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Preface

To ALL students of electronics there comes a time when a speci-
fication is presented to them and they are expected to turn their
theoretical knowledge into practice. Many find this is a difficult
step to take. The aim of this book is, where possible, to formalize
design procedures covering a wide range of electronic circuitry,
and thus to bridge the gap between theory and practice. It is also
hoped that the book will be of use to practisingengineers, partic-
ularly those trained in other disciplines, who, due to the wide-
spread application of industrial control and automation, are
obliged to undertake a certain amount of electronic design.

The first two chapters introduce the reader to the thermionic
valve and the transistor and show how data sheets, provided by
the manufacturer, are used in design calculations. There follows.
eight chapters devoted to specific subjects. Each of these contain
a brief treatment of theory limited to the extraction of necessary
design relationships. Design procedures are established, fol-
lowed by worked design examples to meet given specifications.
The book is concluded with a chapter on general electronic
engineering practice.

The authors wish to express their gratxtude to Mrs. D. Swift
and Miss D.Sargent for their assistance in the preparation of
this book.

J.E.FISHER
Cranfield, 1966 H.B.GATLAND

xi
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CHAPTER 1

The Thermionic Valve

Introduction

A thermionic valve is a device which utilizes the flow of elec-
trons through a vacuum or near vacuum. Electrons are emitted
by a heated cathode and collected by an anode which is generally
held at a positive voltage with respect to the cathode. The intro-
duction of other electrodes enables the stream of electrons from
cathode to anode to be suitably controlled. The whole electrode
assembly is usually mounted in a glass envelope from which all
gas has been evacuated, although in some types, a trace of gas is
intentionally introduced to modify the valve characteristics.?

Functional Survey of Valve Types

1.1. Tue DIODE

The diode is the simplest form of thermionic valve comprising
a heated emitting cathode and a collector anode. It has largely
been superseded by the semiconductor diode which, in its
various forms, has lower forward resistance, better performance
at h.f., no heater requirement, and a true zero.

The characteristic curve of a typical thermionic diode has the
form shown in Fig. 1.1b. Anode current I, is plotted against
anode voltage ¥, and an increase in heater voltage is seen to
raise the value of I, at which saturation occurs. Because elec-
trons leave the cathode with a finite velocity, some anode cur-
rent flows when ¥, = 0. This current increases with cathode

1
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Germanium junction diode I
sol- Silicon junction diode
< 32
€ 6ol
Increasing
. a0k A . heater
= Thermionic_diode
- r 31000
20
] —_
o] 1 2 3 4 S 6 o]
Vi _ A

(a) (b)

FiG. 1.1. (a) Comparison of thermionic and semiconductor diodes.
(b) Effect of heater voltages on diode characteristics.

temperature giving a displacement of the characteristic to the
left, of approximately 0-1 V per 109 change in heater voltage.
Below saturation, the Three-halves Power Law®’ holds, i.e.

I, = kV,32, 1.1
where k is a constant determined by the geometry of the valve.

Applications. Typical applications of the thermionic diode are
illustrated in Fig. 1.2.

(O lan gy O

A

(o) Rectifier (b) Demodulator
. o—
V. $ea FAfo T
0-—-——7——0
(c} Wave shaping (d) d.c. restoring

FiG. 1.2. Applications of the thermionic diode.
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1.2. THE TRIODE

A triode valve has three electrodes, a control grid being intro-
duced between cathode and anode. The anode current is con-
trolled by varying ¥ ¢, the voltage between the grid and cathode.
Small changesin Vg can cause large changes in I, with negligible
expenditure of power in the grid circuit.

L, V=0V

1

[
|\
|

)

o

Fi1G. 1.3. Typical anode characteristics of a triode.

A typical family of anode characteristic curves is given in
Fig. 1.3 in which 1, is plotted against ¥, with V¢ as parameter.

Using these curves, three fundamental relationships may be
defined.

(1) Differential Anode Resistance

The gradient of a curve at any point is

LI . 1
V constant) =. g, = —, 1.2
[6VA:|( G CO ) 58 - (1.2

where r, is the differential anode resistance.
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(2) Mutual Conductance

Intercepts of lines parallel to the current axis give

[:II/A ] (V4 constant) = g, (1.3)
G

where g, is the mutual conductance or transconductance.

(3) Amplification Factor

Intercepts of lines parallel to the voltage axis give

G

[ ((:KA ] (I, constant) = u, (1.9

where u is the amplification factor.
Expression (1.1), giving the anode current of a diode as a
function of anode voltage, can be extended for the triode

V. 3/2
I, = K(VG + —i> . 1.5)
u

Thus if Vg is negative and Vg = — V,/u, then I, = 0. This
value of grid voltage is the grid cut-off voltage V., and is a
function of x and anode voltage.

ExamprLe. With an anode voltage of 180 V, a valve having
# = 50 has a grid cut-off voltage,

VGc/o = - VA/,u = _180/50 = —36V.

Since the cut-off voltage is inversely proportional to u, high u
valves have a smaller input handling capacity than low u types
for a given V,. Usual operation is with the grid voltage in the
range 0V to Vg,,. If the grid is positive with respect to the
cathode, it will attract electrons and grid current will flow.
Under these conditions there is a low resistance between grid
and cathode, of the order of 1000 Q.
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There are three general types of triode valves, typified by the
12AU7, 12AX7 and 12AT7, whose anode characteristics are
given in Fig. 1.4.

(@) Low 1, low g,: 12AU7 with g = 20 and g, = 2 mAJV.

(b) High , low g,,: 12AX7 with g = 100 and g,, = 2 mA/V.
(¢) Medium y, high g,,: 12AT7 with 4 = 50 and g,, = 4mA/V.

s i 12AU7
L4 10~
£
-~ sk

o

FiG. 1.4. Anode characteristics of 12AT7, 12AU7 and 12AX7
triodes.

Vea Va3 Vséx' Vo Voo

1"9"'%

F1G. 1.5. The triode as a linear amplifier.

Suggested uses for these three groups are:

(a) Low u. Where large input signals are to be handled, such
as in frequency multiplying tuned amplifier stages.



6 ELECTRONICS FROM THEORY INTO PRACTICE

(b) High g,,. Cathode follower stage where the output resis-
tance tends to 1/g,.

(c) High u. A voltage amplifier where the highest possible
gain is required. For any common cathode amplifier the
maximum gain is u.

The group of valves having high g,, and medium x is probably
the more generally applicable type.

Applications. Amplifiers at low frequencies where inter-
electrode capacitance has only limited effect.

Tuned amplifiers at v.h.f. where the low noise performance
of a triode makes it preferable to a pentode.”®

Oscillators of both sinusoidal and relaxation types. In many
cases two triodes are mounted in the same envelope. This is
very convenient for pulse networks of the multivibrator type.

1.3. THE TETRODE (F1G. 1.6)

The screen grid was introduced to enable h.f. amplification
to be accomplished without the necessity of neutralizing the grid
to anode capacitance (§1.5). However, secondary emission

1
11 N ! 1,
E\ [
\
\ ~~ :
s |
<
I \\"‘—Iez
o] Vez Va

FiG. 1.6. Elementary tetrode characteristics, showing negative
resistance region due to secondary emission.

effects,®> when the anode is at a lower voltage than the screen
grid, reduce the usefulness of the valve. This limitation led to
the introduction of the suppressor grid in the pentode.

Beam tetrodes, in which the, electron stream is directed in
such a manner as to give a potential minimum between the
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screen grid and anode, are widely used for low and medium
power amplifiers. The screen current in these types is a very
small part of the cathode current as the grids are aligned and
the screen grid intercepts few electrons.

Since the screen current performs no useful work, in most
cases it is desirable that it should be as small as possible.

Applications. In addition to their use as power amplifiers,
tetrodes are also widely used as series regulator valves in stabil-
ized power supplies.

1.4. THE PENTODE

The suppressor grid produces a potential minimum between
the anode and screen grid which prevents secondary electrons,
generated at the anode, from being collected by the screen grid.
The suppressor is usually maintained at the cathode voltage,
but it can be used as a control grid with respect to anode current.
Generally, V¢, is of the order of —50 V, but special purpose
pentodes have been developed with suppressor cut-off of only
a few volts.

