiting case was 30 mW, the normal dissipation was strongly dependent
on temperature and at Tamp = 25 °C was only about 1.5 mW. Here the
dissipation at a maximum external temperature of Tamp = 45°C is now
only reduced to 599 (43). Beyond that the ambient temperature can rise to
70 °C without endangering the transistor.
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10.2.3. TEMPERATURE STABILISATION BY MEANS OF FEEDBACK

The chapter on feedback showed that each variation of the collector current
is reduced through the feedback. For example, if it is 1009/ in the un-
stabilised case, the variation is reduced with feedback corresponding to the
factor 1/(1 + « - Ay). If the current in the unstabilised case was

_ . adAT/13
]c = ICO €
or the current variation was

AIc = I(;'O'CAT/I3 — ICO

with feedback it is
A Ic,(e4T/13 —1) ar edT/18 _ |
o= —o— " or Ig=1 I'e=1I (1 ———-——)
c Tr a4, ¢ c, T 4l'c Co +1+0"Av
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If we now plot the current curve again as a function of the temperature 7y
corresponding to a temperature difference AT = Ty — Ty, according to the
previous formula (Fig. 10.7), we obtain a much flatter curve. The switch-on
current was adjusted to Ic, = 2.9 mA so that the static current is again
Ic, = 5 mA. The circuit with series feedback is included in Fig. 10.7. Because
of the equal total load resistance the dissipation is as in the case in 10.2.2.

Pgy = (30 — 3I¢)- Ic.
The feedback factor is « = 0.9/2.1 = 0.43. All collector current variations
are reduced with the factor

1 1 1
1+a-4, 1-+043x30 14

if we assume the voltage amplification to be about 4, = 30. It will be seen
in Fig. 10.7 that the dissipation curve only drops at a higher temperature.
The working points A4; = Ag lie at higher collector currents than in case
10.2.2. (dotted curve). At Tamp = 43 °C the dissipation here only falls to
729%. The ratios become still more favourable if the switch-on current is
set at Ic, = 2 mA. Then the dissipation drop between Tamp = 25 °C = 43 °C
only amounts to 129 (from 4’1 to A'g).

10.2.4. TEMPERATURE COMPENSATION WITH THERMISTORS

Temperature stabilisation by means of a load resistance produces thermal
stability by limiting the dissipation. The collector current working point
is then displaced to higher values with rising temperature. Stabilisation with
d.c. feedback gives a smaller displacement of the working point with conse-
quent thermal stability. Constancy of the collector current working point,
however, is not always desirable because even with constant working points
the current amplification 421 and therefore the slope .S can increase with rising
temperature (direct temperature influence). In order that the transistor ampli-
fication does not increase with rising temperature, the collector current must
not only not increase, but on the contrary it has to decrease. In this case we
are forced to shift the base working point with increasing temperatures to-
wards a smaller bias (see Chapter 13). This is easlily achieved by using a ther-
mistor in the base bias voltage divider. A smaller base bias is obtained with
increasing temperature because of the drop in resistance (Fig. 10.8).

In comparison with d.c. feedback this compensation circuit has the ad-
vantage that the collector voltage is not reduced and as a result the whole
working voltage is available for modulation.
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Fig. 10.8

This is particularly important in output stages. This compensation circuit
has the drawback that it does not give absolute security against transistor
overloading because the thermistor only responds to ambient temperature.
The junction temperature of the transistor therefore does not directly enter
into the compensation.

10.2.5. STABILISATION BY A BASE SERIES RESISTANCE

Stabilisation with a base series resistance would be the simplest method. That
is to say, if the base bias is only produced with a series resistance this can be
made relatively large by using the full operating voltage. The d.c. input
resistance is small in comparison and as a result the inflowing base current
is virtually determined only by the series resistor and the working voltage.
The input current remains constant in spite of rising temperature but the
collector current working point is very greatly displaced under certain con-
ditions because the d.c. amplification is temperature dependent, and the
base-collector/residual current I¢p, shows particularly strong dependence on
temperature. With small base currents this leads to large working point
displacements (see Chapter 11).



CHAPTER 11

TRANSISTOR LEAKAGE CURRENTS

The current in the blocking direction in a diode is called the leakage current.
There are no leakage currents in the transistor with its two diodes if one
electrode is open at a time. The amounts of these leakage currents depend
only a little upon the value of the voltage applied (saturation). With a
germanium transistor the following leakage currents can be measured at
25°C:

Iogy=SHA Icgg =110pA
IEBQ'SPA
LSV + * . 45V
i 45V
Fig. 11.1

These leakage currents are not interesting in themselves when the transis-
tor is controlled with a.c. values because the leakage current does not directly
contribute to the control. So why do they claim our attention? There are
two reasons for this:

1. The leakage currents give information concerning the quality and the
internal nature of a transistor. Leakage current measurements are there-
fore made by transistor testing.

2. The collector-base leakage current Icp, has to be accounted for in the
practical circuit.

With reference to Point 2 we can say that in normal transistor operation in

a circuit, only the collector-base leakage current I¢p, is effective because only

the collector-base section is operated in the blocking direction. This collector-

base leakage current Icp,, therefore, always flows in the circuit, even during
operation. It can influence the working point in the circuit, especially with
temperature variation. The leakage current I, usually given for a junction
temperature of 25 °C rises with each 9 °C increase in temperature to twice
its value. With a temperature rise from 25 °C to 61 °C,i.e. by 4 - 9 = 36 °C,
the leakage current increases by about the factor 24 = 16.
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A germanium transistor, for example, can have a leakage current of
12 A at 25°C. At 61 °C, however, this current amounts to 16 - 12 = 192
H#A. The effect of this kind of current in the circuit with temperature varia-
tions will be investigated under different conditions.

11.1. Unstabilised circuit

A transistor would be operated entirely unstabilised if all the d.c. resistances
supplying the d.c. working voltages were of very low value. Such would be
the case, for instance, if only resonance circuits were connected into the
base- and collector circuits.

Tesg # Ic-Itlca,
Ig=Ig-Icp,

Fig. 11.2

The collector-base leakage current Icp, which is driven through Veg —
Vag is superimposed on the base current I'sand the collector current I'c. This
superposition takes place without a reciprocal effect because the external
voltages are practically constant as a result of the smaller resistances. With
rising temperature the current I¢p, increases to double its value for every
9 °C, while the actual collector current I'c rises to twice its value for every
20 to 30 °C. This hardly ever happens, however, because stabilisation and
therefore reduction of the current increase with rising temperature are
ensured by connecting resistances in the circuit. It depends on the circuit
whether this required stabilisation succeeds with the normal collector current
and simultaneously with the residual current Icp,, as we shall see in the
following section.

11.2. Leakage current influence with stabilised constant base current

If the base-emitter section is fed from a source with high voltage, a high
resistance Ry can be used to divide the voltage. The second divider resistance
is then the d.c. input resistance rpg. Since R; > rgg, the base current is only
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determined through Ry, i.e. a constant base current is supplied. However,
as the collector-base leakage current Igp, also has to be taken into account,
the constancy of the actual base current I'p is non-existent under certain
circumstances. This only happens of the residual current is no longer small
in comparison with the normal static base current.

ICBO

Ig

+

Fig. 11.3

It is clear from Fig. 11.3 that if I is the measured base current and the
current Icp, flows from the base to the collector in the opposite direction
to the base currents, the d.c. control current must have the value I'p =
Ig + ICBO because Ip is equal to I'p — IC'BO = (Ig + ICBO) — Ios,. If Bis
the d.c. amplification the following expressions are valid for the collector
current :

Ic = (I + IcBy)B + Ics,
Ic = Ig B+ ICBo(l + B).

If the base current is thus kept constant through a large generator resistance
Ry > rpg, the collector current can vary greatly with rising temperature,
especially if Ip itself is small. The change in the collector current is then
considerable :

(11.1)

Ale = Alep,(1 + B) (11.2)

The leakage current variation 4, which occurs with the factor 2 for each
9 °C, therefore takes place in the collector circuit amplified by the factor
(1 + B). We can also say that an apparent effective leakage current of the
value

Iy = 1030(1 + B) (11.3)

always flows in the collector circuit.

Example 11.1

There are measuring instruments for determining the d.c. amplification of a
transistor. Here, for instance, through a working voltage of 25 V a current
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of Ig = 25 pA is fed into the base via a resistance Ry of 1 MQ. From this
we assume that the current is constant independent of the d.c. input resistance
ree which can amount to 8 kQ. The instrument for measuring the collector
current is therefore calibrated directly in d.c. amplification “B”. This meas-
urement, however, is very inaccurate as we can easily realise when we know,
for example, that the leakage current can amount to 5 gA at 25 °C. In this
case the actual controlling current I'p is 25 4 5 = Ip = Icp, = 30 uA.
With only 9 °C temperature rise, Icp, is then already 10 uA, which with
25 pA base current naturally means a large error because the actual control
current is now I'’p = 25 4+ 10 = 35 uA. Such measurements are thus very
inaccurate because they show strong temperature dependence in estimating
the current amplification factor.

11.3. The leakage current influence upon stabilisation of the emitter current

Stabilisation of the emitter current and consequently of the collector current
can always be produced if there is a resistance Rg in the emitter lead. So
that temperature variation only causes a slight change in the emitter current
and therefore only a small displacement of the transistor working point,
the emitter current is controlled through the proportional voltage drop at
the emitter resistance. This voltage drop will react upon the transistor input as
feedback voltage. The total variation 4 Vg = AIg - Rg should as far as possible
be effective at the input between base and emitter because then the counter-
action and consequently the stabilisation is at its strongest. This is always
the case when the d.c. voltage source for the base-emitter section is of low
resistance. This condition is also suitable as a means of reducing the influence
of the leakage current.

The following circuits belong in the same way to the group : “Stabilisation
of emitter current”.

These three circuits are the same in regard to the d.c. base supply. They
only differ electrically, possibly through the size of the internal resistance of

Re
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the supply source. All three circuits can be replaced as far as direct current
is concerned by the following circuits.

The supply generator resistance Ry is represented in circuit 1, Fig. 11.4,
by Ry = Rc,incircuits 2and 3by R; = Rr, || Rr,. In Fig. 11.5 the leakage
current I, which always flows from the base to the collector, is represented
in a resistance Rcp, which we can envisage in the transistor interior. This
current is virtually driven through E¢ because Ep is small.

Reag
e
I CBg + -
1
Re
1
o=

Fig. 11.5

For better understanding Fig. 11.5 can be somewhat elaborated. The base
supply voltage lies at a voltage divider formed from the generator internal
resistance Ry, the d.c. input resistance rpr and a resistance Rg - (1 + B).
This last resistance is produced because the base current flows through Rg
increased by the current amplification factor B thus multiplied by (1 4+ B).
If we assume, however, that the base current alone flows via Rg, as is shown
in the above circuit, the resistance Rg must then be increased by the factor
(1 ++ B) to produce the same voltage drop.

[0 =
Iopgtip(1+8)
=Icpgls 8
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The current I¢cp, driven through E¢ comes from the voltage divider from
point B. It is formed through two currents because the current Icg, coming
from E¢ branches at the resistances Ry and rgg + Rg (1 4+ B) which in this
case lie parallel. The leakage current is now composed of the two partial
currents I'cp, and I'p. The current I'p is chiefly interesting here because it
flows through rgg as control current and as such appears as collector current
amplified by B - I'g. The effective leakage current [y in the collector circuit
is therefore greater than the actual leakage current Ics,. The effective leakage
current Jp in the collector circuit obviously derives from :

Iy = I'CBO + I's(1 + B) = ICBO + I'g*B. (11.4)

It is thus composed of the actual leakage current and the amplified lackage
current I'p - B.

The size of the controlling leakage current I'p depends on the ratio of
the parallel resistances R; and Rg (1 + B) if rgg < Rg- (1 + B) is dis-
regarded.

According to the current divider formula the following expression can be
applied :

. Re
I'p = Icg, R ¥ Re( ¥ B) (11.5)
For the second partial current we obtain :
S Rx(l + B)
I'cp, = Ics, R, T Re(i+ B) (11.6)

By substitution in Equation (11.4) we get for the actual leakage current
in the collector circuit :

Re(1 4+ B)
Ry + Rg(1 + B)

Re + Ry
Ry, 4+ Re(1 + B)

RE+Rg

Ry,
RE+1+B

Ry(1 + B)

t R+ Re( + B

I = ICBO[

Io = Icpy*(1 + B)

I = Icn, (11.7)

It can be seen from this equation that the leakage current 7o acting in the
collector circuit depends on the ratio of the two resistances Rg to Ry. If we
assume, for example, that R, > Rg, we then have:

Iy = ICBO(I + B).
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This is practically the case in 11.2., “Leakage current influence with constant
base current”. The improvement through resistance Rg (1 + B) then does
not come into effect at all. On the other hand, if Ry << Rg, Ip = Ics,.
This is the case described under point 11.2, “Unstabilised circuit”. The
leakage current has no control effect ; it simply superimposes the collector
current.

What general influence has the effective leakage current Jp on the stabilisa-
tion? The emitter resistance ensures almost constant emitter and collector
current even with rising temperature. If the effective leakage current Iy now
increases with the temperature while the total collector current remains
almost constant, the controllable dynamic current Ic, must decrease.

Ic = const. = Iy + ICF'

If the dynamic current Ic, itself is small, it can easily happen that Ip =
const. = Ip, and the dynamic current will be completely squeezed out;
the transistor is “starved”. With the help of Equation (11.7) we can find
out how high the effective leakage current is at a maximum temperature
and whether there is still sufficient dynamic current I, = Ic, — lo.

11.4. Leakage current influence on stabilisation of the collector current

The stabilisation of the collector current is called parallel feedback on
account of the circuit arrangement.

We therefore obtain two circuits of equal value for the emitter and the
base, as far as direct current is concerned.
Every variation of the collector current is controlled here through the volt-
age drop at the load resistance Rg. The larger Ry is, the stronger is a varia-
tion such as AV, = Al - Ri. This variation also occurs at the voltage divi-
der R', ry, so that the portion decreasing at r; (corresponding to a feedback
factor &« = ri(r¢ + R’)) counteracts the variation as feedback voltage at the

Ry R R

Fig. 11.7
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transistor input. Therefore, the larger Ry can be made and the smaller R’
is, the better is the stabilisation. According to the statements in 9.5. “Working
point stabilisation”, we could expect that a collector current variation caused
by the leakage current Igp, would also be reduced by the factor 1/(1 + « + 4y).
This, however, is not so because the leakage current not only produces a
variation of the collector current but of the base current as well.

As Fig. 11.7 also shows, we can visualise a resistance Rcp, between base
and collector which allows the leakage current I, to flow. The question
now is, with a specific leakage current Icp,, what proportion of this current
flowing in the collector circuit is the effective leakage current Ip in the col-
lector circuit? This problem can best be solved by drawing the whole circuit;
consider points C and B at which Rcp, lies as generator terminals and calcu-
late the current variation when Rcg, is connected at these terminals and the
generator is loaded with Ics,.

The voltage divider (R’ || Rep,) + rBe connected at the load resistance
allows the d.c. base current Ip to flow via the d.c. input resistance rpg.
According to the current amplification factor B, however, a total current
Is (1 + B) flows because the transistor itself allows a current Iz B to
flow. If we start with the input circuit concerned, we can then take into
account the additional collector current Ip which is always linked with Ig,
in such a way that, as Fig. 11.8 shows, all the resistances of the input circuit
are reduced by the factor 1/(1 4 B), or the currents are increased by (1 +- B);
the total resistance connected at Ry, then remains constant.

b

R L 1&:&-}%:]8 ( ,+B)

ICBa(,+B)

3
I‘::IB.B

L I

E =
—r

Fig. 11.8
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From this it is easy to calculate the current Jp produced through loading
C and B with Icp,. If terminals C and B are open, the internal resistance of
this generator is:

Ripp ~ 178 Il Re
if we disregard the resistance rgg/(1 + B) which is small compared to Rj.
If this generator is now loaded with Ics, (1 + B) we obtain a voltage varia-
tion AV = Icp, - Rics (1 + B) at the terminals. The same voltage variation
must take place at the load resistance because the total voltage E¢ is constant
and the small voltage drop at rgg/(1 + B) can be ignored. In this way we
now obtain the effective residual current Ipin the load resistance. It is obtained
from:
R

_.__..RL
AV 14+ B 1
h=5%"=Iepy0+B) 2 . 1
Ry R + R Ry,
1+8 " F
R R
o = Tony ——— =~ Ieny - (11.8)
—~—I+B+RL

It is evident from the above formula that with stabilisation of the collector
current the effective leakage current Iy in the collector circuit will always be
greater than the actual leakage current Iz, because the ratio R'/Ry is always
greater than one.

Here also, Ic = const. = I¢, + Ip because of the collector current stabili-
sation. Therefore, if the effective leakage current /o increases, the dynamic
current I, = I¢, initially adjusted becomes gradually less. If I¢, itself was
small, it can even happen in this case that the dynamic current disappears
with rising temperature. By calculating with Equation (11.8) we can check
whether this condition is reached with higher temperatures. We can then
carry out a corresponding adjustment such as providing for a larger static
current Ic,.

Example 11.2

We have a circuit as in Fig. 11.9. At 25°C an emitter current /g, = 0.18
mA = I¢, flows, and Icp, = 4.5 uA when 1 4 B ~ 100. We wish to find
the effective dynamic current at 43 °C.,

Solution
Ry = 47kQ + 47kQ {22 kQ = 62 kQ
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Q -

o—j 0c7s
47k 0L 47k
[]ZZkﬂ. []RE-IORII
IE =0,18mA
O +
Fig. 11.9
at 25°C
L= Icgoﬁi%’—— =45 —IQ-“L—% = 30.4 uA
g
Re+ 173 10+ 156
at 43°C

At =43 —25=18°C
Toygo = 22:Io = 4-30.4 = 121 A

Ioy = Icy — Togo = 180 — 121 = 59 yA.

F
There is therefore only 59 uA collector current available for modulation
With further heating there is thus the risk of *“starvation”.

This circuit is also interesting because the necessary low values of base
voltage divider resistance are included for alternating current as the emitter
resistance and there is therefore no great reduction of input resistance.

The emitter resistance has the value:

Ry=—— _ —6kQ
T 1.1
10 22 47

for a.c. voltage.
The effective input resistance is:

rig ~ Ry (1 + fo) = 100-6 = 600 k2

if 1 4+ By = 100 according to Equation (14.10).
The low voltage divider resistance thus has only very little effect.



CHAPTER 12

DIRECT CURRENT AMPLIFICATION

When we are fully aware of the influence of the leakage current it will be
obvious that it is by no means so simple to state the d.c. amplification. The
following expressions,

Ic

= = 12.1
B I (2.1)
as d.c. amplification for the emitter circuit, or
4=l (12.2)
I

for the base circuit, are only valid if the leakage currents are so small com-
pared with the dynamic currents that they can be disregarded.

12.1. Emitter circuit

If Ip, Ir and I are measured in an unstabilised and therefore low resistance
circuit, and the leakage current I¢g, is no longer small in comparison with
these currents, we then obtain the following formula for the d.c. amplifica-
tion in the emitter circuit :

Io — ICBO I'c

B= — 40 — = 12.3
Is + Ics, I'm (12.3)

Tlcalé ‘B. -fICBo
Icy‘

D

-

J '\
'B='B~CB, Ié=[5+[cgo

Fig. 12.1

The measured collector current must be decreased by the leakage current
Icg, to obtain the controlled current I'c. If the measured base current is
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Ip but is flowing in the opposite direction to Icp,, the controlling base
current must then have the value I's = Ig + Ipc,. The d.c. amplification is
thus produced from these two currents sharing in the control.

12.2. Base circuit

If the residual current is no longer small compared with the dynamic
currents, the current amplification in the base circuit also has to be estimated
by taking Icp, into consideration. In the unstabilised case the emitter current
should be fed in as control current. It will be indicated by a measuring
instrument and will not be affected by Icp,. The current Ic which can be
measured at the collector again includes the leakage current Igp,, so that the
actual controlled current reduced again by Icp,, appears as I'c = Jc — Ics,.
The d.c. amplification is therefore obtained from:

’ Io — Icn
a=fe T T (12.4)
E Ig
o @ A——o
L /' Io=ki+]
=lg +icp,
£ ]CBQ ¢ °
Fig. 12.2

If we wish to calculate the current amplification from any stabilised circuit,
the influence of the prevailing leakage current must be taken into account
as described in Chapter 11.



CHAPTER 13

CHARACTERISTIC VALUES AND THEIR
DEPENDENCE UPON THE WORKING POINT

If we study the characteristics in the first to third quadrants in the four-
quadrant set of characteristics we can discover the dependence of the transis-
tor characteristic values upon the working point concerned. The different
slope of the characteristics in various working points gives information
concerning the change of the working points involved. An investigation of
this kind naturally does not give the influence of the voltage feedback on
these characteristic values, but this has practically no effect on the qualitative
statements.

VARIATION OF THE INTERNAL RESISTANCE

If the working point in Fig. 13.1 is moved from B to 4, i.e. from a smaller
to a higher collector current, the slope of the characteristic increases and the
internal resistance decreases.

l
l
i Ra<Rig
l

$'%E

Ri. <Rig

figp<Tiog

Fig. 13.1
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The internal resistance acts more or less in inverse proportion to the collec-
tor current
R L (13.1)
i IC . .
The collector voltage has less influence, as can be seen from a displacement
of the working point from B to C. The internal resistance is somewhat less
with smaller collector voltage.

VARIATION OF THE INPUT RESISTANCE

The working point F in Fig. 13.1 implies a larger collector current than in
G. With the same a.c. input voltage the current variation is greater in working
point F than with control in working point G. The input resistance therefore
acts more or in less inverse proportion to the collector current

1
re, ~ o (13.2)

VARIATION OF THE SLOPE

The slope is :

—

25 S0 100 100

|
|
|

g
05 10 20 22 /\,>‘< !
A N \Y\‘
\\\L
0 2 0052 4 6 8 IU 4 18 18 20 22mA
5 S R D 0 12 1 m
kQ  mA - - -
v 1074 Icmax L

Fig. 13.2
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Since By only varies with higher collector currents, the slope at first increases
in proportion to I¢.

S ~ I (13.3)

With larger collector currents o can decrease and the slope can pass through
a maximum.

By using the measured values for a transistor T2 (corresponding to the
OC 70) we can regard the typical curve of the characteristic values as a
function of the collector current working point (Fig. 13.2).

13.1. The transistor as a regulating device

By means of an apparently power-less displacement of the grid working

point, variable-mu valves permit a reaction-free slope variation with a ratio

of more than 1:1000. This good regulating effect of the tube cannot be

achieved with the transistor for three main reasons :

1. The transistor has to be able to displace the working point.

2. The displacement range of the working point — Vpg, only lies in the
order of 100 mV.

3. The reaction upon the input resistance r; can impair the regulating
action.

The regulating voltage usually has to be amplified to control the regulating

transistor. With small signal transistors in particular, and therefore with

large modulation, the small displacement range is awkward and limits the

maximum regulating action. With HF pre-amplifier transistors we reach

regulating ratios in the dimension of 1: 100. The harmful reaction is chiefly

noticeable in AF transistors. The ratios for the most unfavourable case will

now be shown in an example with the AF transistor Tb.

Example 13.1

Two transistors T2 are connected together as illustrated in Fig. 13.3. The
greatest input voltage should amount to v; = 20 mV in the small signal
condition. We can see from the 3rd to the 1st quadrants of the characteristic
curves for T that with this limitation transistor Tz can be stepped down
to —I¢,;, = 0.5 mA. It is obvious from Fig. 13.2 that regulation is possible
in the other direction up to —I¢,;,, = 5 mA through regulating voltage ¥,
because the slope decreases beyond that. The regulating ratio for the total
voltage amplification has to be calculated when the collector resistance is

a) Re,,, = 5kQ or only
b) Rc,,, = 0,5 k.
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Solution
From Fig. 13.3 we obtain :

Sz = 13.6 mA/V S’2 = 49 mA/V
sz = 13.5 A'vyz = 45

r, =22 kQ r'y = 0.55 kQ

The load resistance for the first transistor is :

for a) Rr, = Rey /1|] ri R'i, = Re; /2“ r'y,
= 5kQ[2.2kQ — 5kQ[0.55kQ
= 1.53kQ = 0.496 kQ

ford) Ry, = 0.5kQ)22k0 Rz, = 0.5kQ[0.55kQ
— 0.407 kQ = 0.272kQ

The voltage amplification of the pre-amplifier transistor is:

fora) g, — SRy, =30 % 153 A’ = Si-R'z, = 30 x 0496
— 46 = 149
forb) 4, =30 x 0.407 A’y =30 x 0.272
=122 = 8.15

The total amplification is :

for a) , o
Ay, = Aoy Avy= 46 X 13.5 Ay o= Aly " Ay, = 149 X 45

= 620 = 670
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for b) /
Ay, = 122 X 13.5 = 165 Ay, = 8.15 X 45 = 367.
The regulating ratio is consequently :
Aoy 620
= —— = — =1/1.08
for a) A A'vm 570 1/1.0
165
for b) A= % = 1/2.22.
The maximum regulating ratio of the second stage
A, 135
A—E——E— =1/3.33

is thus reduced in both cases. If we make use of a common collector stage
as a pre-amplifier we can reach the maximum regulating ratio. The control
generator resistance must therefore be as small as possible so that the reac-
tion is made harmless.



CHAPTER 14

THE COMMON COLLECTOR CIRCUIT

In the common collector circuit (Fig. 14.1) the collector connection is the
common base point for the input and output circuits because for a.c. voltage
“minus” is equal to “earth”.

Rg
v RL va
1o )
izlf1+iz

L

Fig. 14.1

The fundamental circuit for the transistor, the common emitter circuit,
has been dealt with in detail. In contrast to this fundamental circuit, only
the load resistance has been moved from the collector to the emitter. If we
take into consideration this alteration in the fundamental equivalent circuit,
the same must also apply here (Fig. 14.2).

For comparison the common emitter circuit has again been shown in Fig.

8 i

?—‘_7
41 i

m

2
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14.2 alongside the common collector circuit which appears as an adaptation
of the other .The only difference is that in the common collector circuit
the input voltage v'; lies between base and collector. If we compare the plotted
current and voltage directions these agree with Fig. 14.1. The next aim of
the investigation is to find a simple equivalent circuit for the common collec-
tor circuit in the form of the fundamental equivalent circuit. If we look at
the common collector circuit with its three connection terminals this repre-
sents an equivalent transistor, i.e. a new transistor with changed characteris-
tic values can be imagined in relation to these three connection terminals.
These equivalent characteristic values are calculated below (Fig. 14.3).

}— equivalent transistor
S'RiD

ril

!
i
| |
| t
kK fi |
1 |
] !
! R
. i
Vi | +e2 !
1 |
1
| | .
t I V2 R
1 |
I i
: M |
| i ig=iveiy
O- 1= 1
1 1
b e i
Fig. 14.3

Since these equivalent characteristic values correspond to the characteristic
values in the fundamental circuit, it is clear that the fundamental equivalent
is also valid with these equivalent characteristic values.

For the network M; drawn in Fig. 14.2 we have :

v'l—vl—v'2=0
from which
Vs = v — v

The output voltage is therefore always less than the input voltage v';. It is
reduced through the control voltage vy appearing as voltage drop at rq.
The output voltage is equal to the voltage drop at Ry, therefore

1 "
v'e = (i1 + i2) R = iz (~A—‘+ 1)‘RL = i's*RL. (14.2)
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The total current in Ry is thus:
s . 1
o= I3 (7‘ + 1)

The normal control voltage v; results from network M3 in Fig. 14.2.
There

v N 1 .0 .
ey = —12R¢+(11+12)RL———-—1+I/A‘—i-lz Rr

D
— i (T%E + RL).
Resolved for v; this gives :
o=ty (2R
1+ 1/4;
If we insert (14.2) and (14.3) in (14.1) we then obtain :

+ D-RL). (14.3)

R Y W Y D.R‘ .
v'e = i's° Ry, = v 12(1+1/A5+D RL).
Resolved for i’s this gives
i v'1 v'1
2: p—
D-Rs D-R;
R+ -—% 4 p. il I D
L+1+1/A‘+DRL l+1/A¢+RL(1+ )
7
. 14+ D D’
iy = : = — : (14.4)
D-Ry Ry R'¢+ R.

(1 4 1/44)(1 4+ D)
This relation for i’s represents a generator with the initial voltage v"1/D’
whose internal resistance is R’y and which feeds a load resistance Ry.
The equivalent characteristic values are consequently :

D =14D=~1

Ry = DR ~ L

T AFDAF+1/40" S
. 1 . 1 -
S _TR?_S(1+Z)NS'

VOLTAGE AMPLIFICATION Ay

If Ay = v2/v1 = ia- Ryfvy is the voltage amplification in the common
emitter circuit, the amplification A’y in the common collector circuit based
on the control voltage v1 is somewhat greater because the input current i;
also flows via R;. We have:
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gy e Gt R " ()& w(g+)
v = T n - o1 = .