Examination of the typical pentode characteristics of Fig. 1.7
shows that beyond ¥, = 100 V the curves are nearly parallel to

w=—3V
I/ e Vo -2V
l-----l- -—-— - -I—
o 100 200 300

Va

Fi1G. 1.7. Typical pentode characteristics. The broken line region
of the curves shows where the maximum permissible anode dis-
sipation is exceeded.
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the voltage axis, indicating a large r, (= 1 MQ). Thus, above
the knee of the curves the anode current is largely independent
of anode voltage. This is because the screen grid voltage con-
trols the anode current by providing the accelerating electric

 field. Due to the passive nature of the anode, the u for pentodes
is extremely high, commonly being greater than 1000.

Vaa WVAA
Va

Vo2
o ov
== —vc /o
Ves
ov

Fic. 1.8. Use of a pentode for gating purposes. The gating wave-
form is applied to the suppressor grid.

At low values of ¥, the curves run together. Thus, for a given
load line the value of the minimum anode voltage is fixed. (This
is not so for the triode.) The minimum anode voltage for a
pentode is known as the bottoming voltage and is of importance
in many “non-linear” operations. It should be noted that if Vg,
is fixed, the cathode current I, + I is constant for a given value
of VG 1.

_ Applications. Pentodes are widely used as tuned amplifiers
because, due to small anode—grid capacitance, stable operation
can be achieved without neutralization. Much larger gain-
bandwidth products are obtained with pentodes than with
triodes, because of their low effective input capacitance. They
are also used as voltage amplifiers for low frequency operation
where large anode resistors can be used and the inherent high u
of the valves utilized. Very high gain can be obtained with low
screen voltage giving the so-called “starvation condition”. The
circuit of Fig. 1.8 illustrates how the pentode may be used for
gating purposes if the suppressor is used as a control grid. (See
§ 10.22.)
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1.5. GRID INPUT ADMITTANCE

The interelectrode capacitances of a triode may be shown as
in Fig. 1.9 in which C,, is the anode—-grid capacitance and C; the
capacitance which exists between grid and cathode.

Input admittance = i, /vy, = ({; + i)/v1a, Where

iin = Uia(1 — A)sC,, and i, = 0;,5C,.
Therefore »
Input admittance = s(C, + (1 — A4) C,,). (1.6)

The symbol s is the Laplace variable and where consideration is
limited to sinusoidal operation this may be replaced by jw.
Hence,

Input admittance = jo [C, + (1 — 4) C,,)- 1.7

Fic. 1.9. Interelectrode capacitances of a triode.

The input capacitance is thus increased from C, to
Cak + (1 - A) Caa’

where A is negative and greater than 1 at medium frequencies.
This increase in effective input capacitance, due to the presence
of anode-grid capacitance is the Miller effect,'’ and it was to
reduce this effect that the screen grid was incorporated in the
thermionic valve,
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1.6. AUXILIARY VOLTAGE SUPPLIES °

Cathode Bias

It is common practice to derive the auxiliary voltage supplies
from the positive voltage rail which provides the anode supply.
For a triode, a grid—cathode bias voltage is normally required
to maintain the correct operating point, and cathode bias is
used. This has two forms whose use depends on whether the
amplifier is capacitor coupled or of the zero frequency type.

The cathode resistor Rg, in Fig. 1.10, in addition to providing
the bias voltage, by negative current feedback, stabilizes the
working point against variations such as ageing of the valve.

. Vi ==V,
Vs =V K 6K
LR =(I,+Ip) Ry
ATk =(Ia+ ea)Rg
J Ik cathode current
L — upper limit
7/ P
1, spread / Lower limit
for cathode / ;/
bias // // I spread for large
I spread | / Ry and +ve grid bias
for fixed [-q—— ; /__1__Y_ constant current
bios RO - -1 <]~ "§~ cathode supply
7 ~
z Z 4// Re Rk
Vg 0 Vs

(c)

Fic. 1.10. Provision of cathode bias. The possible variation in
operating point for cathode bias is less than for fixed grid bias,
but is greater than for an ideal constant current supply. This
latter can be approached by returning the grid to apositive supply.
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To eliminate the negative feedback at signal frequencies and the
consequent loss in gain, Ry is bypassed by a capacitor of such
value that in the required frequency range its reactance is
negligible. (See § 3.6.)

If the loss in gain at zero frequency cannot be tolerated, the
circuit of Fig. 1.10b may be used. Negative feedback is greatly

OVaa Vaa

R

Rz

Iq

() (b)

Fic. 1.11. Provision of screen grid supply from positive voltage
rail, (a) current, (b) voltage.

reduced by making Ry as small as possible, and the correct bias

obtained by the steady current drawn through R. A typical
value for I is 101,.

Then,

[R = VAA/(-R + RK) = VAA/R'
Also,

Rx = Vx/(I4 + I) = Vgg/Ig.
Therefore

Vi = —Vex = Iy + Iz) Rx = [I, + V,4/(R + Rg)] Rg.

1.7. SCREEN GRID SUPPLY

There are two commonly used methods of obtaining the screen
grid supply from the positive voltage rail, (1) current and (2) volt-
age, as shown in Fig. 1.11a and b.
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Screen Current Supply

If Vyis the required screen voltage, the current at that voltage
is determined either from the valve characteristic curves or
experimentally. Then Rs = (V44 — Vs)/Is. To eliminate gain
reduction the screen must be decoupled by the capacitor Cs.
Negative feedback makes this method unsuitable for use in
Zero Frequency Amplifiers.

Screen Voltage Supply

The voltage Vs is kept relatively constant by making I much
greater than I, typically Ir = 10I5. Then R; = Vs/Ig, and
R, = (V44 — Vs)/Ur + I5). The disadvantage of this method
is the drain on the h.t. power supply.

1.8. ELEMENTARY VALVE EQUIVALENT NETWORKS

For input signals of small amplitude the valve parameters g,
w and r, can be considered as constants whose values are those
measured at the operating point. Figure 1.12 shows how these
parameters vary with I.

200 " 2-0-{i00
150 - Gen ¥5-{80
gm ,
o mA/V 3
> 100} 1060
K
rﬂ
s0}- 0-5-{40
1 1
0 ] 2 3
In, mA

Fi1G. 1.12. Variation of g,,, ¢ and r,, with I, as parameter, for an
ECCSs.
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The anode current is a function of both grid voltage and anode

voltage:
L= 4y, 4 O
Ve V4

av,. (1.8)

If, for convenience, 41, is written as i,, an incremental change
in anode current about the standing value I, and if AV, is
similarly represented as v,, then

iy = 8mlg + &ala- (19)

A
; S o
ia ia
9m Vg 9a Va gn:Vq o Vo
C) V,,I Vo
_ O 4 O
K

Fic. 1.13. Diagrammatic representation of eqn. (1.9)
(ia = gmVg + 8ava), Using current generators.

This may be represented diagrammatically in the forms of
Fig. 1.13.

Introducing an anode load resistor R; as in Fig. 1.14a, the
equivalent network may be further developed as in Fig.1.14b.

(a) (b)

F1c. 1.14. Triode with anode load and its equivalent network.

As the anode voltage v, is a function of anode current, i.e.
v, = —i, Ry, eqn. (1.9) may be written thus:

ia = gmvg - iaRL/ra'
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Therefore
s = Zmbgla — iRy,

But,

u=8m-Tas (1'10)
therefore

i — Mvﬂ

a -— 3

rs + RL

This expression provides the alternative equivalent network of
Fig. 1.15.

FiG. 1.15.Alternative equivalent network of the circuit of Fig. 1.14,
using a voltage generator.

The voltage gain of the circuit may be written in the two
forms as represented in the two equivalent networks. Thus:

vo[Vg = —8&ul(€ + G1) = —&uR, (1.11a)
.where
‘R = 1/(ga + GL),
and
Ls _—HRy . (1.11b)
Vg rs+ Ry

A valve used in this way is said to be in common cathode
operation.