Ay = Ay (1 + i—‘) (14.6)

oy

Since the actual input voltage v'1, however, is considerably greater than
v1 and is even greater than vs, the voltage amplification in the common
collector circuit is less than one. We have :

U_z_
v's v's U1
AUC——_T 7
1 ntve V'
H’E
1
A Av(lJrZ‘) ~ Ao 14.7
vc 1\ 1+ A4, (14.7)
1+A1,(1+E)

CURRENT AMPLIFICATION A;_

If A; = Ari/RL = ig/iy is the current amplification in the common emitter
circuit we have to take into account that the ouput current in the common
collector circuit is greater by the input current i; than in the common emit-
ter circuit. The following equation can therefore be applied :

A¢c=ll—-|-12 =1+l£
n 131
A¢C=1—I—A;. (14.8)

INPUT RESISTANCE ry

As the input voltage v'; does not lie at the resistance r¢ and the output
voltage ez acts against the input voltage v’1, the input current i3 is less than
that in the common emitter circuit with the same input voltage. The effec-
tive input resistance r;c in the common collector circuit is therefore greater
than r; in the common emitter circuit and according to Fig. 14.3 is obtained
as follows :
vy v 01
S T n T n
1 1 1
"

If we replace v’y in this by Formula (14.1) and then replace v'2/v1 through
Equation (14.6) we obtain :
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reg = iz;{l-_lh.n = r;(l + %)
re =l + 4, (1+ A%)] ~ n(l + Ay, (14.9)

since Ay ® S* Ry, ri* Ay = ri* S+ Ry = (1 4 Po)Rr so also
rig ~ ri + (1 + fo) R (14.10)

EQUIVALENT CIRCUIT DIAGRAM

With the equivalent characteristic values found so far an equivalent circuit
diagram can now be drawn which corresponds to the fundamental equivalent
circuit diagram because the equivalent characteristic values for a transistor
were derived from the common emitter circuit.

Fig. 14.4

Example 14.1

A transistor Tp with the following data is to be operated in the common
collector circuit. It is to be connected as an impedance transformer following
a control generator with e; = 10 mV and R, = 61.2 kQ, and has to feed
a load resistance Ry, = 2 kQ. All the equivalent and operating values have
to be found as well as the equivalent circuit diagram with all the values.
Given:

S = 13.6 mA/V R = 93.5kQ D = 0.788-10-3
Fig= M = 2.2kQ Dy = iz = 9-10~¢ Ry, = 2kQ.

Solution

_ o Ri"RL 93.5-2
Ay = SR¢ TR 13.6—9—5'—5—- = 26.6
Ty 2.2

= 2.15kQ

"= 114, D, 112669102
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Ag = A, 2 = 26.6%3 =292

RL
3
R',—_—é, 11= 101 =71Q
1+E 13'6(1+29.2)

s = S(l + A%) - 13.5(1 + 2—917) = 14mA/V

D'~ 1

rig = ri{ 1+ 41 +A%)] = 2.15[1+26.6(1 + 5}-2)] = 61.2kQ2

1

4 - A”(H'E) _ _266-1034 o
ve 1\ 1+266-1.034
1+Av(l+;ﬁ) +

Ay =1+ A¢ =1+ 292 = 30.2

ri

, c 61.2
"t =g = Vs e 0™
o1 5-1018
W= =iz~ O0BkA

v's = 01" Ay = 5-0.965 = 4.8 mV
i's = i1+ Ay, = 0.08:30.2 = 2.4 pA.

See also Example 11.1.

4=008uA

Rg=612kA

vi=5mV [J lip=612k02

le1=10mv

Fig. 14.5
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14.1. The equivalent characteristic values of the common collector stage

Equivalent characteristic values for the transistor or effective characteristic
values for the stage are also valid in the common collector stage if for exam-
ple the influence of the control generator internal resistance has to be taken
into account, with a variation of the load resistance of the stage. Here the
control generator resistance is also added to the transistor. The equivalent
internal resistance Rq is obtained as follows:

The current amplification in the collector base circuit is

A¢C=1+A¢N1+ﬂoet re & Iy

because of the generally low resistance loading at the output. If we think
of the current iz which flows in the load resistance Ry, and is produced through
the input current i3, as flowing in full amount in the input circuit, all the
resistances in this circuit must be reduced by the factor 1/(1 + fo) so that
all the voltage drops keep their original value.

For the drive source initial voltage all the resistances have been reduced
by the factor 1/(1 + fo). Even the load resistance which normally occurs as
Ry, - (1 4+ Bo) was multiplied by this factor because the current i; driven by
e1 appears amplified by iy (1 4+ fo) in resistance Rz, though this can be
allowed for by a correspondingly larger resistance Ry - (1 + Bo) if we think
of i1 alone flowing via Ry.

Fig. 14.6

From the equivalent circuit in Fig. 14.6 we see that the load resistance
Ry lies at a generator whose internal resistance is equal to the sum of all
the other resistances. We therefore have :

R _ Rg + r‘C . r‘C’ Nl
T TF g 1+ 1+p S
1, Ry
Ry~ 5+ TT 5 (14.11)
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Ry

14 fo

we have:

Since lSis usually <

(14.12)

If the load resistance in Fig. 14.1 is considered as short-circuited to determine
the slope Seq, the input resistance to which the generator resistance Ry is
connected in series, is then only ry,. The generator voltage e; therefore is
effective as the input of the transistor reduced according to the voltage
division. The slope Seq is correspondingly less and we have :

ri |
Seqg =S ——— 4.13
eq Rg + rio ( )
The reciprocal amplification is obtained from :
1
= 14.14
Deq Ri Seq 1 ( )
because
Ra + "40 1
Deq= S'rto +_ S-r¢0=ﬂo
Bo
R, 4 ry,
D=—_=1.
rig + Ry

Example 14.2

The equivalent transistor characteristic values are to be calculated for the
common collector stage in Example 14.1. We had :

S = 13.6 mA/V, fo = S-ry; = 30, Rg = 61.2k(}, e = 10mV.

Solution

1, Ry _ 10  61.2-103
R~ 5t T35 5 36T T+

= 73.5 + 1970 ~ 2 kQ

Seq = S— 0 _ 136-10-8 22 0.472 mA/V
R 612 22
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1 1

Do = R S: 2105 x 0.472-1073 106~ 1.
Check
S R T 10-10-8 x 0.472- 103 -2 2108 = 4.72mV
Vg = €1 eqm—— X U, 2+2 =4, /.mVv,

This result practically agrees with that in Example 14.1.



CHAPTER 15

THE COMMON BASE CIRCUIT

If the base forms the common connecting point between input and output
circuits we then have the common base circuit (Fig. 15.1).

I1' =i1+i2 fz

. |

vy v []RL
e

i

Fig. 15.1

The calculation of the common base circuit for alternating current will
be derived from the common emitter circuit. Here too, the aim is to produce
an equivalent circuit which corresponds to the common emitter equivalent
circuit with its equivalent characteristic values. The circuit diagram in Fig.
15.1 can be represented with the equivalent circuit diagram found for the
common emitter circuit, as Fig. 15.2 shows. The only difference is that the
load resistance for alternating current does not lie at the emitter but at the
base.

i'i=i1+’.2 E /2 @ r‘&—l c
LTI
h
Rg 1 92=—b1

.

Doe——F

Fig. 15.2

All the characteristic values of the common emitter circuit are included
in this circuit diagram. It only differs from this circuit in the fact that the
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load resistance for alternating current is connected to the base. The load
current as well as the base current now flows via the control source and the
following statement applies :

i = i1+ iz = (1 + Ay). (15.1)

The input current i’; in the common base circuit exceeds that in the common
emitter circuit by the factor (1 4+ A4y).

The equivalent characteristic values are obtained from the equation for
network M in Fig. 15.2.

. . v 1 .
v) — 2Ry — ie* Ry = ——Bl- ; vl(l -+ 5) = i3(R¢ + Ry).
If we resolve for ia we obtain :
2%
. n 1 D’
iz = ] RTR_R. TR (15.2)

1+ 1/D
This equation again represents a generator whose initial voltage is v"1/D’
and whose internal resistance is not altered, in contrast to the common
emitter circuit. The equivalent characteristic values for the common base
circuit are therefore :

D

R¢= R
,_ 1 -~
S'= prgr = SU+ D)~ s. (15.3)

The equivalent characteristic values for the common base circuit only
deviate very slightly from those for the common emitter circuit.

INPUT RESISTANCE rg,

The input resistance r¢, in the common base circuit differs very greatly
from the common emitter circuit because the total output current also flows
via the input. It follows from Equation (15.1) that the input resistance must
decrease in inverse proportion to the current increase by the factor (1 + A).
We therefore have :

"= oL, - (15.4)

The input resistance r;, however, can also be represented in another way.
We see from Fig. 15.2 that a branch which carries the current #2 is connected
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in parallel to the resistance r;. The resistance of this lead is obviously v1/iz,
since iz flows as the result of the voltage v; across the parallel circuit. If
we resolve Equation (15.2) for v1/iz we obtain :

v ’
i—; = D'(R's + Ry).
This resistance in parallel to r; is thus also the input resistance r;.
reg = ri| D'(R's + RL). (15.5)

Since now Ry is mostly less than R’;:

1
Fig & I “3" (15.6)

Also, as rq is generally greater than 1/S in the parallel circuit, we can almost
always put:

ry, X

(15.7)

o
a1 —

CURRENT AMPLIFICATION Ay,

As the control current plus the output current flow as the input current in
the common base circuit, the current amplification must be less than one.
According to Eq. (15.1) we have:

i =i1(1 + A¢) = %(1- + 4y

2 N Ay
BT T T+ 4
This formula naturally also applies for the short circuit current amplifica-
tions :

(15.8)

N
o= 2 (159)

Since the current amplification in the common base circuit is less than one,
this circuit is only important as a voltage amplifier.
VOLTAGE AMPLIFICATION A’,

With the equivalent characteristic values we obtain the following for the
voltage amplification :

Ry Ry Ri* Ry,

——— =S+ D)———

PR oy

A’y = Ay(1 + D)~ Ay. (15.10)
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The voltage amplification is somewhat greater in the common base circuit
than in the common emitter circuit.

EQUIVALENT CIRCUIT DIAGRAM

The equivalent circuit in Fig. 15.3 is based on the equivalent characteristic
values derived. It is again a fundamental equivalent circuit with different
characteristic values for the common base circuit.

E
Rg
4 f] i
fe
B

Fig. 15.3

Example 15.1

A transistor T3 (e.g. the OC 70) is to be operated in the common base circuit.
It has the characteristic values:
S =31 mA/V Ry = 0.5 MQ
ry, = 2.5 kQ Dy = h12 = 0.25 x 1073,
The control generator has the value e; = 100 xV and R; = 300 Q.
What working values arise with a load resistance Ry, = 1 kQ?

Solution
The reciprocal amplification is:

1 108
S-Ry  31x0.5.108
The value 1 + D is obviously almost equal to one, i.e. the equivalent
characteristic values can be equated with the characteristic values S, R¢

D= = 6.45 - 105,
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and D in the common emitter circuit and we then obtain the following
values :

Avy~ SRy =311 =31

_ Tty 2.5 — 25K0
"=1¥4,D, =1+31 x025-10-8 "
_ ro 25
A= Ayp- =315 =715
Ay A _ 775 _ 88

B~ 1+ A4 17185
rig =r¢l|é-=2.5kQ|| 322Q =32Q

Tig 32

v1 = elm = 1003—55 = 9.64/4V

va = D1° Apy = 9.64-31 = 3004V
v 9.64-10°6

il == —— o=

rig 32
ip=1i1"A4 ¢ = 0.3 x 0.988 = 0.296 uA.

=03 uA

15.1. The equivalent characteristic values of the common base stage

The equivalent characteristic values ¢y, Seq and Deq can also be determined
in the common base stage. Here the control generator resistance has to be
taken into account with a change of the load resistance. These characteristic
values, also shown as operating characteristic values, are obtained with the
same formulae which were given in Chapter 8 for the common emitter cir-
cuit. Here the control generator resistance Ry is therefore also attached to
the transistor, and the constant generator initial voltage is regarded as the
input voltage. It is thus necessary to note that in calculating the equivalent
characteristic values, the special characteristic values of the common base
circuit have to be used because the amount of the voltage reaction is variable
and in the reverse direction to that effective in the common emitter circuit.
Consequently, in using Formula (8.3), for example, the sign in the second
section of the denominator has to be changed. It therefore also happens that
in the common base circuit with a large control generator resistance Ry
(input side open circuited), the internal resistance R¢* is greater than the
normal internal resistance R; for low resistance control. In the common
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emitter circuit it is known that the open circuited internal resistance Ry*
is smaller than the short circuit internal resistance R;. As we have already
seen, the amplification values can only be calculated with the assumption of
low resistance control (input side short circuited) with the normal charac-
teristic values because these are not dependent on the control generator
resistance. The following characteristic amounts of the common base circuit
are necessary to calculate the equivalent characteristic values :

1. The short-circuit input resistance ry, = h11,

2. The open circuit internal resistance R""‘, = 1/h22,

3. The voltage reaction Dy, = hig,

In this way we obtain the equivalent internal resistance according to For-
mula (8.3) from:

1
R, = i Dopos (15.11)
R*p  riggt+ Ry
The equivalent slope is derived according to Formula (8.2) from :
X0
Seq = ———. 15.12
= TR (15.12)
For the equivalent reciprocal amplification we obtain :
1
Deg = ———o—. 15.13
eq -Rieq. Seq ( )

Formula (8.5) can also be used for the new input resistance by taking into
account the phase-rotated voltage reaction, and we can therefore apply:

Mo, __ 4 R,

rio = T
1— 4D (15.14)



CHAPTER 16

HIGH FREQUENCY BEHAVIOUR OF THE
TRANSISTOR

In its behaviour at high frequencies, the transistor is much more difficult
to represent than the tube. This is because the internal physical processes
are more complicated, and compared with the ideal transistor, additional
parasitic influences come into effect. So if we want to represent a transistor
with absolute exactness an enormous mathematical process is necessary at
high frequencies which in turn leads to complicated equivalent circuits.
In practice it is better to obtain an approximate solution through simple
and clear representation and because of the spread in production of a parti-
cular type this does not usually need to be absolutely accurate. Apart from
this, it is also much better for certain frequencies or frequency ranges to
use the relevant characteristic values given by some manufacturers for cer-
tain transistor types. The most important relationships in the transistor for
high frequency amplification will be set out, therefore, in the following
section. These calculations are quite accurate enough for practical purposes
within the range of the limiting frequencies described.

All the considerations are based on the fundamental circuit, the common
emitter circuit.

16.1. Tranmsistor capacitances

The a.c. behaviour of the transistor is determined at high frequencies by the
transistor capacitances. In essence these are, as in the tube in the common
emitter circuit, the input capacitance Cj, the reaction capacitance C, and
the output capacitance C,. Compared with the tube capacitances, especially
in the pentode, these capacitances are relatively larger and are also greatly
dependent on the working point. Their influence is therefore greater than
in the tube. In principle, we can think of two kinds of capacitance at the
transistor barrier layer transitions, the barrier layer capacitance and the
diffusion capacitance.

16.1.1. BARRIER LAYER CAPACITANCE Cy (REACTION CAPACITANCE)

The collector-base barrier layer is operated in the blocking direction. With
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this the capacitance is mainly decided by the barrier layer capacitance and
the diffusion capacitance can virtually be disregarded. The barrier layer
capacitance is formed by the charge-carrier deficient interface which acts as
the dielectric of a capacitor. The two resulting zones at this boundary, the
collector and the base thus form the foundation of this capacitor which takes
up a charge according to the applied voltage and its capacitance C,. As the
blocking zone, with its charge-free zone, continually widens with increasing
voltage, the sources of the capacitor also diverge further and further from
each other and the capacitance decreases with increasing voltage.

The relation :
K

iZH
can be applied for the collector-base capacitance, the reaction capacitance C;.
This capacitance represents an analogue to the grid-anode capacitance of
the tube.

Cep = Cr~ (16.1)

16.1.2. DIFFUSION CAPACITANCE C; (INPUT CAPACITANCE)

The base-emitter boundary layer is operated in the transmission direction.
Here the diffusion capacitance chiefly takes effect. This capacitance results
from the relatively great transit time of the charge carriers in the base area
particularly when the charge carriers only move through the diffusion effect.
The charge carriers arrive at the collector noticeably delayed with increasing
frequency, i.e. the output current iz chases the input current i’y (Fig. 16.1).
If the input current i'1 is kept constant by means of a high resistance control
generator, the phase angle between iz and i’y increases with rising frequency
and the amplitude of iz decreases. This is the result of the carrier transit
time in the base area where, with constant input current and increasing
frequency, fewer charge carriers arrive at the collector (amplitude loss) or
the charge carriers which do reach the colllector arrive delayed (phase
rotation) (Fig. 16.1).

i21

1
i2 > i3 }i3=0.7-i
Bo >R
i-l':. COnﬁ(’. ) e i 00T
i b AN fi Kf" - 1
)\ ] ¢=45

low frequency  const. input current  high frequency

Fig. 16.1
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The current amplification B = is/iy obviously decreases with increasing
frequency.

If the control generator is of low resistance the input control voltage vy
is constant. (The base area resistance at first plays no part at the lower end
of the high frequency band). If we now allow the frequency to rise, starting
with very low frequencies, we find that the input current increases and the
output current remains constant. Naturally, the phase angle ¢ and the reduc-
tion of current amplification § are now the same, in spite of the fact that the
output current remains constant. The input resistance is obviously less as a
result of the diffusion process, i.e. the carrier transit time in the base area.
The charge carriers which do not reach the collector now form a capacitive
displacement current to the base electrode and so enlarge the input current
or reduce the input resistance as the case may be. This fact can now be ex-
plained through the diffusion capacitance. Capacitance C; is produced as
result of the diffusion of the charge carriers in the base area and with increas-
ing frequency this increases the input current from the base to the emitter ;
it is therefore connected as an input capacitance C; in parallel with the
input resistance r; (which we have with very low frequencies) (Fig. 16.2).

B i 7% 7“.2
A iey
r; — o] 1c
" ‘o ' i ]——_——‘___., iy
4
¥v
Ec low freq. medium freq.
Vi=const.
Fig. 16.2

Because of the diffusion capacitance, the input capacitance Cy, the input
current i’y becomes larger with increasing frequency, since there is an in-
crease in the capacitive current ic,. The effective component of the input
current (the component in phase with the voltage v1) i.e. the current i,
can now be regarded as the actual control current since iz only depends on
this. Therefore, if the voltage at r; is constant, i; also remains constant with
rising frequency and so 7z is also constant because iz = 71 - f,. The effective
current amplification f = ip/i’;, however, decreases when i¢c, increases
because i’1 is correspondingly increased. The input capacitance depends on
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the working point I¢. We can calculate it from:

Ic[A]
Ao

Here f, is the « limiting frequency yet to be discussed.

Cin 6.2

16.1.3. THE OUTPUT CAPACITANCE C,

If at first we regard the output capacitance as being only the capacitance of
the collector electrode to the emitter electrode, it will be formed solely
through the leads and the electrodes themselves. This capacitance C, is in the
order of 1 pF. The total output capacitance will nevertheless be increased
through the reaction capacitance as can be seen from the equivalent circuit
diagram below.

16.2. The high frequency equivalent circuit diagram

In the normal fundamental equivalent circuit diagram for low frequencies
(Fig. 6.1) the input resistance

r;o

= 1 + A'a'Dv
is connected at the input terminals. This input resistance r; results from the
short-circuit input resistance r;, with an additional resistance R, in parallel

with it and produced by the voltage reaction. We can insert a reaction resist-
ance in the fundamental equivalent circuit diagram and so obtain Fig. 16.3.

rg

Peie i R . .
i /191/[' r Ir 12
"0 Ri

Fig. 16.3

The voltage reaction is represented here through the reaction resistance
R,. A greater input current flows because of the presence of R,. We can there-
fore imagine a resistance R,’ directly in parallel with 4. Since R, lies at a
voltage v1 + vz = v1(1 + 4,) while R, is only at v1, the resistance R;’
must be correspondingly less with the same current intake. We therefore



140 HIGH FREQUENCY BEHAVIOUR OF THE TRANSISTOR [16
obtain the old input resistance from :

ryy® R’y i,
B rig + R’y T 14 Dydy

ry

If we resolve this equation for R,” we have:

’ rio
Ry = m
We thus obtain the reaction resistance R, from :
¥ io(l + Av)
Ry = R'r(1 + 4,) = TAv
Ity
Ry ~ D, (16.3)

In Fig. 16.3 the voltage reaction is accounted for through the reaction
resistance between collector and base. The reaction capacitance C, already
mentioned lies in parallel with this resistance and at high frequencies it
therefore causes an additional voltage reaction. If we also take the input
and output capacitances into consideration we obtain the high frequency
equivalent circuit diagram (Fig. 16.4).

T
1]
B [Tev B £
| S
R,'J-
Vi [:Irio V1’ --Ci Co Vz []RL
v ]
D
E° j E
Fig. 16.4

It can be seen from this that the input capacitance C; does not lie directly
across the input terminals B/E. The reason is that in construction the material
resistance, i.e. the “base area resistance ryp’ lies between the actual base
space B’ which is only very small, and the base electrode.

This resistance is included in the input resistance at low frequencies and
receives no further emphasis there. At very high frequencies, however, the
series circuit of rpp’ and Cg is directly decisive for the frequency response
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because the actual control voltage v'; gradually decreases and the current
in the input resistance, the control current, approaches zero. The dimension
of the base area resistance is about 100Q and can be disregarded at low
frequencies. With rising frequency the current amplification § will never-
theless decrease because of the growing capacitive input current. The voltage
amplification, however, will at first still remain constant since the control
voltage v'1, through rs’, only decreases at very high frequencies.

The effective input resistance is reduced through the reaction capacitance.
The resistance r, lies parallel to this capacitance and both connect the
collector with the base. As in parallel feedback we can regard this reaction
resistance as operating at the input reduced by 1/(1 + 4,), or consider the
reaction capacitance as increased by the factor (1 4+ Ay). All the same,
we have to take into account here that in the vicinity of the limiting fre-
quency for the voltage amplification there is a phase rotation between the
control voltages v’y and vz because of the capacitive loading of the output
through C;. The extra input current through Cy(1 4 A’y) thus has not the
same phase position as the capacitive input current through C;. Its capacitive
component therefore enlarges the capacitive input current to a lesser amount
than would correspond to the capacitance C,(1 4 A’;). Because of the
additional reaction capacitance the effective input capacitance C’s depends
on the amplification 4, and on the frequency.

Ci = Ci + Cr(1 + 4y)K;. (16.4)

In this expression Ky is less than 1 depending on the frequency.

The effective output capacitance is given, as the circuit shows, with the
capacitance C, to which the series circuit of Cy, and C; is connected in parallel.
In this series circuit the capacitance is virtually determined through C,
because C; is less than C,. As a result the following statement is valid for the
effective output capacitance :

Con Co+ Cr. (16.5)

16.3. Limiting frequencies

“Limiting frequeuncies” are also given with tubes, e.g. an upper and a lower
limiting frequency. There these critical frequencies are dependent on exter-
nal circuit components if we ignore transit time effects which with the tube
are only important in centimetric wavelengths. With the transistor, limiting
frequencies can now be given as these already exist without taking external
circuit components into account, a fundamental difference from the tube.
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16.3.1. THE LIMITING FREQUENCY OF SHORT-CIRCUIT CURRENT AMPLIFICATION

Short-~circuit current amplification at low frequencies is denoted by fo in
the common emitter circuit or by «¢ in the common base circuit. Short-
circuit current amplification means that the load resistance Rz = 0, the
collector voltage is constant during modulation and there is no resulting
reaction via the reaction capacitance C,. If the short-circuit current amplifica-
tion B is measured at higher frequency, the input capacitance C; acts as a
capacitive shunt to the input resistance r;,. The result is that with an input
current i’y which is kept constant (Fig. 16.1) the actual control current in
resistance r;, becomes progressively less; the current amplification there-
fore decreases.

16.3.1.1. The Limiting Frequency fg

If with constant input current supply i’s, the output current drops at a
frequency f5 to 709, of the value it had at low frequency, f3 is the f-limiting
frequency. In this case, as Fig. 16.1 shows, the control current i1 in resistance
ri, has become equal to the capacitive current 71 in the input capacitance
Ci. The control current then only amounts to i3 = i’y - 0.7 and the current
amplification g = fo - 0.7.

The resistances r; and 1/Cy + 2nfs are equal at the limiting frequency fg
and from this condition we obtain the S-limiting frequency from :

1
Jfo = ry: Civ2m (16.6)
The input capacitance C; can also be calculated from this relation :
1
= 16.7
Cs PRy A (16.7)

Here f3 is independent of the working point because this frequency is only
determined by the diffusion effect, the transit time of the charge carriers
in the base area. If, however, ry, = A1 varies through a displacement of the
working point, the effective input capacitance according to (16.7) or (16.4)
will also be changed.

The control current from the input current i’y can be calculated as follows
from the parallel circuit in Fig. 16.2, corresponding to the current distribution :

1
h=iy G0y !
1 lr 4 1 11+jr¢0~C¢w
‘o jCiw
. " 1
| = i (16.8)

YITF (g Co- 21
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It can be seen from the above relation how the actual control current iy
decreases with rising frequency. The current amplification § is reduced in
the same way and we have:

1

B = po . (16.9)
V[l -+ (no'C{'27t‘f)2]
Since now r; - C;* 2w = 1/f3, we can also set down:
1
B = Po (16.10)

i+ @F

16.3.1.2. The Limiting Frequency fx

In the base circuit the resistance 1/S lies in parallel with the input resistance
r; according to Eq. (15.5). Both resistances are again connected in parallel
with the input capacitance C; (Fig. 16.5) in which r; = ry, for the following
considerations because f; is also valid for Ry, = 0.

The short-circuit input resistance in the base circuit r;, = ry, || 1/S at
low frequency is less than the short-circuit input resistance rq, in the funda-
mental circuit. Since the same capacitance C; is connected parallel to this
resistance ry,, the limiting frequency f obviously has to be higher now than
in the fundamental circuit because the capacitive resistance 1/Cs+ 27+ fy
must be smaller at the limiting frequency f.. The input control current i3
drops to 709 with constant input current i’y if

1
C‘t ¢ 275 f a‘
Then the voltage drop at the parallel circuit is also only 70 %. The x-limiting
frequency is thus obtained from:

rig H %, becomes equal to

1
Srg+35) 1+ 5
fa—rio'Cr?ﬂ Qrto'Ct'2n

1o
"{0

fo= G5 (16.11)

The x-limiting frequency is thus always higher than the S-limiting fre-
quency (16.6).

According to Equation (16.10) the current amplification can be derived
in the common base circuit from the input parallel circuit if xg is known
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at low frequencies. We then have:
X0

X = ———7;—. (16.12)
[1+(%)]
16.3.1.3. Converting fy into f
We have:
PR B
ﬂ—r(o'CPZﬂ “~r;B-C¢-27z
Ja "o
A 16.13
s (16.13)

The input short-circuit current i1 in the common base circuit is obtained
from the input short-circuit current i1 in the common emitter circuit when
the output current iz = i1 - fo is added to it because in the common base
circuit this flows with it via the input.

h,=u+ iy fo = ir(1 + Po). (16.14)

As the input short-circuit current in the common base circuit is increased
by the factor (1 + fo), the input short-circuit resistance must have the value:

4

r¢B= m. (16.15)

If we insert (16.15) into (16.13) the following expression can be applied:
Ja Bo

A = 2 16.16

% + Bo o (16.16)

if we take into account that according to Equation (15.9):
xo=Po/(1+Bo).
16.3.1.4. The frequency f1 for § = 1

According to Eq. (15.10) the short-circuit current amplification decreases
with rising frequency. At a certain frequency which we call f1 the short-
circuit current amplification eventually only has the value 8 = 1. If weignore
the figure 1 under the root sign in Formula (16.10) we have for § = 1:

ﬂow-? or fir fzPo. (16.17)
(;

Since fy = ﬂgf% ® fs* Po according to Eq. (16.16) we can also state that
the frequency f; is about equal to the a<limiting frequency.

A~ fa (16.18)

Practical values will be explained in an example.
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Example 16.1

The following values are given for a transistor T3 :

Bo = 100 i = 70 Mc/s
S = 450 kc/s f =10.7 Mc/s

g1 = 0.4 mS g1 = 2.5mS
b11 = 0.23 mS bu = 4.4 mS
Cn = 80 pF Cu = 65 pF
g1z = 0.1 uS Y12 = 0.1 mS
biz = 5.1 uS
Cis = 1.8 pF

|Y21| = 37 mS |Y21| = 32 mS
g2 = 1.1 uS g2z = 60 uS
boa = 14 uS bas = 303 uS
Cez = 5 pF Czz = 4.5 pF

The above values are given for calculation with conductance coefficients
in the relevant four-pole equation. For example, the input short-circuit
conductance would be given by Y11 = gi1 + jbu1. All the values for the
high frequency equivalent circuit can be estimated from the conductance
values given, according to (16.18).

Jo _ 70 67 Mops.

i~ fo = 70 Mc/s, according to (16.16) f3 = 5o — 100

Input capacitance and input resistance

An input capacitance Cy’’ = Ci1 = 80 pF is given for f = 450 kc/s ; with
S =10.7 Mc/s, Ci’"" = C11 = 65 pF. The difference between the given capa-
citances is due to the base area resistance as can be observed from Fig. 16.4.
With f = 10.7 Mc/s, the capacitive resistance of C;'"’ comes into the same
order as resistance rpp’. The input capacitance C; then no longer lies at the
input voltage v; but at the smaller voltage v';. The capacitive loading of
the input voltage v1 at f = 10.7 Mc/s therefore becomes relatively less and
it seems as though a reduced capacitance now lies at the input voltage
v1. With f = 450 kc/s the capacitive short-circuit input conductance b11
is 0.23 mS, or the capacitive input resistance is:

1 103
r;b ~ -l')—l'l: 6—2'5 = 4.35 kQ.