1.9. RESISTANCE IN THE CATHODE

The circuit equations of Fig. 1.16 are

. U .
I = —-——M——' and vgk = Vjp — laRK-

r,+RL+RK
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Therefore - ,
i = MUin — MUin

ra+ R+ @+ 1R i+ R,

where
r«;=’a+(:u+ 1)-RK~

15

(1.12)

The effective value of anode resistance is thus increased by
the term (4 + 1) Rg, and the equivalent network redrawn as in

Fig. 1.17.

ExAMPLE. Given a valve having an anode resistance r, = 10kQ
and gain u = 50, let R =1kQ, and R, = 10kQ. r; =7r,

+ (e + 1) R = 10kQ + 51 kQ = 61kQ.

7 |~iaRe

F1G.1.17. Alternative equivélent network of the circuit of Fig.1.16.
Ry is multiplied by (# + 1) and transferred to the anode circuit.

In the absence of a cathode resistor, the voltage gain would be

A, = —pR[(rs + Ry) = —25.
This is modified by the cathode resistor thus:
A, = —pR[(rs + R) = —T7.



16 ELECTRONICS FROM THEORY INTO PRACTICE

In the presence of both anode and cathode resistors, cathode
voltage,

v = i,Rg = PR vm. (113)
rg+ R+ (u+ 1) Rg
#Re/ &+ 1 o= LR w19
[(ra + RD/(u + D] + Rk ra+ Rg
where
u'=—L— and ri= ra * Ry
u+1 p+1

ExaMpLE. Using the same values as in the previous example,
u’ = 50/51 =098, r;=20kQ/51 =390Q,

and using expression (1.14),

Uy _ 0'98X1k.Q _07
Vin 390 + 1kQ

In the special case when R, = 0, the valve is operated as a
cathode follower.

Then,
O _ _ MR/ + 1)

= =081. (L15)
v [ro/(e + 1]+ Rg

gain =

The gain of a cathode follower tends to unity if Ry is much
greater than r,/(u + 1), and x is much greater than 1.

The output resistance r; = r,/(u + 1) = 192Q.

The output resistance of a cathode follower tends to 1/g., if u
is much greater than 1.

The cathode follower is widely used as an impedance con-
verter providing low output impedance from a high impedance
source.
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1.10. SIGNAL INJECTED AT CATHODE

The circuit of Fig. 1.18 is that or a common of “grounded
grid”’ amplifier:

. MHUgr — Vin
iy = —~F—v™ and v, = v;,.
a r. + RL gk i
Therefore
Al LY (1.16)
ra + RL
and
v, = t DouRe (1.17)
Tq + RL

This is similar to eqn. (1.11) except that u has been replaced by
(u + 1). The main difference between common cathode and

Vaa

Ru

I

Fi1G. 1.18. Grounded grid amplifier. The input resistance is
(ra+ Rp)/(u + 1) because the anode current flows through the
input circuit. No signal inversion occurs.

common grid operation is the resistance which the valve pre-
sents to the input signal source. In the common cathode case
this is ideally infinite. The input resistance of a common grid
amplifier, however, is

Ry, = Pin (since the anode current flows through the input

la  circuit) (1.18)

ra+ R _ r,+ Ry

Gt Dom @iD
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This normally has a value of a few hundred ohms, which
means that the amplifier must be fed from a low resistance source
such as a cathode follower.

1.11. DESIGN FROM CHARACTERISTICS

The Load Line

For a given resistive load a line can be drawn on the anode
characteristic giving the locus of points representing the anode
voltage and current corresponding to the grid-to-cathode volt-
age. This line, the load line, has slope —1/R, (Fig. 1.19).

<
€30

Vaa
RL

=
X)

%) {ma

(o]

Voltage across valve I R_ Vaa
Va
FiG. 1.19. Load line relationships, R, = 15kQ, V,, =300V,
operating grid bias = —2 V.

Points 4 and B are the limits of the locus. When the valve
is “cut off” the anode current is zero and the anode voltage is
the supply voltage, that is, point 4 on the characteristics
(V4= Va4, Iy = 0). Point B is found by determining the cur-
rent that would flow if the voltage across the valve was zero,
that is Lymex) = Vaa/Re.

The equation of the load line is thus:

IA = —GLVA + IA(max)‘ (1.19)

For normal linear operation a point on the load line is chosen
as operating point so that equal excursions in grid voltage about
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that point give equal intervals on the load line, as shown in
Fig. 1.5.

Modification for Cathode Bias

In the presence of a cathode resistor some modification of
Fig. 1.19 is necessary. Let the cathode resistor be used to provide
a bias of 2V, then, at a standing anode current of I, = 6-4 mA,

-RK = _VGK/IA = 3100.

30~
ES
20 ¢4 B
R KA NI
< N ,/7’
101~ N0 N < N
e ot N -6
Ne P \16_’5-1
< N~ ov
o] 100 200 300 400
Va

Fic. 1.20. Effect of cathode bias resistor. Note the increased
range of input voltage.

This is negligible compared with R, = 15kQ and the load
line is unchanged. However, the voltage V¢ on the character-
istics is no longer the input voltage, since

Vin = VGK + IARK' (1.20)

Using this expression Table 1.1 can be constructed, and
Fig. 1.19 redrawn as in Fig. 1.20.

It is apparent that the gain has been reduced and that the
voltage handling capacity of the valve increased from 6 to 9V.
It is now also possible for the input voltage to go positive with-
out the valve drawing grid current. In a.c. amplifiers the cathode
resistor is normally bypassed with a large capacitor, and at the
operating frequencies this effect of Ry is eliminated.
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TasLE 1.1
Vex I, (mA) Vi = LRg Vin= Vex + L4Rk
0 114 35 35
—2 64 20 0
—4 3-0 0-93 —31
—6 09 0-28 —57

Valve with Large Cathode Resistor

If Ry is large it is necessary to plot a load line having the
value R, + Rk, and, as previously, consider the circuit as having
an input voltage Vy, = Vgg + LRy

ExaMPLE. The symmetrical cathode coupled amplifier of
Fig. 1.21. The anode voltages can be determined by considering

Fic. 1.21. Symmetrical cathode coupled amplifier with an equi-
valent single valve circuit for the balanced condition.

one valve. Since the anode currents of both valves pass through
Ry, the cathode voltage is Vg = 2I,Rg = I, X 2Ry, ie. as if
the anode current of one valve passes through a cathode resistor
equal to 2Rg. A load line must therefore be drawn having a
value R;, + 2Rg as in Fig. 1.22. The approximate d.c. conditions
can be found in the following way. With the grids earthed the
voltage between the negative rail and grid, Vi, = 250 V. If the
valves are to work in a linear manner the voltage dropped across
Ry must be within a few volts of that between the negative rail
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and the grid, i.e. 250 V. The cathode current is thus determined
by the value of the cathode resistor.

Iy = Vg/Rg = 250/100kQ = 25 mA.

AN
S/$
4 AN
2 S/P 59 o
P I » © & AN
£ sy Mo
N NS w re PN
IS xf u 72 ~
a I ! S "3
.—? ‘ A(’ .S
| ] 8
&J-Xi
| 5
] 11 | !
o 100. 200 300 400 500
Vix Ve IaRq VLR

FIG. 1.22. Load line for R, + 2Rg.

This current is shared between the two valves
Iy =1, = 125mA
in the balanced condition.
Vai = Vy = Vyu — L,R, =250 —(1-25 x 50 kQ) = 187-5V.

From the load line Vg = —1:3 V.
This method of determining the approximate d.c. conditions
can often be used with cathode coupled circuits.

Cathode Follower

In Fig. 1.23 the load line for Rx = 10kQ is set up on the
characteristic curves

Vin = Vox + Vi = LRk,
where Vy is the output voltage V.. From the load line the
Vout/ Via curve of Fig. 1.24 can be constructed.
When the input voltage ¥V, = 0 the output voltage equals

Voue = —Vex = 6°5V from the load line. When the cathode
resistor is reduced, the voltage that the cathode follower can use



22 ELECTRONICS FROM THEORY INTO PRACTICE

RK =|0k®
Vin =142V

FiG. 1.23. The cathode follower. A load line for Rx = 10 k() is
plotted on the characteristic curves, together with the equivalent
input voltages.