This resistance lies in parallel with the short-circuit input resistance :
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Since the base area resistance is of the order of 100, we can say when f =
450 kc/s that according to the size of the capacitive resistance r;, = 4.35
kQ, there is no voltage division with rps’ and the capacitance to be calcu-

lated from rq,

C‘II —_ 1 — C’t
re, o

is practically equal to the input capacitance C;’ because both lie at about the
same voltage (Fig. 16.6). As b11 applies for output-side short-circuit, the
actual input capacitance according to (16.4) is obtained from :

Ci=Cy—Cr=280—18=782pF

by
Fjp =h.35k0

C;*=80 pF

Fig. 16.5

Calculating the base area resistance repp'

The resistances ri, and r4, calculated from g;; and b1;1 already include the
base area resistance. If we imagine rpp’ connected in series with about 100 Q
to the parallel circuit in Fig. 16.6, it is easy to understand that this resistance
is negligible compared with the resistance of the parallel circuit.

With f = 10.7 Mc/s it can no longer be ignored. The given values g1 =
2.5 mS and b11 = 4.4 mS are based on an equivalent parallel circuit. In
reality, however, this comes from the parallel circuit of r;, and C; which is
connected in series with rgp’ (Fig. 16.7). With f = 10.7 Mc/s the input
capacitance represents a resistance of 190 Q, and the parallel connected
resistance ry, can therefore be disregarded. The parallel circuit in Fig. 16.7
is thus practically produced from the series circuit of rp;’ and 1/Cyw. There-~

by g
Bo———y Bo—{ "}
1 [] Ci"=65 pF s [] Ci =78.2pF
a2 l o = l
In b—’- =2270 250 (‘-’%7=190n
=4000 n 7
Eo— Fo— |

Fig. 16.7
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fore, if the parallel circuit is converted back to a series circuit we can calcu-
late the still unknown base area resistance from it.

The complex input resistance must be the same for both circuits in Fig.
16.7, so:

ZE=——1. =rbb'—j—1‘—
gu-+jbn Cio
_gu—jbu __1_
Cgul+bu? o JCiw

gu jbu 1

= — = rpp —j——u
gu? 4+ bu?  gu? + bn? » "I Cw

Two complex numbers are equal when their real and imaginary portions
are equal and so the following must be valid :

_ gu 1
TN b2
gu®+ bu gu + 11

I'vd

gu
If we insert the given values we obtain :

, 1 B 1
T = TT400 T 25-10 3+ 7.75-10-3

200 T 2272

=975Q.

Reaction resistance R, and reaction capacitance Cy

The conductances gi2 and b2 are valid for input-side short-circuit, the
current 71 in the short-circuit being measured in giz = (v2/i1) cos @a1.
With the values given for f = 450 kc/s, C, and R, are obtained from this
because the base area resistance does not yet play any part. (see also equi-
valent circuit diagram).

1 108
"T ez 01
1 106

These two resistances are therefore large in comparison with rpp’. The reac-
tion capacitance is obtained from:

. —6
bip _ 51-100° _ o pF.

Cr = 450 27-108

P’y
Output resistance Ry and output capacitance C,

The output conductances gz = (iafv2) cos @2 and baz = (i2/vs) sin @2 are
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also measured at input-side short-circuit. In this measurement C, and R,
are connected in parallel with the output and have to be taken into account
in the calculation of R; and C,. The effective output resistance is :

, 1 108
Ry = 2 =47= 0.91 Mc/s.
Now R’y = R; | R, = 0.91 MQ is valid, R, being equal to 10 MQ. Therefore
R, =1 MQ.
The effective output capacitance is:
bzz = 14-10-6
©  450-27-10°
We now also have C'yp = Cp + Cy,50 Cp = C'y — Cr=5 — 1.8 =3.2 pF.
The resistance of the output capacitance is:
1 1012
°© Cow  3.2-450-27-103

Co' == = SpF.

= 110 kQ.

Xe

Cr=1.8 pF
—
LL]
B p'=9750 Xcr=196kf1
. 11—

1__J !
Rr=10Mf1L
Ri=IMQL
rie |V JCi=182 Cy=32pF

Vi 0

1
25kn Xe; 622Ny Xc, =10k
D ;2

Fig. 16.8

The values calculated above will now be inserted into the equivalent circuit
diagram (Fig. 16.8). From this it is easy to comprehend and estimate the
resistance ratios for f = 450 kc/s. For instance, it can be established that
vy is virtually equal to v'1 because rpp’ is still small in comparison with X¢,.
With voltage control the reaction via X¢, as yet plays no part. With f =
450 kc/s no appreciable drop is noticeable in the voltage amplification. The
transistor slope is obtained from :

S=|Ya|=—2 =3TmS
U1
with short-circuited output (vs = 0).

The equivalent circuit diagram with resistance values for f = 10.7 Mc/s

The new reactances for f = 10.7 Mc/s (Fig. 16.9) are calculated with the
capacitances from Fig. 16.8.
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Cr=18pF
B =9750 g Xc,-ﬁ'lOkﬂ.

. [ 1] .
| 11
-IE. 78.2pF R,-=1Mn-l- '{
T P
25k 'IT(CI.=19011 T!l Txco.s.skn
D

Fig. 16.9

Vi

L

It is easy to see from the resistances inserted in the equivalent circuit dia-
gram that with f = 10.7 Mc/s, the control voltage v’; must now be smaller
than the input voltage because voltage division takes place between rpy’ =
97.5 Q and Xc¢, = 187 Q. In this case the parallel resistance to X¢, can be
ignored. For the reduction of the control voltage we can set down :

1
v jC;w 1
St = — = = y 7 . 16.19
¢ 1 rop - 1 14 jrop’ - Cio ( )
bb j—Ciw
The amount is :
Ise = ! (16.20)

YIL + (roy’ - Ci - w)?]
If we consider that with output-side short-circuit to Cy, Cy is still connected
in parallel, we find that
Ise| = ! — 0.885.
[/[1 + (97.5 X 80 x 10712 x 10.7 x 2~ X 108)?]
With this reduction of the control voltage compared with low frequencies,
we also obtain the new slope for 10.7 Mc/s
S" = S-|s¢| = 37-0.885 = 32.7mS

From the given values we derive :

Yzll =32mA/V =S’ =32mS

The agreement is thus very good.

Voltage amplification

The voltage amplification will now be calculated for both frequencies when
the load resistance Rz, is 1 kQ.
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f = 450 kc/s

We learn from the values inserted in the equivalent circuit in Fig. 16.8 that
there is still no voltage division between ry’ and C;. Therefore the input
voltage v1 & v'1 controls completely. A capacitive resistance of 110 kQ ||
196 kQ is connected in parallel with the load resistance Rz = kQ, at the
output ; this also has no influence. Through Rr = 1 k(2 the transistor with
R; = 1 MQ practically operates as a short-circuit and we have :

Ay = S-Ry = 37.
f=10.7 Mc/s

As we see from the resistance values in Fig. 16.9, the capacitive resistances
can no longer be disregarded with f = 10.7 Mc/s. The reduction in amplifi-
cation is now obtained according to Formula (16.4) with the larger input
capacitance C’; because of reaction via C,. The total input capacitance is
assumed with C’; = 100 pF. As a result,

1 1

St = = = 0.82.
V[l + (rop’ - C'iw)?]  J/[1+(97.5-10-10-6.28-10.7-106)Z]

As the output generator current is constant because of the high internal
resistance r; = 1 M(), the current across the load resistance R, and with
it the output voltage, is less corresponding to the current division through
Xc,. The drop in amplification at the output is then obtain from :

1
_ jCow _ 1
So = I = 1FiCe Ri (16.21)
RL + T
iCow
The amount is :
(16.22)
lSoI 1 1 == 0.9.

- VT F Rz Co0)?] B /[T (103-6.8-10-12-6.28-10.7- 10°)%]

The amplification at f = 10.7 Mc/s is obtained with the two reduction fac~
tors from the amplification 4, at low frequencies as:

Ay = 5¢5o-Ap = 0.82:0.9:37 = 27.4.

Since s; * so = 0.74, the upper limiting frequency for voltage amplification
is not yet reached at 10.7 Mc/s.
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16.3.2. THE UPPER LIMITING FREQUENCY OF VOLTAGE AMPLIFICATION IN THE
COMMON EMITTER CIRCUIT

By upper limiting frequency fo, we understand the frequency at which the
output voltage ve is reduced to 709, when the input voltage remains con-
stant.

It is evident from Example 15.1 and the Equations (16.20) and (16.21)
that the reduction of amplification occurs at the input and output of the
transistor. The reduction at the input has little influence ; only the effect
of the reaction capacitance is governed by the choice of Rz. At the output
the reduction is strongly dependent on the load resistance, as is the case in
the tube. The following statement must obviously apply for the limiting
frequency fo, :

1
Si*So = 175 = 0.7.
If we insert the relations (16.20) and (16.22) we get :

1 1 1
VIL+ (oo - C-wo)®] YT+ (R Co- 0 )] 2

[1 + (o' C'swo, )?] [1 + (RL* Cowo )?] = 2

2 - C’¢2-w4ov'RL2- Co? + (r2py’ - C'% + Ry2- Coz)wzov —1=0.
If we put w?, = X we have:
25 " Ci’2 Rp2+ Co2+ X2 4 (12’ C's2 + Ri2:Co) X — 1 = 0.

If we also introduce :

a = r2y - C'i2-Re2-C',? (16.23)

b =rp' - C'¥® -+ R2-C'p2 (16.24)
and

c=—1,
we obtain :

— b + /(b2 + 4ac)

Xi,2 = 32 s

or

@, _ 11/=b+ )&+ 4a)

Jo, =5 =15- 2 (16.25)
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Example 16.2

How large is the upper limiting frequency fo, for the transistor 73 in Example
15.1?
In this example we have :

Ry, =1kQ, ryp =975Q, Cy=100pF, (', = 5pF.
We therefore obtain :

a = 0.9752-10%-10-20-106-6.82-10-2¢ = 44-10-34
b = 0.9752-10716 { 6.82-10-18 — 1.41-10-18

o= 1 y/=T41-10-16 & J(1.412- 1032 + 4-0.44-10-%)
% = 2% 2-44-10-34

= 12.3 Mc/s.

16.3.3. THE UPPER LIMITING FREQUENCY OF VOLTAGE AMPLIFICATION IN THE
COMMON BASE CIRCUIT

By re-drawing the common emitter equivalent circuit for high frequencies
(Fig. 16.4) as a common base circuit, we obtain Fig. 16.10.

€2=-——
5
=vi'S
E & g
11
1
Ry vi [1]'70 TCI j— Cr
Vi V2 R
91‘ b’
B B
Fig. 16.10

If we first consider the frequency dependence of the output current and
therefore of the output voltage, we find two influences which lead to a reduc-
tion of the output current.

1. Asu;isless than vs, the following equivalent circuit applies for the output :

The internal resistance of the transistor is always large by comparison
with the load resistance and it therefore determines the current ix = v'; * S$1
supplied by the generator ea. This current is only equal to the output current
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V]’ 'S
[ -

Ri

Lo, Lo [
ul . T

92:: D

Fig. 16.11

iz at low frequencies. At high frequencies the output current becomes less
because of current division via the parallel capacitances C’, = C, = C,.
According to Eq. (16.21) the “output reduction” is therefore :

1
T 14jCe o Ry
2. The second reduction of the output current iz results from the fact that
the impressed voltage ez = v'1/D becomes less because the control voltage
v’y falls with rising frequency. This reduction s; originating at the input

results from the voltage division between ryp’ and C;according to Formula
(16.19)

So

1

T 14iCrrocre

The entire frequency-dependent output voltage variation at constant input
voltage v would be accounted for with these two reduction factors sp « s;.
That is, with a very low resistance control generator (voltage control) the
frequency dependence in the common base circuit is the same as in the
common emitter circuit. Since there is no current amplification in the com-
mon base circuit, voltage control should always be aimed at. Nevertheless,
a partial current control can, of course, always lead to adequate voltage
amplification. Naturally the actual voltage amplification A, of the transistor
is then reduced corresponding to the input voltage division between Ry and
ri. If Ry is 4« rqy, for example, the amplification will only amount to 1/5.
Now, however, we have the benefit of the higher limiting frequency of the
voltage amplification which gives the base circuit an advantage over the
common emitter circuit. The reason for a higher limiting frequency with
partial current control lies in the fact that the output current iz flows also as
control current via the control generator. If the output current now tends
to drop as a result of the two reduction factors s, and sy, the control generator
is less loaded and the input voltage v1 rises. The drop in output voltage is

S
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therefore reduced and the limiting frequency of voltage amplification is
moved to higher values.