140 [ Vax= 0, Re=10kg
120 M oaive.
100
Vour 80
€0
40

20
2
Jo

1 1 ! L ! L
20 40 60 80 100 120 40

Vox= Vc/u V.

FiG. 1.24. V,y/Via curve for the cathode follower. Note that an
increase in the value of Ry increases the signal handling ability
without changing the gain from unity.

over its linear range is reduced, but the input/output voltage
relationship is little changed. The output voltage is a linear
function of the input voltage and largely independent of the
output current.



CHAPTER 2

The Semiconductor

Introduction

A semiconductor material is one having a specific resistance
intermediate between that of an insulator and a conductor, the
value of which decreases rapidly with rising temperature. Con-
sidering the atomic structure of such material, if sufficient energy
is provided, by heating for instance, electrons will be released
from their nuclei, each leaving behind it a hole. Under the
influence of an electric field, an electric current will flow, which
may be regarded as a movement of electrons in one direction
and a movement of holes in the opposite direction. In the case of
a pure or intrinsic semiconductor the numbers of holes and free
electrons are always equal. The two materials commonly in use
are germanium and silicon, both of which come from chemical
Group IV.

If a semiconductor is doped with an element from Group V,
say arsenic, the equality of free electrons and holes will no longer
exist, there being an excess of free electrons. An electric current
through such a material will then consist mostly of a flow of
electrons in one direction and relatively few holes moving in the
opposite direction. In this case the electrons are called majority
carriers and the holes, minority carriers. A semiconductor doped
in this way is known as » type material since the majority
carriers possess negative charge.

A similar state of affairs will occur if the semiconductor is
doped with an element such as indium from Group III. How-
ever, in this case an excess of holes will exist and these are the

23
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majority carriers. Since the majority carrier possesses positive
charge such a material is known as p type.

2.1. THE JUNCTION DI1ODE'"®

If a piece of semiconductor material is doped with p type
impurity at one end and » type impurity at the other, then there
will exist a junction between the two types. Some holes in the
p region will diffuse into the n region leaving the p region slightly

I, mA
Potential
I?ame;l' Turnover
| [ : voltage
=t (constant)
A + + + {8 %: T B : Ret;{erse Fgrward
o— - —}—o0 ias ias
+ + I ®| — | v
P i n ] Saturati?n
1 curren
(constant) 1T, pA

(a) (b)

Fic. 2.1.(a) Semiconductor junction showing the potential

barrier caused by the diffusion of charge carriers. Under these

conditions a potential exists between 4 and B. (b) Character-

istic curve of a semiconductor diode. Note the change in current
scale as the curve passes through the origin.

negative. Similarly, electrons from the » region will diffuse into
the p region causing it to become even more negative and leav-
ing the n region slightly positive. Due to this diffusion the junc-
tion assumes a condition of dynamic equilibrium and acts as a
potential barrier which opposes any further diffusion of charge.
The condition is illustrated in Fig. 2.1a.

If bias is applied to the terminals such that 4 is positive with
respect to B, it has the effect of reducing the potential barrier,
and current will flow. This current increases exponentially with
increasing voltage until the potential barrier is reduced to zero,
when it is limited only by the resistance of the semiconductor
material. If the bias is now reversed, the potential barrier is
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increased and the majority carrier is blocked. There is, however,
a finite current which flows, called the reverse saturation current.
As the reverse bias is increased this current remains constant
until the turnover point is reached, when the current increases
rapidly at constant voltage (Fig. 2.1b).

Thus, if a junction is biased in the forward direction, a fairly
large current will flow, but under reverse bias conditions, pro-
vided the turnover voltage is not reached, the current is extremely
small. In other words the device acts as a rectifier.

2.2. LEAKAGE CURRENT

This current varies from 1 to 200 pA for small germanium
units, while silicon units have values much less than this. In both
cases the current is dependent on temperature as is shown in
Fig. 2.2 for a transistor with open circuit emitter.

A

’ICBO<1

] ] 1 1 L
-40 0 40 80 120 160 200

Temperature, = °C

FiG. 2.2. Relationship. between reverse saturation current and
temperature for germanium and silicon.

The main causes of leakage current are:

(a) Minority carriers generated thermally, radiation effects

-~ and crystal imperfections. In these cases hole—electron
‘pairs are formed and the charge carrier, which is the

_ minority carrier, travels across the junction which is biased
.-~ against the majority carrier. Generally, thermal generation
‘ is the more significant cause and the reverse saturation

F-G/E. 2a
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current will increase by 10% for 1°C rise (or doubles for
an 8°C rise). Because of this, the use of germanium devices
is restricted to temperatures below about 70°C. Silicon,
however, is usable up to 150°C.

(b) Surface leakage. This is a significant factor with silicon
devices as the thermal current is very small within the unit
itself, and surface paths, often caused by contamination,
reduce the reverse resistance.

2.3. THE JUNCTION TRANSISTOR'®

A typical alloy type junction transistor is illustrated in Fig.2.3a
and consists of a sandwich of doped semiconductor material, the
base being more lightly doped than the collector and emitter,

pl:l n ]:]p

Emmer COIIeL?r I Ie-1c Ic
Emitter —base Base —collector
junction junction
Base forward biosed reverse biased

() (b)

Fic. 2.3.(a) Schematic representation of an alloy transistor.

(b) Representation of a pnp transistor by two diodes. I is the

emitter current, I is the collector current and the base current
1 B — IE - IC‘

and very thin. As the names suggest, the emitter roughly corre-
sponds to the cathode of a thermionic valve, and the collector
to the anode.-A pnp transistor is one in which the emitter and
collector are p type materials and the base is » type. There is a
pn junction between emitter and base, ahd an np junction between
base and collector, so it may be represented by two diodes as in
Fig. 2.3b. With the batteries connected as shown, the emitter—
base junction is forward biased, thus reducing the potential
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barrier, while the base—collector junction is reverse biased and
its potential barrier therefore increased, as illustrated in Fig.2.4.
The forward bias of the emitter—base junction causes holes to be
injected into the base where, since the base is » type, they are
minority carriers. Provided that they do not recombine with

Diffusion of
holes Hol
Holes oles
Holes /' Holes /' from
\ E B emitter
E 8 B C

B c

(a) With zero bias (b) With operating bias

FiG. 2.4. Potential diagrams of a prp transistor showing the effect
of biasing. The potential barriers are drawn as hills which the
holes have to surmount.

electrons in the base region, these holes will diffuse towards the
base—collector junction. This junction is, however, forward biased
for suchminority carriers, which are swept into the collector region
and give rise to a current in the collector circuit.

o PP D
- .
AL Is 1c
(o]
- —

(b)

FiG. 2.5.(a) Diagrammatic representation of pnp and npn transis-
tors. (b) Representation of the fundamental current relationships
in a junction transistor.

Not all the holes flowing from the emitter into the base will
pass into the collector region as a small proportion will re-
combine with electrons in the # type base. This loss of charge in
the base layer is made good by a flow of base current. Varying
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the base current varies the voltage across the emitter Junctlon
and so controls the emitter—collector current.

The action of an nmpn transistor is similar, except that the
minority carriers through the base region are electrons instead
of holes. Whichever type of transistor is used, it is necessary
that the emitter—base junction be forward biased, that is, with
the supply negative connected to device » and the supply positive
connected to device p. Likewise, the base—collector junction must
have reverse bias. This means that a pnp transistor has its collec-
tor taken to negative while an npr type has its collector taken to
positive. Since in thermionic valve circuits it is conventional to
draw the positive rail at the top of the circuit diagram,in this
book this convention is maintained for transistor circuits also.
The two types of transistors are therefore represented dia-
grammatically as in Fig. 2.5a.

2.4. FUNDAMENTAL CURRENT RELATIONSHIPS
In Fig. 2.50,

IE = IB + Ic. (2.1)
Let
AIB = iy,
AIC = ica
AIE = ie‘

Let the symbol x denote the ratio between collector current and
emitter current thus, « = i,/i,. This will be less than unity, since
i, is less than i, because of recombination of the minority carriers
in the base region. A typical value for x (the short circuit current
gain) is 0-98.