The rise of input voltage v; with increased frequency can be explained as
follows :

According to Eq. (15.6) the input resistance of the common base circuit
at very low frequencies is composed of 74 || 1/S. Therefore r; carries the input
current in the emitter, and the resistance 1/S carries the output current is
which together give the input current in the common base circuit. If the
current iz now decreases at high frequencies with the two reduction factors
So * 8¢, the resistance 1/S which carries current iz at the input must be corres-
pondingly larger. We therefore obtain the following equivalent circuit dia-
gram :

E

W |
81 Vi [

‘ Uys

5(=V<l|‘$ iz C

! Lo

VTCi+CrA, Ri

I
nl|-
é”l_.
O

1l
o0
i o“~
Ke)

&
1
1T
=

Fig. 16.12

The resistance (1/S) - (1/so * 1) now carries current iz at the input. The capa-
citance C; is increased by C, -4, as we can see from Fig. 16.10, because
C: lies at voltage vs. The input resistance of the common base circuit at high
frequencies is thus obtained from :

1
r‘B = 1 =

S5 - =
Sosi + rop’ + 1/jC'ww

= 5 i (16.26)

A4+iCiwrw)Yl+jCow Rr) rw +1/jCiow
This frequency-variable resistance governs the input voltage vy at high
frequencies and partial current control. With very low frequencies the follow-
ing equation can be applied :

1
N =e 1 = é1°9Si.
stk



16.3] LIMITING FREQUENCIES 155

The reduction at very low frequencies is consequently :

1
8§ = T——F-S—Rg' (1627)
At high frequencies we have:
rig
V)] =— e ———— = €1 5p.
1 1”3 TR, 1°Sh
The reduction at high frequencies is therefore :
s 1
h = p—i
;R
rig
= ! (16.28)
1 + S * Rg Rg ’ )

(1+jChorp)( +jC wRi) + ren’ + 1 Ciow

If the frequency rises from very low to high, the reduction then changes
from s; to s, by an “operating reduction factor” s, = sp/s; > 1. With this
the change in input voltage is obtained from :

- 1+ 5 R . (16.29)
1+ : SRq : + Ro -
1+ jCwry)q +jCowRr) = rep’ + 1/jCus
All the frequency-dependent variations are now covered with this. At con-
stant input voltage vy the total reduction was s, - s;. If there is partial current
control the variation of input voltage is accounted for by s, and the total

frequency-dependent reduction is expressed by :

8§ = Sw So° St (16.30)

By inserting the values found we obtain :
14 SRy
(1 +jCwRr)(1 + jCli0rpp’) + S+ Ry +

5= Ry(1 FjC o RO)1 1] Cr0ren)

row + 1/jC'w

o 1+ SR,
(1 +jC'wRL)(1 + jC'wwres’) + SRy + jR;(1 + jC'owRL) C'w0
§= 1 ‘l" Rg'S
T 14jC R+ jCiorsy —C'oC's rop’ Ruw? + RgS + j RgC'iv—C'oC'1RgR1.0%)
S 14 R,S

T+ R,S)—(CoCRRy + 755)0? + jo [Cror. + Rg) + CoRzl
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At the upper limiting frequency wo, of voltage amplification, the amount
of reduction is :

sl__ 1 —
V
1+Rg‘S

V{4 Ry S) —(C'oCsRL)(ros’ + Rg)ooZ2+[C'(rop’ + Rg)+ C'o* RL]Pwo 2}
(16.31)

If we resolve this equation for the frequency, we find the limiting frequency
Jo, of voltage amplification in the common base circuit :

21 + RS2 = (1 + RyS) + (C'oCiR1)Xros’ + Rol2oet —
2(1 4 RgS)C'oC4RL)(rop’ + Rg)an? + [C'(res” + Rg) + C'o* Rr)2o?;
0 = wol(C'oC"iRL)%(rov’ + Rg)? + wo2{[C’s(ros’ + Ry) + C'oRL]? —
2(1 + RygS)(C'oC'sR)(rop’ + Ry)} — (1 + Ry- S)2.
The solution is biquadratic. If we put in wo,2 = X we have:

——b+]/(—b-2+4ac)

0=Xa+Xb—c; X=
2a

in which
a = [(C'oC'iRL)(rop’ + Rg)]?
b = [C'«(rey’ + Rg) + C'o* Rr]2 — 2(1 + RgS)]/a (16.32)
¢ = (1 + R,S)

The upper limiting frequency of voltage amplification in the common base
circuit is consequently obtained from :

_ V_ b+ V(b2 + dac) (16.33)

fo, =

Example 16.3

The transistor T3 is to be operated in the common base circuit with a load
resistance Rz, = 1kQ. A control generator with Ry = 3.7+ r;, = 3.7°1/S =
3.7-27 = 100 Q is to be used for partial current control and therefore
for reaching a higher voltage limiting frequency. What is the voltage limiting
frequency obtained?
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Given
Ry =102Q, rp' =102Q, S =37mS
R =103Q, Ci~10710F, Co~ 5:10712F
Solution
a = [(5-10-12-10-10-103)(102 + 102)]2 = 10-32
b = [10-19(102 + 102) 4 5-10-12-103]2 — 2(1 4 102-37-10-3)10-16
= — 3.15-10-16
c=(01+4+372=22

1 1/3.15-10-16 4 1/(9.9-10-32 - 4-10-32-22)
fo, = 2n 2.10-32
= 40.6 Mc/s.




CHAPTER 17

MULTISTAGE LF AMPLIFIERS

RC sections or transformers are used to couple LF amplifier stages. The
aim of connecting several transistors in series is to reach the greatest pos-
sible multiple of amplification at the same amplitude for all the frequencies
to be transformed. All frequency-dependent sections must therefore be so
designed that they play no part in the frequency range to be transformed.
Apart from the coupling sections which are frequency dependent, the transis-
tor is also a factor to be considered under certain circumstances, with its
input capacitance which in transistor 77, for example, is &~ 5000 pF.
The RC coupling is simple but has the drawback that the high source
resistance R; of the pre-amplifier transistor is loaded by the low resistance
input capacitance of the following stage. The fact that transistor stages
which are virtually operated in a short<circuit condition yield a voltage
amplification is due entirely to the large slope of the transistors. Transformer
coupling is more costly as regards material, but it has the advantage of a
higher stage amplification because the input resistance r; of the succeeding
stage can be matched to the source resistance R¢*.

17.1. RC amplifier

If the a.c. output voltage of a transistor is applied through a large capaci-
tance Cx to the input of a succeeding transistor, we then have an RC
amplifier (Fig. 17.1).
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We shall consider the ratios for one stage, for example between vi/1 and
v1se. There is a considerable difference here compared with a tube amplifier.
The coupling capacitor is not followed by a high resistance input, but the
resistances Rr,, Rr, and ry, lie in parallel to one another as the load. Because
of these parallel connected resistances the load resistance Ry, is reduced to R,
even at medium frequencies. When the frequency response is studied, the
input capacitance C;, also has to be taken into consideration if it assumes
sizeable resistance values in the frequency band concerned.

All the interesting data will be calculated from the equivalent circuit dia-
gram of two RC-coupled stages (Fig. 17.2).

Ck

’ '}
" -l- —I T -l-

rVin
Ri[ Cor| AL [ ‘ ==
CTRE PN I i A
an | Rreg - s iz
Fig. 17.2

Because of its extremely small value at AF, capacitance C, will never
have any effect. On the other hand, capacitance C;, which shows high values
in certain transistors, already has some influence in the AF range. In medium
audio frequencies the resistance of Cx is small and that of C;, is great;
both can be disregarded. The effective load resistance for stage 1 is then:

1

S T W 47D
Ry, Rrp ti,

and the amplification 4, ~ S1- R'L.
If capacitance Cy, is large enough, the load resistance R’z can be reduced
at high AF through the parallel-connected resistance X¢ = 1/(jCs,»). This
results in a decrease of amplification.

17.1.1. UPPER LIMITING FREQUENCY

If the load resistance R’y is equal to the capacitive resistance 1/(Ciwo) of
the large input capacitance C; in the AF range, the new load resistance only
amounts to 0.7 - Ry, ; the amplification is lowered by 309, or 3 dB. The
frequency at which this drop occurs is termed the upper limiting frequency
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wo or fo. We thus have:

1 wo

“arRy P T

(17.2)
With a given C; the upper limiting frequency can therefore be increased
through a smaller R’y though this is naturally at the cost of the amplification.
By making use of HF transistors with small Cs, a drop in amplification at
AF can nevertheless be completely eliminated at high frequencies (see also
Chapter 16).

17.1.2. LOWER LIMITING FREQUENCY

If the frequency is allowed to become progressively less, the resistance of
the coupling capacitor Cg increases. In contrast to the tube the load resist-
ance also increases in this case, as also does the output voltage vg/1. The
drop in voltage v1/2 across the voltage divider Cx and Rr || r4, will therefore
not be so great. All the same, at a certain frequency, the lower limiting fre-
quency fy, wy the drop will eventually be 309, or 3 dB. We can calculate
the lower limiting frequency as follows : If we take as input resistance

ri* Rr

r's = ri||Rr = P (17.3)
the amplification at medium frequencies, with R'z, << Ry* is:
r'i Ry,
= —_— ¢ ! . ’4

At very low frequencies the effective stage amplification decreases because
even with an increase in the load resistance which is now obtained from:

e L
2 — Ry, (rt + jCKw) a5

, 1
RL+rt+jm

there is a drop in the output voltage through the voltage division at Ck
and 7’4, resulting in a reduction

LA S (17.6)
r's+ 1
! jCrw
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The reduced stage amplification 4’y = v12/v1;2 is therefore:

Ry -r'y

Ay = y1e"R's = § i . (17.7)
Ry +r¢+ _]-6—60
The reduction factor is found with (17.4) and (17.7) from:
5= Ay _ Ryr'y Rp+r's
I M C Rucr
K@
. 1
14+ !

JCrw(RL + r'y)
or the amount

Is| = ! . (17.8)

‘/[1 + Cg? '602(]1{[, -+ r’¢)2]

Resolved for o we find :
1 1

[sf— R oy P
I |s2_| ]
= Gy T (17.9)

The lower limiting frequency is obv1ously reached when the amplification
recedes corresponding to a reduction factor s = 1/y2 = 0.707. Then the
irrational root in the above relation is equal to one and we obtain :

1

97 CrxR + o)’
This can also be explained by the fact that the control current which is
supplied from the pre-stage transistor and at medium frequencies is deter-
mined by Ry, + r's, now drops at very low frequencies to i’y = s- i1 = 0.7 -
i1 because of resistance equality with the resistance 1/Cxw lying in series. If
the fall of amplification in an amplifier with # stages amounts at a prescribed
limiting frequency to swpt = 0.7 over the whole amplifier, the reduction in
one stage can only be

(17.10)

Wy

n_ .
s = Vstot (17.11)
The necessary coupling capacitance Cg is then obtained from Eq. (17.9)
and is:

_ 1 “|_S|2—_
Cr = wo(RL + r'y) V] — 152" (17.12)
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Example 17.1
The stage amplification at f, = 15 ¢/s should only drop by 5%.
Ry, =2kQ;ri =0.8kQ; Ry, = 2kQ; Ry, = 15kQ.
What coupling capacitance Cg is required?
Solution
[s]| =095 wy=27-15 = 94.2

1

Iy = ———————
1 1 1
[RPRT

10-3 l/ 9
Ck = 543355 = 12.54F.

17.1.3. THE EMITTER CAPACITANCE Cg

= 0.55kQ

The emitter resistance Rg is required, as we saw in Chapter 9.5 for stabilisa-
tion of the working point. If there should be no feedback for a.c. voltages,
Rz will be short-circuited with Cg. At very low frequencies, however, 1/Cew
also increases and can lead to a feedback. Then the lower limiting frequency
caused by Cx which was calculated above, would be in question.
For the series feedback we have :
R 1

"SR Gk -

if Rg is short-circuited through 1/(Cgw) and so Rg is > 1/(Cgw). Moreover
we shall find: 4, & yie - Rz and the reduced amplification will be :

r Av — .
A”_l—l—zx-Av = Ay*S.
The reduction of the amplification thus comes from:
1
By inserting (17.13) into (17.14) we obtain :
5= 1
- S
+ :
] C EW

The amount of s is consequently :

Is| = [1+(L)2]' (17.15)
Cgw
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If we resolve for Cg we then obtain :

1 52
BE= ' ot
2

cp = S _lsl (17.16)

Ty 1— [s]2”
Example 17.2

The emitter short-circuit capacitor Cg is to be calculated for a transistor
with yre = 58.8 - 10-3 A/V. With f, = 16 c/s an s = 0.95 is required.

Solution

_58.8- 10-3,/0.9

The emitter capacitance Cg calculated according to Equation (17.10) can
be applied in the consideration of the single stage without taking the control
generator into account, i.e. at constant input voltage v.

Nevertheless, if the control generator resistance Ry is no longer small in
comparison with the input resistance, we have to take Ry into consideration.
At very low frequencies the input resistance r's = r; (1 + &« A4y) becomes
larger because of the increasing feedback. As a result the input voltage
increases and the lower limiting frequency will be displaced to lower
frequencies, or else with a limiting frequency that remains constant, the
emitter capacitance can assume smaller values. The calculation is made as
follows :

Since the current amplification 4’y = A; does not change with series feed-
back, the variation of the output voltage with variable feedback must be
expressed through a corresponding output- and input current change. We
can then derive the output voltage variation from the change in output
current.

There is no feedback if the emitter connection is short-circuited to earth
through Cg at medium frequencies.

The input current results from:

i é
1= 55—
Rg + s
With decreasing frequency the short-circuiting capacitive resistance Re =
1/Cgw increases and a feedback is produced. The input resistance becomes :

S
ro=r(l + o dy) = n(l +j_c_EE)
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because
Re¢ 1
=—=—_"— and A4,= S'RL
Ry RijCgw v L
For the input current at very low frequencies we therefore obtain :
" e e
1T R Tre S\
v Ro+r1+ ——)
1Cew

The weakening of the input current and consequently the output voltage
is now found from the ratio of the two currents :

T h o R, r r-S

1 —_—
Ry + ”( + ) Ry+r + Ry+ri " (Rg+ r)jCrow

S
iCew
We now have :

Rg r
Ra+r¢+Ra+” -

and as a result

s — 1 : (17.17)

S- r¢
14+
+J(Rg + r))Crw

If we compare this relation with Eq. (17.15) the necessary emitter capacitance
is now obviously given by :

S-r s
T RiF ryaw, | 1|5
In the case where a decrease or weakening s = 0.7 is allowed, we call the
frequency concerned the lower limiting frequency w,, and we find :
_ S ry
N (Ry + ri)'wvg

Cg (17.18)

Ck (17.19)

or
S ¥

= ————, 17.20
¢ Ceg (Ry+ri) (17.20)

Wy

Example 17.3

The transistor in Example 17.2 is to be controlled with a generator whose
internal resistance Ry, = 3.5 k). What capacitance Cg is now required if
the input resistance r; = 0.7 kQ? How large would Cg have to be when
v, = 16 c/s?
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Solution

. 2 .10-3- . 103
Cp = S-r ‘/ || _ 58.8-10-3-0.7-10 l/ 9_9
Ry +rdwy 1—|s]2 2m-16-(3.540.7)-103" 0.1

~ 300 uF
_ S 30
Ry +r2nfo, 3

Ck = 100 ¢F.

17.2. Transformer coupling

When the a.c. output voltage of a transistor is applied at the input of a
following transistor through a transformer, we have the transformer coup-
ling (Fig. 17.3).

] n
'y 63 §|

L

Fig. 17.3

Vi

| |

P N

With RC coupling the pre-amplifier transistor is loaded with the small
input resistance and is therefore operated almost in short-circuit because
the internal resistance is relatively high. Through the necessary low resist-
ance base bias divider (see Chapter 7 and 9.5) a succeeding stage of this
kind will still not be current controlled because through the voltage
divider, the internal resistance of the equivalent control generator consists
of the parallel circuit of Ry, Rz, Rr, and Ry, and is therefore of low resist-
ance. The advantage gained through current control, for example in out-
put stages, as regards non-linear distortions (see Chapter 9.4) cannot be
utilised through RC coupling. On the other hand, it is possible to carry
out current control by means of the transformer coupling in spite of low
resistance base voltage division.

The second possibility of using transformer coupling to the pre-amplifier
is in matching the output of the input resistance to the source resistance of
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the pre-amplifier transistor. This leads to a considerably higher stage
amplification.

The frequency response with transformer coupling depends entirely on
such data of the transformer as number of turns, spread, winding resistance,
core material and construction.