When a circuit is arranged such that the signal enters at the
emitter and is recovered at the collector, the transistor is said to
be in common base operation. Since i, = i, — i,

i, i o

i d.—i 11—«
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The ratio between collector current and base current is de-
noted by the symbol 8:

B=a/1~-x) (B=49 for « = 0:98).

Usually B ranges from 10 to 150. This implies a current gain
if the signal current enters at the base and is recovered at the
collector. A transistor used in this way is said to be in common
emitter operation. This is the most frequently used mode of
operation, because of the current gain which may be achieved in
this way.

In common emitter operation, the leakage current Iz, that
flows (when I = 0) is approximately 8/cg,. That is, 8 times the
leakage current in common base operation. As the collector
current is small, and current gain is a function of collector cur-
rent (low for small currents), the effective § will be of the order
of half the usual value. Thus, in the case where & = 0-98 and
B =49, if Icgo = 5 pA, then Iog, = 125 pA.

2.5. ELEMENTARY CONSIDERATIONS OF FREQUENCY
EFFECTS?

Charge carriers take a finite time to diffuse through the base
and this causes a reduction in current gain at high frequencies.
If the current gain at zero frequency &, = i,[i,, then

x = oco/<l + —';4), 2.2

with reasonable accuracy, where f, is the frequency at which the
gain falls to 0-7x,. Similarly, since § = «/(1 — &),

ﬁ=ﬁo/(1 +§f—) @3)

B

where § falls to 0-78, at f; = (1 — &) f;. This is illustrated for the
0C206 in Fig. 2.6.
The curve for the short circuit current gain follows closely the
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locus of a passive lag (a capacitor shunted by a resistor) up to a
frequency of f,/2. This relationship is used by Ebers and Moll
in switching analysis.®®> The common emitter short circuit cur-
rent gain B can be obtained from Fig. 2.6b. It falls from B, to

0-25

ya 0-25 05
T +

Simple

5 Mc/s L_ife

osl 2:5Mc/s o 100kc/s  IMc/s  10Mc/s

dB8

Current gain,

(a) (b)

FiG. 2.6. Variation of short circuit current gain « with frequency,
for an OC206. Up to 1.5 Mc/s the curve for « closely follows that
of a passive lag.

30 ol 6OMc/s
: 80
20 + T a0l 100
! 200
i - y
o , 5 20 250Mc/s
i
1
(o] Il L 3 1 A 3 )
10ke/s fg 100ke/s  IMc/s fr  f, 10Mc/s [+ -5 -10 -5
VC

() (b)

FIG. 2.7.(a) Curve showing relationship between f3, fr and f;.

For fy = 3 Mc/s and § = 10 (20 dB), bandwidth = f;/8= 300kc/s.

(b) Variation in gain-bandwidth product, with operating condi-
tions, for a high frequency transistor.

0-78, at approximate]y (1 — &)f;, and to unity at gz = 0-5. This
latter frequency is known as f;:

A

fl_ 1+¢3

2.4)
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where ¢ = 0-2 for homogeneous base transistors and varies
between 0-2 and unity for graded base transistors (§ 2.8).

Gain-bandwidth Product f"

If B is plotted against frequency, both on logarithmic scales,
the relationship is as shown in Fig. 2.7a. The gain-bandwidth
product f; is obtained by projecting the straight section of the
curve to intercept the unity gain line (0 dB). It can thus be de-
termined by finding g at any frequency on the 20 dB/decade
slope and multiplying this value by the frequency at which it
is measured. Thus, in Fig. 2.7a, f; = 3 Mc/s, and, at 20 dB
(B = 10) the bandwidth is 300 kc/s. The gain-bandwidth product
varies with operating conditions, as illustrated in Fig.2.7b.

2.6. VOLTAGE BREAKDOWN®

~ When the reverse voltage applied to a junction is increased

above a certain figure a “breakdown’ will occur and the reverse
resistance will fall from the usual high value to a low one. This,
in itself, will not damage the unit, but it is possible, under the
breakdown condition, for large currents to flow if there is no
controlling external resistance.

The three mechanisms of breakdown are:

(a) Punch through.
(b) Zener.
(c) Avalanche.

(a) Punch Through

The width of the depletion layer of a reverse biased junction
is approximately proportional to the square root of the voltage,
and it is possible for it to extend to the emitter junction. This
provides a way for holes to reach the collector, independent of the
base, and causes a short circuit between emitter and collector.
Thin based transistors, such as surface barrier types, have voltage
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limitations due to punch through, typically having punch
through values of Vpr = —5V.

(b) Zener Breakdown

This occurs when the number of added impurities is high (the
n and p materials have low resistivity). Application of reverse bias
can cause the valence band of the p material to overlap the con-
duction band of the n material and the junction will break down.
This is usually of no significance in the case of transistors where
the doping levels are low, but the phenomenon is usefully
employed in Zener and tunnel diodes. Zener breakdown is
usually confined to below 10 V.

(c) Avalanche

In lightly doped junctions, carriers entering the depletion
layer are accelerated by the field set up by the collector—base
voltage. If this voltage is high enough, the carriers can ionize
fixed atoms giving rise to hole—electron pairs which, in turn,
can cause further ionization. The voltage at which this happens
is the *“‘avalanche voltage™.

I (c=l

Emitter -20}
o/c

- o 1 TR J
Ve 10 100 k8 I0k®

Base resistance

(o) “(b)

FiG. 2.8. (a) Typical collector characteristic, with V. extended

into the breakdown region, for common base operation. (b) Maxi-

mum permissible collector voltage, for a given base resistance,
with transistor in common emitter connection. o
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The maximum collector voltage rating is frequently low for
applications where the base resistance is high, and is a minimum
for open circuited base V¢gy . The maximum collector rating is
Vesu Which is the collector-base voltage with emitter open cir-
cuit. In pulse circuits, the base-emitter junction is frequently
reverse biased, and there is S1m11arly a maximum reverse volt-
age Vpem.

Typical values for a transistor could be:
Veem = 40V; Vipyy =20V; Ve = 6V.

In most applications a safe working voltage will be between
Veem and Vepy.

In Fig. 2.8a is plotted a typxcal collector characteristic with
V. extended into the breakdown region. Figure 2.8b illustrates
how the maximum peak collector voltage, for an OC122, varies
with base resistance.

2.7. POWER DISSIPATION!®

In a transistor most power dissipation occurs in the collector—
base junction where the voltage gradient is a max1mum Using
peak instantaneous values, collector dissipation,

. Lm =T
Pc = vegic & ———, 2.5)
0
600 Clamped to 7x7 cm
= 16 SWG aluminium
[3
400
n_g 200

25 a5 65 85
Oc :
Fi1G. 2.9. The use of a heat sink reduces the thermal resistance 6,

" and thus increases the maximum permissible dissipation for a
given transistor.
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where Ty, is the maximum junction temperature, 7T is the
ambient temperature, and 0 is the rise in temperature, for a given
unit of power dissipation (thermal resistance).

" ExAMPLE. Ambient temperature 35°C, Tjy = 70°C and
0 = 1°C/mW,
Po= —2C _ _35mw.
- 1°C/mW

Figure 2.9 illustrates how the use of a heat sink reduces the
value of 6 for a given transistor.

2.8. SUMMARY OF TRANSISTOR TYPES

Low and Medium Frequency Types

Two general processes are employed, (a) alloy, and (b) grown
junction. Alloy types have a low collector resistance when bot-
tomed and are suitable for amplifiers and switches at low and
high powers. However, f; is limited to approximately 20 Mc/s
and beyond this frequency base thinness leads to mechanical
weakness.

Medium to High Frequency Types

Most new techniques are developing devices in this category,
providing values of f; between 20 and 1000 Mc/s.

Surface Barrier

Historically, the first mass produced h.f. transistor, the sur-
face barrier type, uses an accurately controlled etching process
to produce a very thin base upon which the emitter and collector
are electro-deposited. The main limitation is low punch through
voltage (6 V), and this manufacturing technique has been super-
seded by the micro-alloy process.
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Diffused Base

These are sometimes known as Graded Base, or Drift Tran-
sistors. By varying the resistivity of the base material, an electric
field is formed which causes the charge carriers to drift across
the base, rather than diffuse across, as with a homogeneous base.
This reduces the transit time and consequently increases the
upper frequency limit.

Mesa

The device is built up on material that forms the collector, and
opposite type material is diffused in to form the base. Two strips
are alloyed on to the diffused region, one forming the emitter
and the other the base contact. The narrow base width provides
a high f;, and the collector allows high power dissipation.

Epitaxial Mesa

The disadvantage of the Mesa transistor is the large carrier
storage which limits switching speed, and the high saturation
resistance. Both these limitations are overcome in the epitaxial
mesa, by laying a high resistance region on a low resistance
substrate, as illustrated in Fig. 2.10.

High resistivity Gold antimony Aluminium alloyed Oxide layer
epitaxial layer alloyed base type emitter
contact E B
Etched
region Diffused
gion™~—_ . n type
p type base
collector body| region Substrate

Epitaxial layer-
p +collector contact

Epitaxial mesa Diffused base mesa Epitaxial planar

Fic. 2.10. Construction of three widely used transistor types.
Compared with the alloy device of Fig. 2.3, the larger collector
volume permits much greater dissipation.
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Planar

Using silicon as the substrate, the surface is passivated by
oxidization, and diffusion is carried out through etched areas.
Such a technique reduces leakage current and provides high gain
at low current levels. Because of surface passivation the shoulders
do not have to be etched away, as is done in the mesa transistor.

2.9. STATIC CHARACTERISTICS OF THE JUNCTION
TRANSISTOR

In normal operation the input junction of a transistor is for-
ward biased and, unlike the idealized valve, power has to be
supplied to the input terminals. The output current is con-
sequently a function of both the input current and voltage.

Input Characteristics

In Fig. 2.11 curves are plotted of base current against base
voltage, with collector voltage constant, for the common emitter
mode of operation.

150 '
Is t\[ Ve =0
c
< VBET
1, 100|-
v‘; = 4'5

2

50 =

1 1 1 J
o 50 100 150 200 250

VBE . mVv

FiG. 2.11. The input characteristic.

Differential input resistance 4; = [%] (V¢ constant).
B
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Let the differential input resistance be denoted by the symbol
h,, such that

h, el [27?] (V¢ constant). (2.6)
Then on the input characteristic curve the slope at any working
point is equal to the reciprocal of &,. It is apparent that the input
curves are a function of the collector voltage. The input resis-
tance does not change greatly with collector voltage but varies
widely with base voltage. Typical operating values of A, are in
the range 500-2000 Q for small units.

The Transfer Characteristic

This relates output current to input current and is linear
except for very small and very large currents (Fig. 2.12).

5¢

V=45

mA

101

1 1
100 200 300
IB . a4 A

Fi1G. 2.12. The transfer characteristic. This is linear except for very
small and very large currents. The slope of this graph is the

current gain, h, = [ ] (V¢ constant).

The slope of the transfer characteristic is the current gain,
which for the common emitter case is defined as

hy =, [gjc] (VC constant) previously denoted by 8.  (2.7)
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Both the input and transfer characteristics can be easily measured
in the laboratory by supplying the input current from a constant
current generator.

The Output Characteristic

A family of curves is drawn (Fig. 2.13) relating collector cur-
rent to collector voltage with base current as parameter. This
can be used in the same manner as the thermionic valve anode
characteristics in which grid voltage is the parameter.

3 Ig=60pA
50 uA
<«
E 2 40 uA
S 30uA
— Y
! 20 A
-10pA
ILO ( ICEO)
) 02 04 06 08 10
Ve
Fi1G. 2.13. The output characteristic.
ol
Output conductance #, = 7 (I constant).
c

The slope of the curves is the output conductance, definedas:

oI |
h, =, l: M/CC:I (I constant). (2.8

It is commonly of the order of 50 x 10~° mho.

Voltage Feedback Characteristic

The fourth relationship is between output and input voltage
and is the voltage feedback characteristic. The slope of this
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curve is: Y ,
r lzf [6_]7:] (I B Constant). (2.9)

Voltage feedback ratios are typically of the order of 5 x 10—4.

2.10. SMALL SIGNAL REPRESENTATION

Hybrid Egquivalent Circuit

This representation makes use of A parameters. For given
operating conditions and small signals, the network of Fig. 2.14
represents a transistor at low frequency.

The equations of this network are:

Uy = hllil + hlzvz, (2.10)
iz = h21i1 + hzzl]z. (2.11)
iz
—o0
s/c
input
resistance s/¢ hy, o/c v,
o/c hy)i, current output
feedback generator admittance
voltage
—0

Fi1G. 2.14. Small signal Yepresentation of a transistor by a hybrid
equivalent network. A voltage generator is used in the input cir-
cuit, and in the output circuit a current generator is employed.

I 1’1 | I “11 1212 Il ll ' (2 12)
12 ”21 "122 1‘2 )

@hy, =h = [—?{'—“—] (V¢ constant), (2.13)

in

where

v .
= —L when v, is zero,

U
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that is when the output is short circuited for signal currents;

) hyy = h, = OV in (Ig constant), (2.14)
6Vout
= %' when i, is zero,
Vout

that is when the input is open circuited;

©) hyy = hy = l:%“—'—] (V¢ constant), (2.15)
in

i .
= — when v, is zero,
131

that is when the output is short circuited;

() baz = ho = [—%—] (I constant), (2.16)
out

i ..
= —2 when i, is zero,
U2

that is when the input is open circuited.

The values of these & parameters will vary according to the
mode of operation of the transistor. To denote which mode is in
use a second subscript, e, b or ¢, is added to the 2 symbol. Thus,

h;. = Input impedance, common emitter.

h,, = Voltage feedback ratio, common base.

h,. = Output admittance, common collector.

h;, = Forward current transfer ratio, common emitter.

T Representation

In this representation of the transistor the component parts
retain their identity in all configurations and this enables a rapid
appreciation of a network to be made (see Fig. 2.152a).

It is possible to obtain the values of r parameters from known
h parameters, and vice versa.
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ExampLE. (See Fig. 2.15b.)

hyy = h;, for common emitter operation,
= v,/i; with output short circuited.

(a) {b)

F1G. 2.15. (a) T representation for common emitter operation,
using r parameters. (b) The output is short circuited for the deter-
mination of 4, from r parameters.

Then,
Iy = UI:L=L:| — iy,
and
v =iyl + p) [M‘L:I ,
re + rd
also,
V; =0 + iyl
Therefore )
Fe.r
hyy=r+ 1+ B [__a‘:l
Fe + rq
Therefore

hiy = r, + r. since r, is much greater than r,.

In Table 2.1 is given the relationships between 4 and r para-
meters, in both exact and approximate form. Using these
approximations, r parameters may readily be obtained in terms
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of h parameters. For example, in terms of common emitter para-
meters,

T ,c=1_"_'k, =T g_p.
hoe hoe 1 + hfe
hre
ry, = hie (1 + hfe) = h — hrerc-

oe 2

2.11. TRANSISTOR BIAsING®YV

For operation the emitter-base junction must be forward
biased. This is different to the thermionic valve which can operate
with the grid—cathode reversed biased and consequently drawing
zero current.

The simplest bias method is to supply a base current which
will allow the required operating conditions. (See Fig. 2.16.)

101 p-=25mW ‘\ Ig=140p A
Re= 1k
TR
. 6
2 80p A
s ——— <~ = s‘SO;LA
',\ 40[1.? -~
2t T . 20pA
L Ig= O#A
o] 2 4 6 8

Ve

FIG. 2.16. Determination of the necessary bias current for a given
operating condition. Note that the operating point must lie below
the curve indicating maximum permissible collector dissipation.

Base Current Biasing

Iy = ﬁ__V” .17
Rp

Since Vg is very much less than Ve, Ip = Vec/Rp.
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TABLE 2.1
Exact Approximate, ry > ry, 7,
A r,
hye = rp +—°
e r. T ra ) 1—a
Vi|
hib— re +rb(1—0t)
ry +re
Vi| r,
hye = rp +—2
e re +r4 b 1—a
b — —(re — arp) o
e te +rg 11—«
—(ry +ary)
hyp =2 77¢ —
I re + 14
-—7, 1
hee = d —
’e re +rg 11—«
— re Ye
hre te +rg rg
ry Iy
by, = - b
i ry +re re
17
hrc = 4 1
re + rg
_ 1 1
te +r4 rq
1 1
hab— _—
ry +re re
1 1
h = —
e re +ry : ry

Where 4 = ror, + rlr, + ry(1 — &)]
= r,(r,, +r) + Tt
and rg= rc(l - 0‘)
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Thus, for R, = 1kQ and V¢ = 8V, for a bias current of

60
bA, Vee 8V
Ry = =Y
Iy

= 133 kQ.