17.2.1. CURRENT CONTROL

We see from Fig. 17.3 that the bias for the base is fed in at the “cold end”
of Wb, that is, where W3 is earthed to a.c. at the emitter, since C produces
the “short-circuit”. The a.c. equivalent circuit is obtained from Fig. 17.4.

o

L]“2'02 ne vif2
v
Dy

o

Fig. 174

The base voltage divider cannot load the transistor 77 here. Even the load
resistance Rz, required with RC coupling for d.c. supply does not occur as
bias. As a result the input resistance r;, with n2 - ry, is connected as the only
load at the pre-amplifier with its relatively high ohmic resistance R;,. If
the transformation ratio is made so large that Ry, is greater than n2- rq,
the second transistor will then be current controlled because R;, virtually
determines the control current. This coupling is used chiefly in front of
output stages since there are few non-linear distortions here in spite of
greater modulation through current control.

Current control is also used at the output of power transistors for the
same reasons. The magnetisation current of the output transformer is then
independent of the link in the magnetisation curve and therefore remains
sinusoidal. The output voltage has a smaller distortion factor in this case.

17.2.2. OUTPUT MATCHING

A generator yields the greatest voltage when it is loaded with a resistance
which is considerably larger than the internal resistance of the generator.
In this case the generator operates in open circuit. With tubes we aim at
this in order to achieve higher voltage amplification. This is possible at low
and medium frequencies because of the high input resistance in a tube.
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The transistor has an input resistance r; which is always small in compari-
son with the internal resistance of the controlling pre-amplifier transistor.
If the pre-amplifier transistor is directly loaded by r;, it is operated almost
in short-circuit.

The voltage< and output amplification are therefore small. If the voltage
at the input resistance r; of the following transistor should reach a maximum,
the output yielded from the pre-amplifier transistor, i.e. from the control
generator to the input resistance r;, must also be maximum. As is generally
known, the greatest output is drawn from a generator when its load resist-
ance is equal to its internal resistance. As every transformer converts the
resistances with #% we can make n2- r;, = Ry, and so carry out output
matching. In this case the input voltage and the input current have their
highest value in the following transistor.

With output matching there is in effect still voltage control. Since the
sharply-curved voltage-current-input characteristic is only slightly modulat-
ed in pre-amplifier transistors, the non-linear distortions are tolerable or
can be kept small by means of feedback (see Chapter 9.4).

Example 17.4

A transistor with R; = 20.8 kQ is to be connected after a transistor with
ri = 0.8 kQ. What is the necessary transformation ratio with current control
if Ry = 10 - r';? How large must the transformation ratio be made with
output matching?

Solution

Current control

ris=n2r

e Te_208_
re .8

n=1:1.61

Output matching



CHAPTER 18

RESONANCE AMPLIFIERS

Selective amplifiers for transforming certain frequency bands are provided
with resonance circuits, chiefly in radio and television technique. Transistor
stages can naturally also have resonance circuits as load resistances. In tube
amplifiers pentodes are used in conjunction with resonance circuits. The
reason for this is that because of the high internal resistance R; of the pen-
tode the load resistance, that is the parallel resonance circuit, is fed with
almost constant current and so the voltage wave form at the resonance
circuit corresponds, as a function of the frequency, to the resistance resonance
curve. We can also state that from the aspect of the current equivalent
circuit diagram, the internal resistance R; lying parallel to the resonance
circuit has very little damping effect because of its very high resistance.
The circuit quality o is therefore only slighly impaired and the bandwidth
of the circuit is scarcely enlarged. The succeeding tube does not load the
resonance circuit resistivity either, as a result of its high resistance and so
does not damp it. The capacitive load can be incorporated in the oscillation
capacitance.

Transistor resonance amplifiers behave in a different way. The equivalent
internal resistance R;__ is often only of the same order as triode internal
resistances and can therefore damp the resonance circuit quite considerably.

The output capacitance can also be included here in the oscillator circuit
capacitance. Nevertheless, detuning can occur in various operating condi-
tions as a result of the voltage dependence of the collector-base capacitance.

The loading of the following transistor is also important in the circuit
arrangement of a resonance amplifier on account of the small a.c. input
resistance ry.

The transistor resistances are applied for matching at the tapping or
special coupling windings of the resonance circuit inductance . As a result
there is a transformation of the transistor resistances in parallel with the
resonance circuit. (Fig. 18.1).

The damping resistances 712 - R'; and n22 - r¢ can be made large in accord~
ance with the chosen tranformation ratio, and so keep the additional cir-
cuit damping small.

The output capacitance C, which varies with the collector voltage, is
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.
vi/i'S
ny , |c Ci
IR R S RN
ny n;
O

Fig. 18.1

also only effective with Co/ni2 and its harmful influence on the circuit
tuning can thus be reduced.

The voltage amplification 4, at resonance is obtained from Fig. 18.1 as
follows :

R'res = Rres || m2- R’y || no2-r'
S
n

R'res = v12°n2

Vg S R'res

= . 18.1
V12 ning (18.1)
Example 18.1

A resonance circuit stage is given with all the relevant values (Fig. 18.2).
We wish to find :

ny

5tn ]
é—l sT}:‘ln
i f-=480 ke/s

p=100

Fig. 18.2

i

=07k
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1. The resonance resistance R'res
2. The working bandwidth o’
3. The voltage amplification with resonance Ay.

Solution
The values reduced to the resonance circuit are derived as follows :
200
—_ —— . 2 poencd
m 30 66.6; m 44,4
ng = 2(5)—0 = 40; ny2 = 1600
m?-R'; = 44.4-20 = 888 kQ
CG+C, 13
nlz = m ~ 0.3 pF
m2-r; = 1600:-0.7 = 1120 kQ
Ci 1000
;;;2— —_— m‘ ~ 0-6 pF.

The resonance circuit alone has the following values :
1 1012

Xe = o = 57 2m-046 108 — o8 KO
Rres = 0+ Xc = 100-3.8 = 380 kQ
12
- 10 — 1.32 mH.

" o2-C 0.462-1012-91-6.282
The parallel damping amounts to :

Rp = 888 kQ| 1120 kQ ~ 500 k€.
As a result the resonance resistance is:

380-500
R’res == Rres ” Rp == W B 216 kQ.

The circuit quality with the extra damping is consequently :

=% ~38 "
The working bandwidth is:
B’—f'—=460m8kc/s
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For the voltage amplification we obtain :
. yfe'R'res . 39 M 216
 mnz 6.66-40

Ay = 31.6 -

18.1. Neutralisation

A portion of the a.c. output voltage is led back to the input through the
collector-base capacitance C,. In unfavourable cases this can lead to self-
excitation. If, in addition, a voltage in phase opposition is also led back
from the output to the input we are then “neutralising” (Fig. 18.3).

e 3
G ‘V
= /2
O
V2tot
Ch== v AL

Fig. 18.3

It can be seen from Fig. 18.3 that the voltage led back from the output
via Cy can exert no control action between base and emitter if the output
voltage vz, = vz, at Cy and Cy is divided in equal ratio through suitable
choice of value of the neutralising capacitance C,. Then the diagonal
voltage, i.e. the voltage between base and emitter in this bridge circuit is
nil. In Example 18.1, Fig. 18.2, the voltage vz lies at the tapping with 30
windings. The opposite-phased extra voltage vz, lies at the output winding
with 5 turns. The voltage ration is therefore 1 :6.

The neutralisation capacitance must act inversely to the reaction capacit-
ance C,, that is as 6:1; C, must therefore amount to 60 pF.

In neutralisation we also have to take into account that in certain circum-
stances an ohmic reaction resistance lies in parallel with the reaction
capacitance. It may then be necessary to provide the neutralisation capaci-
tance also with a parallel resistance to make phase-pure neutralisation
possible.

18.2. Bandfilter coupling

As in the single circuit, there is also extra damping with the bandfilter
when using transistors, Tappings are therefore provided at the primary or
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secondary circuit in this case also. As a rule this is done so that the working
damping for both circuits is of equal value (equal p’).

CRITICAL COUPLING

The ratios have to be studied for critical coupling. If there is to be critical
coupling in operation, X’ = p’ - K must be equal to one. Here K is the coup-
ling factor which with inductive coupling is obtained by measurement from
the inductivity Li4 of the two coils in series circuit (terminals 2 and 3 con-
nected) and the inductivity Lg4 in opposite circuit (terminals 1 and 3 con-
nected), as well as the inductance L of one of the two equal coils. We then
obtain :
Loy — L1s
4L
The working quality o’ is again obtained from the working damping
which for the primary circuit is derived here from: 712+ R’y . As a result,

K= (18.2)

1
R Tes; — Rtesl f - R‘eq‘

The following expression applies for the secondary circuit :

R’l‘exs2 = R'resl = Rreszn ng?-ry.

Both operating resonance resistances give the working damping from :

s Rres o, . Rres
e = L-wr = Rres C Wr = "”*l/z. (18.3)
C
The bandwidth comes from :
B = 1.41 L’, (18.4)
e
.f)
) Vi3
0 g 2.0
O [j’j ‘R []Rres Vif2';

O

Rres

Fig. 18.4
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With critical coupling the voltage at the primary circuit is equal to the vol-
tage at the secondary circuit and at resonance the following equivalent
circuit is valid (Fig. 18.4):

R'res = Rres, I Rres2 = %Rresl
The voltage amplification is consequently obtained as follows :

We have:
v+ S1

ny

* R'ves = v1j2 * 11

therefore
1
V172 S1° R'res

(18.5)

tin ni-ng
Example 18.2
The following values are given for a band-filter :
fr=460kc/s; L= 520puH; C = 195pF;
¢ = 100; K = 0.023; Ryres = g‘/% = 162 kQ.

The necessary transistor data can be taken from the circuit fiagram (Fig.
18.5).

R, =500k0

=q7 ™A
57317

i, =254

Fig. 18.5

1. Transformation ratio nz for critical coupling.
2. The damping resistance Rp required.

3. The working bandwidth.

4. The voltage amplification.

Solution

The working quality must be :
, 1 1

[ ='-I—<-=6—62—3=43.5.
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The operating resonance resistance is therefore :

R'res = g'l% = 43.5-1.62 = 70 kQ.

The parallel damping to Rres = 162 kQ is obtained from :

N2 ri Rres — R
no?:ri + Ryes res
no?org+ 162 _ s _ .
net-ri + 162_ 70; 70-n92-r; + 11340 = 162 -n2-r¢
113-40
2. py = - )
ng?-ry 7 123 kQ

1. The transformation ratio is given by :

123 123
2 - = =
ng v 35 49.3
ng=17.

2. The damping resistance Rp must be connected additionally because the
internal resistance only damps with R; = 500 k(2 while the total damping
needed is 123 kQ. The following values must therefore apply :

500-Rp

500+ Ry (B KQ
123- 500
D = m = 163 kQ
rqadr — 141 360 _
3. B = 1417 = 141 g = 15 ko)
4, Ay = S Rres 3———7: 35_ 1.



CHAPTER 19

AMPLIFIER NOISE

In amplifiers with high amplification factors the so-called “noise voltage™
takes effect at the output ; this can actually be noticed in a loudspeaker as
an irregular noise. It is caused by resistance noises and tube or transistor
noises.

19.1. Resistance noise

Slight displacements of charge carriers are produced in every resistance
through thermal agitation. These irregular electron movements, in a conduc-
tor, for example, are noticed as noise voltage. The frequencies of these
erratic a.c. voltages originating in statistical distribution, can range from
the lowest to the highest technical frequencies. With a wide frequency
spectrum of this kind we speak, as with light, of “white” noise because in
white light all the frequencies or colours are also present. The noise of a
resistance after a selective amplifier often has only a limited frequency band
and can therefore be called coloured noise. The noise power increased at
the output by an amplifier will rise in proportion to the widening of the
amplified noise spectrum.

We can also imagine that in the “noise resistance” concerned, the frequen-
cy band later narrowed by the following amplifier is already present. Then,
according to Nyquist, the noise power generated in each resistance per cycle
bandwidth is:

NOISE POWER
p =4k T (19.1)

In this expression the Bolzmann constant
k =1.37-10-28 [Ws]

and Ty is the absolute temperature in degrees Kelvin. For a medium room
temperature of 20 °C the noise power produced in a resistance is therefore

p = 16-1072 [Ws]. (19.2)
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If the width of the transformed frequency band is Be/s we are then interested
in an apparent generated noise power

P=p-B (19.3)
i.e. the noise power per cycle bandwidth adds up at the larger bandwidth
B to the total power P.

NOISE VOLTAGE

The effective noise power P now results at the terminals of the resistance
concerned, of value R, in an impressed noise voltage v, which is obtained
from :

vr=)PR=)4k-To B-R. (19.4)

This voltage, generally called the noise voltage, is by nature an impressed
voltage, that is, a generated voltage, and we have the following equivalent
circuit (Fig. 19.1).

a R b
@ . .
&= W
Fig. 19.1

The noise voltage v, is therefore present at terminals a, b of the resistance
in open circuits, i.e. when these terminals are not loaded.

Example 19.1

The noise voltage is to be calculated for a resistance R = 1 kQ at ¢t = 20 °C
and t' = 100 °C for a bandwidth B = 10 kc/s.

Solution
vr =)4-k-To-B-R =)/16-10-21-104-103 = 4-10-7 = 0.4 uV
'y = |/4-1.37-10-23-373- 107 = 0.45 uV.

SERIES CIRCUIT
For the noise voltage of a resistance we have :
w2=4:k-To'B'R.
In the series circuit of two resistances, R = R; + Rz, and we obtain:

vr2 = 4kTo- B(R1 + Rz) = 4kToBR; + 4kToBR2 = 01-12 -+ vrg.
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If two noise generators are thus connected in series as in Fig. 19.1, the noise
voltage produced must be added geometrically.

Uy = erf + Ur;. (19.5)

This relation must always be used when two series-connected resistances
have different noise temperatures. If we insert the total resistance R = R; +
Rz in Equation (19.4) the noise resistances must have the same noise tem-
perature.

Example 19.2

a. Two resistances Ry = Rz = 1 kQ are connected in series at the same
noise temperature ¢t = 20 °C. How big is the total noise voltage at a
bandwidth B = 10 kc/s.

b. One of the two noise resistances has reached a temperature t = 100 °C.
What total noise voltage do we have now?

Solution
With the values from Example 19.1 we find :

vy = /4 -kTo- B(R1+ Ro) = 1.41-0.4 = 0.564 uV;
b. vr = [(ve2 + v'y?) = }/(0.42 4 0.45%) = 0.6 uV.