I, = BIy + Icgo, where B is the large signal éurrent gain.

B = k_——lﬂ = 57 in this case. (2.18)
B

The small signal current gain f§, evaluated at the working
point, is 52, showing that the error involved in using g in place
of B is negligible.

Advantages of current biasing

1. Simplicity and small number of components required.

2. Biasing is largely independent of Vg, the base—emitter
voltage. The Vg required to maintain a given collector
current falls with increasing temperature. If Vg is very
much less than V¢ (or Vgp) the bias current Iy is largely
indepedent of Vgg.

Disadvantages

1. Izzo is not controlled and can limit the collector swing or
even bottom the transistor in extreme conditions. (Icgo is
doubled for each 8°C rise in temperature.)

6O pA
40pA A - oper:"inzgsycoun!

20pA
""3 = == Lceo8I°C B — operating point
- . — operati i
- at 61°C
T ——— ————52°C
—mm T T T S 3
—_— ~—— Iceo25°C

Ve

FiG. 2.17. Change in operating point due to increasing tempera-
ture, for a germanium transistor with base current biasing.
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2. The current gain increases with temperature and can vary
greatly with different transistors. Since the standing current
I = BIg + Icgo, the working point can also differ. This is
illustrated in Fig. 2.17.

In spite of the disadvantages, current biasing is very useful,
especially for experimental work. The change in operating point
is greatly reduced if large collector currents are used (so that
I is only a small fraction of I), and the loads are small.

Collector Feedback Biasing

Ideally, the transistor should be biased by a method which
prevents excessive shift of the working point, due to temperature
changes. Indeed, in the absence of such stabilization, or where
the stabilization is insufficient, thermal runaway may result. Ther-
mal runaway occurs when an increase in temperature causes an
increase in collector current, which in turn results in a further
increase in temperature. The effect is cumulative and can result
in the destruction of the transistor, although it normally only
occurs in high power stages.

The circuit of Fig. 2.18a is the simplest method of providing a
degree of stabilization to the operating point.

The performance equations of this circuit are:
Ve = Vec — IcR: (neglecting I in comparison with I¢),
Ic = BlIp + Icpo,
Iz = V¢/Rpe (neglecting Vg in comparison with V).
Combining these equations,
IC = ﬂVCC ICEO . RBC .
Rpc + pRc Rpc + BRc
Differentiating with respect to the leakage current ¢,
ol 1
6o 1+ BRc|Rpc .

(2.19)

(2.20)
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That is, a change 8.z, causes a change of (1/K) 81, where

1__ 1t @.21)

K 1+ BRc/Rsc
The factor K is the stabilization factor and should obviously
be as large as possible. In this case this is achieved by using a
transistor with a large .

o . 2] ov o I o
Cc
Rsc
2
—JI——o
Rac
2 % Re
e ® Vee

F1G. 2.18. (a) Stabilization of the operating point using collector
feedback biasing. (b) The feedback resistor is decoupled to eli-
minate loss in gain due to negative feedback.

Calculation of Rpgc

If, as in the previous example,
B=57,Rc=1kQ,Is=60pA and V=45V,
Rpc = VejIg = 45V[60 pA = 75kQ.
This provides a stabilization factor K = 1 + SRc/Rpc = 1-75.

Disadvantages

1. The collector current must always be greater than Icg,.
2. There is negative feedback at signal frequency unless de-
coupling is employed, as in Fig. 2.18b.
3. The degree of stabilization is relatively small.
The method is applicable for amplifiers in which overall
signal inversion occurs. It has the advantage that only one
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capacitor is used and consequently introduces only one addition-
al time constant. This is a very important consideration in the
case of feedback amplifiers. This form of biasing can be applied
over more than one stage, for amplifiers that have overall signal
inversion, as shown in Fig. 2.19.

A

R

—oQV

)b—l—ét 1 —o
I B
A4 A ﬂch ‘
FiG. 2.19. A three-stage amplifier with feedback stabilization. If

the collector voltage of the output transistor is half V¢, the
stabilization factor is K = 2.

Emitter Resistor Stabilization

This method is generally used with a voltage dividing network
to provide the base voltage, and is similar to cathode bias used
to stabilize the operation of a thermionic valve. Referring to the

Fi1G. 2.20. Emitter resistor stabilization. The capacitor Cg de-
couples Rg to prevent loss in gain due to negative feedback.

circuit of Fig. 2.20, the base voltage is set by the voltage divider
consisting of R, and R,:

Iz = Vg/Rg = (Vs — Vg)/Re = Vp/Rg,
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where Vj is much greater than V. (V3 is usually of the order
of 10 VB E')

If R, and R, are very small and R is very large, the circuit
is indistinguishable from the common base configuration. The
leakage current is then Icpo (not I¢xo) and of the order of 10 pA,
and Ip = Iz + Io-

Over a wide temperature range « only changes by a small
percentage and hence a good degree of stabilization is obtained.

The circuit may be represented by Fig. 2.21, in which

RB = R1R2/(R1 + Rg).

Fi1G. 2.21. Equivalent representation for determining the stabiliza-
tion factor.

Then, providing Rc and Rg are not very large,

Ic = Icgo + Bls, (2.22)
IE = IC + IB, (2.1)
IB — VBB - (VBE + REIE) . (2'23)
Rp
From these three equations,
IB — VBB _ VBE + REIC , (2‘24)

RE + RB RE + RB
and
o=t | Ve 1 (2.25)
K R+ Rz K
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if Vg is much less than Vg, and where

K=1+—PRe (2.26)
Rz + R
Differentiating I, with respect to Icgo,
O _ 1 (2.27)

K is thus the stabilization factor, and if R is very much greater
than Ry, approximates to 1 + . The designer can thus select
his degree of stabilization by suitable choice of values for Ry
and Rg.

DESIGN EXAMPLE 2.1

Required, a peak output signal of 3 V without distortion.
From the collector characteristic, let the operating point chosen
to suit this requirement be Vo = —8 V and I = 3 mA, for a
transistor operating from a supply of —12 V. The collector
voltage swing is from —5 to —11V, so a maximum of 5V is
available for Vg, which should be somewhat less than this
figure. Let Vi be —3 V so that, for I = 3 mA, Ry = 1kQ.

The ratio Rp/Rp is chosen according to the degree of stabil-
ization required. If Rp/R; = 3,

_ _RR,
B

= ——— = 3kQ. (2.28)
R, + R,

As I is wusually small, Vg = Vic. Ry/(Ry + R,). But
Vg = Vgr + Vg and since Vg is much less than Vi,

R,
Vg = —————Veec = Vg. 2.29
B Rl + Rz cc E ( )
Therefore
____12&_.= 3 and R; = 3R,.
R, + R,

F-G/E. 3
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Substituting in eqn. (2.28), R, = 4kQ and R; = 12kQ. Make
them 4-7 kQ and 12 kQ, which are preferred values. To give the
required V¢, Rc = 4 V/3 mA = 1-2kQ, and the circuit is as
shown in Fig. 2.22. A smaller value of Ry would increase the
stability, but would:

(1) draw extra current from the power supply,
(2) reduce the amplifier input resistance and provide a lower
resistance shunt path for input signal current.

F16. 2.22. Circuit of Design Example 2.1.

For most a.c. applications Ry is decoupled with a capacitor
to eliminate negative feedback. R in effect increases r. to
Ry + r, and the input resistance from (approximately) r, + fr.
to r, + f(r. + Rg), which reduces the voltage gain.

2.12. TRANSISTOR AMPLIFIER CHARACTERISTICS!?

The three different modes of operation, illustrated in Fig. 2.23,
have widely different characteristics, and these are now compared
so that a designer may select the mode most suitable for a given
application.