PARALLEL CIRCUIT

If two noise resistances R; and R are connected in parallel, we can regard the
resistance of the parallel circuit R = Ry - Rs/(R1 + R») as the noise resist-
ance if both resistances have the same noise temperature, and the noise
voltage can be calculated from Equation (19.4).

a

T v, R
R] R2 2R,+R2
M T vy R
K "R+R,
VGT l vaz
3
b
Fig. 19.2

The noise resistance R; loaded in the parallel circuit through a second
noise resistance Ry, is viewed in a different way and the following equivalent
circuit is applied (Fig. 19.2) which is derived from Fig. 19.1.
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The two noise generators each drive a current according to the principle
of superimposition and the voltage reductions quoted are produced, for
example, at resistance Rp. The voltage drops originating from different noise
voltages must again be totalled geometrically and we therefore have for

network M
R

vr + v 2 _ v Re = P
"TT2Ri+Re "'Ri+ R 2
or
. Ry Ry
Ur = Ury (1 R+ Rz) + bry Ri+ Ry
The noise voltage at the parallel circuit is then :
R2 2 Rl 2
or = Vo 7w tiETR (19.6)

This formula must always be used when two parallel noise resistances are
at different noise temperatures.

Example 19.3

a. Two resistances R; = Rz = 1 kQ with equal noise temperature Tp =
293 °K are connected in parallel. What noise voltage lies at the parallel
circuit when B = 10 kc/s?

b. What noise voltage appears when one resistance has the noise temperature
To = 373 °K?

Solution
With the values already calculated in Example 19.1 we obtain :
Ri-Re
a. R=_—""=05kQ=4%"R
Ri+ R bR

0.4

vy = Y@K To BIR) = %— =z = 024 u;
Rz 2 Rl 2
— 2 f__“° — e
b. Uf - v rl(R1+ .R2) + vl‘g (R1+ R2)

= )/[0.4%%)% + 0,45%(})7]

= 3}J/[0.4% + 0.452] = 0.3 uV.

19.2. Transistor noise

The causes of noise in transistors are not yet all known. Some sources
of noise which are present in the tube can also be identified in the transistor.
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These are the resistance noise, the Schott effect (shot effect), the current
distribution noise, and at very low frequencies, a noise process similar to
the Schott effect. This last is based on spontaneous resistance change in the
barrier layer. Apart from frequency dependence we can also notice here a
dependence on the collector current in which a small collector current gives
smaller noise.

Moreover the special semiconductor noise is also dependent on the collec-
tor voltage. The collector voltage has to be kept small with specially low noise
stages. The amount of the transistor noise is thus not a constant but depends
on the operational working point.

As well as the internal noise of the transistor, there is always in operation
the extra noise of the control source resistance connected at the input. We
have found it useful to make statements concerning the amount of transistor
noise in conjunction with the control source resistance. Since the values of
such influences as frequency range, collector voltage, collector current and
source resistance strongly affect the transistor noise, the advance calculation
of transistor noise based on the general characteristic values can only be
done with difficulty. It is better to work with measured characteristic values
which are also given by the transistor manufacturers for the purposes con-
cerned and are called noise factors. It is possible to compare different transis-
tor types with the aid of noise figures of this kind. In addition, the apparent
noise voltage lying at the transistor input can be calculated with them, and
so, with known voltage amplification, the noise voltage at the output of
an amplifier can eventually be estimated. By comparing the signal voltage
of the control generator with the total impressed voltage which can be deter-
mined with the noise factor, we find the noise distance, a measure of the
quality of amplification in relation to the noise.

NOISE FACTOR

The noise factor F is stated for a transistor in connection with a particular
control generator whose internal resistance Ry is given. At the transistor
output we obtain a noise voltage or noise power at the load resistance which
is governed by the noise of the control generator source resistance Ry and
by the noise of the transistor itself. The source resistance Ry has a noise
power p = 4kTy per cycle bandwidth.

We now think of the noise of the transistor as produced in the control
generator source resistance Ry, which means that the noise power in Ry
must be greater than the power for the pure resistance noise. We therefore

write :
= 4kTy-F. (19.7)
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The noise factor F thus indicates how much greater the noise power must
be in the source resistance of the control generator when the transistor noise
is based on this resistance. We therefore regard the transistor itself as noise-
free.

The following value applies for the noise voltage produced in the source
resistance at a bandwidth B:

v'r = |/4kTo* F-B* Ry. (19.8)

The above ratios can be expressed by means of the following equivalent
circuit (Fig. 19.3).

Fig. 19.3

The control generator included in the equivalent circuit can be, for
instance, an aerial with voltage e, and resistance Ry,. With the calculated
noise voltage v’y we immediately obtain the noise lead for the effective
signal

0= (19.9)

Both voltages ey and v’y are effective at the transistor input as v"’r and vy
corresponding to the voltage divider ratio

rg + Rg )
The controlling noise voltage at the transistor input is obtained from :
V= r; + ——yy = |4 kTo-F-B- Rg] (19.10)

For the special case of matching when R, = r; we use the following expres-
sion with B = 1 ¢fs,

v'r=|[4-kTo'F-1'Rg] %

- (19.11)
U"r — VF'kT0°n — Vpr‘.r‘
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This relation states that for matching the noise power per cycle at the transis-
tor input resistance is found from:

p, = FkTo. (19.12)

The noise factor F in this special case has therefore also been called the
kTo number (noise figure). F- kTp is thus the noise power which we can
visualise at an input resistance r¢ considered as noise-free in itself, with
output matching of Ry. In an ideal transistor without noise, F would be
equal to one and the noise power at the input resistance would equal k7.
This representation of the “kTp number” which only applies for output
matching, is discarded in favour of the noise factor because there is not
always output matching and as a result the noise power at the input resist-
ance assumes a different value to F - kTo.

There is consequently a considerable difference between the noise factor
F and the kTy number F. The noise factor F is always valid for a transistor
in conjunction with a particular control generator whose source resistance
R, is given. We get different noise factors F for the same transistor according
to the size of the source resistance Ry. The kT number, on the other hand,
always applies for output matching R; = r; and therefore has only one
value for each transistor. The k7o number is definite and is therefore better
for comparing various transistors.

Example 19.4

We are given a VHF input circuit (Fig. 19.4) with a transistor which has a
noise factor F = 7 for a working point I¢, = 2 mA and a control generator
resistance Ry = 60 Q. The transforming bandwidth will amount to B =
200 Mc/s. The control generator is a 60  dipole which is connected to the
transistor input by a transformer with a transformation ratio of n = 1.

1(;0: 2mA

Rg=600

fer

#@

""I—

Fig. 194
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We want to find the respective impressed aerial voltage e; for the noise
leads 20 dB, 40 dB and 60 dB.

Solution

vy = V4kT0‘B'F'Rg =)/16-10-21-2-105-7-60 = 1.16 uV.
For 20 dB noise lead with tolerable reproduction we obtain :
0=10= :—‘r er = 10-1.16 = 11.6 uV.
At 40 dB with good reproduction
Q = 100; e1= 100-1.16 = 116 uV

and at 60 dB with high quality reproduction the following values must be
obtained :

0 = 1000; e; = 1000-1.16 = 1.16 mV.



CHAPTER 20

SUMMARY OF COMPARISONS BETWEEN THE
TRANSISTOR AND THE ELECTRON TUBE

The differences between the two amplifying devices will have become ob-
vious to all those who are familiar with the tube in the two-pole presentation.
The transistor is often only distinguished in application as an amplifying
device by differences of component values. For example, the electron tube
also has an “input resistance”, namely the grid leak resistance, determined
by the circuit. Even though this resistance is several orders higher than the
transistor input resistance, it often has to be taken into account in electron
tube circuits .If this necessary resistance is thus added to the electron tube
it often occurs that an electron tube amplifies without being powerless. This
is only an example to draw attention to the fact that in this case the two-pole
theoretical representation was also adequate for the electron tube. In spite
of this the idea has become widespread that the transistor can only be
correctly treated as a quadripole. The consistent use of two-pole theoretical
principles shows that the transistor representation is considerably clearer
than in a four-pole theoretical investigation. As well as these advantages
in the qualitative study of the transistor, the quantitative results are equally
accurate and easy to comprehend. For instance, if we calculate the electron
tube amplification from 4, = S+ Ry and we can use the same simple
relation for the transistor, it is at least an advantage for the circuit designer.
It is amazing how far there are agreements in formulae between the transistor
and the electron tube. In the following section we give a comparison which
describes the tube alongside the transistor and indirectly with its help.
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20.1. Formula and circuit comparison

TRANSISTOR ELECTRON TUBE
Common emitter circuit Cathode base circuit
(fundamental circuit) (fundamental circuit)

RL
f
i
V2
V4 []r’
: -
Characteristic values Characteristic values
_ha Re — 1 S Re D
hn ¢ Mg ha r¢ = Rgria
hoa(1 — )
1 ka1 hea
= = Dy —
b=gm=D—D
Dy =Mh2 riy=hn
Fundamental equivalent circuit Fundamental equivalent circuit
B Iy 2 c G s iz A
R R
.
vy ! v V2 (H)’;L 2] L " V2 R,
| TD ' fo
E . d k &
: £ i k
(very low frequencies) (very low frequencies)
Voltage amplification Voltage amplification
Ri* Ry, Ri'R
A, = 8§ L N i Ry,
© TRt R =S Rt R
Input resistance Input resistance
"o ry = Rgﬂd

= 1 + Au'Dv
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TRANSISTOR

Current amplification

= Ay 1t
A‘—AvRL

Output amplification
Ap = Av * A{

equivalent internal resistance

with load variation (resonance circuit)

1

Ry =

eq his*h
hzz(l 12 * 121

Series feedback

* ha(hu + Ry)
R, = control generator resistance

Current Feedback

ELECTRON TUBE

Current amplification
re

Ay = Ay -
TR

Output amplification
Ap == Au ¢ A‘

.....

i
Ry
v'l
Provided Provided
R’y < rg Rg < rg
Feedback factor Feedback factor
o= X o= i
"Ry " RL
Voltage amplification Voltage amplification
. _v_z_ — A') AI — U2 — AU
YT 14a-d, YT 14 a-dy

Input resistance

4

m=%=m+wm

Current amplification
A’y = Ay

Input resistance

’

, 0
”=i_11 = r(l + o+ Ay)

Current amplification
A'v= Aq
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TRANSISTOR
Egquivalent slope
, S
8= 1+ SR

Equivalent internal resistance
R's= Ryl + S-R)
Equivalent reciprocal amplification

COMPARISONS BETWEEN TRANSISTOR AND TUBE

[20
ELECTRON TUBE

Equivalent slope
, S
S "1+ SR
Egquivalent internal resistance
Ry = Ri(1 + S*R)
Equivalent reciprocal amplification

D=D D' =
Apparent internal resistance 00 .....
Y4 rio
Rig= Re(1+ SR )
Parallel feedback Voltage feedback
R
O
i2 .o DR'
h 1
L
Ry
V. 14 ;
== 2 e1l | []I
y
ae
Provided Provided
.Rg >r ,t Rg >r I{
Feedback factor Feedback factor
*THTR *ThER
Voltage amplification Voltage amplification
Alv=v—2:Av A’v—":v_2=A‘U
n n1
Input resistance Input resistance
o _NIR yo__nlR
T 1x a4, T 1¥ a4,
Current amplification Current amplification
, A ;L A¢
A~ T, =14,

Equivalent characteristic values
=S, Ri=R, D'=D

Egquivalent characteristic values
=S, R¢y=R, D=D
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TRANSISTOR
Total voltage amplification

U2
AU = — ==
tot €1

r Ay

ri| " 14+aAy

R”+1+oc-Av

Apparent internal resistance

R = —
a” ST Ry,

Common collector circuit

ELECTRON TUBE
Total voltage amplification

V2
A = — =
vtot €1
i Ay
re|| R’ 14 Ay
Rg+ 1 +(X'A1)

Apparent internal resistance
| R lry+ R
Rieq - ‘_S’ R!l ” rio

Earthed anode circuit

Voltage amplification

A = Ri¢- Ry,

""" "Ri+ Ry
Ay

Avc T 14 4,

Current amplification
A‘C =14 Ay

Input resistance
rig = ri(l + Ay)

Equivalent characteristic values

Voltage amplification

A — R;- Ry,

v Ri+RyL
Ay

dys =17 4,

Current amplification
Aq AR = 14 A;

Input resistance
nAB = ri(l + Av)

Eguivalent characteristic values
SI

Q
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TRANSISTOR
Apparent internal resistance
1 Ry Ry
+ 1+8  Po

Common base circuit

Rteq= -S,

I1' :I.1 -l-iz Iz

Voltage amplification
Ri Ry,
Ay =S ——-
? Ri+ R
Ayy = A5(1+ D)

Current amplification

ri

Ai = AUR'—L
Ay

A =777,

Input resistance
ng=rilg
Apparent internal resistance
1
Rg = —
‘eq 1 Dub.ao

R%, " rg,+ Ry

Equivalent characteristic values

S’ = S(1 + D)
R/ =R
D=2

ELECTRON TUBE
Apparent internal resistance

_ 1 r‘+Rg
Re=5 —r

Earthed grid circuit

11 s

Voltage amplification
Ry Ry,
4= RTR

AvG'B = Av(l + D)
Current amplification

Ai=1

Input resistance

1
g = 3

.....

Equivalent characteristic values

S’'= S(1+ D)
R¢= R

, D
D“1+D
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TRANSISTOR

High frequency equivalent circuit
cr

B g Rr

(I
l X
4] fig [\ Ci Co Rt
A48

Coupling capacitance Cx

it

Permissible amplification
reduction
A’y

S=Av

At a lower frequency
Wy = 2ﬂ'f;)

1 sz
Ck = —- V
T 0+ Ry ' T—#2

Lower limiting frequency (s = 0.7)
. 1
9 Cr(Rr, + 1)

Wy

Emitter capacitance Cg

S-r

- (Rg '+‘ r{)w»p 1 - Sz

Ckg
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ELECTRON TUBE
High frequency equivalent circuit

Cag
G _ " A
LF
" 0] Coke =Cak % []Re
| 1T [ ¢8
4]
k ) k

Permissible amplification

reduction
_ 4
=7
At a lower frequency
Wy = 275'];)
1 l/ 52
Cg - Wy Ig 1 _— SZ
Lower limiting frequency (s’ =0.7)
o — 1
va - Cg'r 3

Cathode capacitance Cg

s V(S + RLK)Z" (RKI- s)z

wfp 1—S2
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SYMBOLS

d.c. voltage

a.c. voltage

direct current

alternating current

slope

internal resistance

inverse current amplification
inverse voltage amplification

a.c. input resistance

d.c. input resistance

source resistance, control generator
load resistance

feedback resistance

feedback factor

base area resistance

reduction factor

voltage amplification

current amplification

short-circuit amplification

d.c. amplification for the emitter circuit
d.c. amplification for the base circuit
power amplification

dissipation

temperature (°C)

input capacitance

output capacitance

reaction capacitance

coupling capacitance

emitter capacitance
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