Current Gain

Common base short circuitcurrent gain = o = —hy; = —hy,
= 0-98. Common emitter short circuit current gain = 8 = h,,
= hye = 49. Common collector short circuit current gain
=1 +ﬂ=h21=hf¢-=50.
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fe
t"in % R,

o—

]
[
)

Common base

Ru

o

O O
Common collector

Fi1G. 2.23. Forms of transistor operation. The common emitter
arrangement is the one most frequently used since it can provide
current, voltage and power amplification.

V2= =i Re

C.B.

50
40|

CE.
CC. 20
10

L 1 L 1 1
10 102 10> 10* 105 10
R, &

(a)

FiG. 2.24. (a) Current gain as a function of load for the three

modes of operation. Note that for the common collector arrange-

ment the current gain is much greater than for common base.

(b) Hybrid equivalent network which is the same for all modes
of operation.
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The way in which current gain varies, as the load resistor Ry,
is increased, is shown in Fig. 2.24a. Referring to the hybrid net-
work of Fig. 2.24b,

f2 _ _hzl_GL_ (2.30)
From the short circuit value, current gain falls by half when
G = hzz-

Typical values for h,, are 1 MQ for common base operation

and 20 kQ for common emitter.

Voltage Gain

v, = —h.y i= —hy v — ﬁ1zvz . @31
has + G hy, + G, hyy
Thus,
b _ —has ="l 53
Uy hyshyy — hyshay + b G Ak + Grhy,
where

Ah = hyyhyy — h1§h21-

To obtain an approximate value for voltage gain the term 4;,0,
can frequently be omitted since the voltage feedback ratio 4;,

CB.
C.B,C.E. ¢E
ce -12060
0 c.C. 1000
o8t -|soo
o6l —600
04} 400
o2} -200
L 1 1 1 1
[+} 10 02 10® 10* 105 108
R, &

FiG. 2.25. Voltage gain as a function of load resistance. The com-
mon collector gain is less than unity, while that of the common
base and common emitter arrangements is very much greater.
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is small. Variation of voltage gain with load resistance is plotted
in Fig. 2.25.

C.B. Input Resistance

Referring to the T equivalent network of Fig. 2.23, and where
Ry is small, for the common base connection,

Vin = Fele + Iy(le — i) = I[re + (1 — ) 1],
where « is the current gain.
Fin = Unfin =re + (1 =) 1y = hye. (2.33)
As the current gain falls off for increasing R,, ri, tends to

Fe + 1y,

C.E. Input Resistance
Vjn = rbib + re(ie + ic) = ib[rb + re(l + ﬂ)]’ (2-34)

if Ry is small, and where § is the current gain. Thus ry, = 7,
+ (1 + B) r.and tends to r, + r. as Ry tends to infinity, as does
the input resistance of the common base arrangement.

C.C. Input Resistance

Uip = Nply + (Rp + 1) (e + i) = ipgry + (R + 1 (1 + ),

so that
‘rgnb = i'b + (RL + re) (1 + ﬂ). (2.35)

Thus, for small values of R, , common collector input resistance
is approximately the same as that of the common emitter con-
nection. However, since R; is in series with r,, for values of R,
between 100 Q and 10kQ, r,, is approximately equal to SR,.
The input resistance of the three modes of operation are com-
pared in Fig. 2.26,
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Tiny

Q
108

104
10°

102

10

10 102 0% 10* 105 1°
RLi
Fic. 2.26. Comparison of input resistance. For common base and
common emitter ry, tends to the same value (r, -+ rp), as Ry be-
comes very large. In the common collector mode of operation the
input resistance is directly proportional to load resistance over
a wide range.
. R, &

i iz o
hll
" g "
hizve 1 .
(b)
(a)

Fi6. 2.27. Output resistance as a function of source resistance.

Fout = V2fiz, i.€. the resistance seen when looking into the output
terminals.

10°

104

a

10°

fout,

102

10 102 10 104 105 10 107

Output Resistance

In common emitter operation the output resistance remains
relatively constant as the source resistance Rg changes, but varies
considerably for the other two connections.
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In Fig. 2.27b, and for common emitter operation, the current
generator provides a current which opposes the output current,
thus increasing the output resistance when base current flows.
The opposite effect occurs with common base and common col-
lector connections:

. —hy0,
i = ————

= and i, = i Ay, + Vyh,,.
h11+Rs 2 1% 21 2722

Thus, output conductance,

his. (2.36)

Power Gain

The power gains plotted in Fig. 2.28 are for the case in which
the power source is matched to the input resistance of the
transistor.

60

50}

40

30

dB

10 102 103 0% 1% 108"
RL! a

F1G. 2.28. Power gain as a function of load resisténce, for the case
where the signal source is matched to the input resistance of the
transistor.
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Performance of Transistor Amplifiers

Because of its ability to provide both voltage and current
amplification the common emitter configuration is the one
generally used in transistor amplifiers. It is also preferred be-
cause its input and output resistances are normally of a more

Vi Srin2 az Ry W

9y lin

Fi1G. 2.29. Approximate equivalent network of two transistors in
tandem.

useful magnitude and are reasonably constant. In tandem con-
nection the common emitter (due to the current gain) can pro-
vide voltage amplification. If g is the current gain of each stage
then, referring to Fig. 2.29,

. —ay . Fin2 i}
Uy = —@Qgelp2 o ljn & —— . Ujp. (2.37)
Finy
v = @14, Ry,

a,az
= . RLv.n, . (2-38)

Fin1

if Tiny = Fin2-

For common emitter operation, if the output and load re-
sistances are equal, the voltage gain is equal to the current gain
which will generally approach 8, being in the range 10-80. If
the load resistance is very much greater than r;, the gain is in-
creased as long as a, is not significantly reduced.

For common base, with equal input and load resistances, the
current gain is less than unity and there will be no voltage gain.
If R; is greater than ry, there will be a voltage gain, but stages in
tandem provide no increase in gain unless impedance transforma-
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tion is provided (transformer connection). For common col-
lector, the input resistance is a function of load resistance,
Fip = alazRL. ThuS,

a,a,R, a,a, R,

UL = —_—— Uin = Vin = Ujp. (2.39)
Tiny aa,R;

2.13. EXAMPLES

(a) Common Emitter

Figure 2.30a is a three-stage direct coupled amplifier, each
transistor having the s parameters, h,; = g = 50, h;, = 1kQ,
hy, = 5x10%and h,, = 50 x 10~°. The hybrid representation
of a single stage is drawn in Fig. 2.30b.

(a)

FIG. 2.30. Three-stage d.c. amplifier with an equivalent network
of one stage.

Due to the low input resistance v, is small, and since A, , also
is small the voltage generator A4,,v, may often be neglected for
approximate calculations.

The current gain

lo_ut_ = hzlgin . (2.40)
iin hyy + G + g

The output voltage
v, = fi;, X shunt resistance
hyy

= i (2.41)
hyy + G + g

F-G/E. 3a
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As g, is very much greater than G, and h,, there is efficient
current transfer.

Stage current gain, a = 40, so overall current gain = (40)3
= 64,000.

Transfer resistance = Voy /iy = a® - Ry = 3-5 x 102 Q.

Voltage gain

Z, . @R, . 350x 10°

£t = = = 35 x 10°.
Tin Tin 1000
o - ©
l Via Set
voltage -3V
!-——OVM
V.o S50mA
2mA
Difference
amplifier | gq
o—{ (i
Vec—l12V
O A L —0

FIG. 2.31. Regulated power supply using a compound common
collector stage. The excess voltage V¢c — V, appears across the
compound stage.

(b) Common Collector

In the stabilized power supply of Fig. 2.31, V), is to be held
constant at —3 V for all values of current between 0 and 1 A.
The output transistor must therefore be capable of dissipating a
maximum power of 9V x 1 A = 9W. When drawing 1 A at
3 V the effective load resistance is obviously 3 Q. This does not
appear across the difference amplifier output since the input
resistance to the common collector current amplifier,

rln # 3 thl thz th3.

Given that h,; = 40, h,, = 25 and k.3 = 20, r;, = 60 kQ.
The difference amplifier is therefore only lightly loaded by the
current amplifier.
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(c) CE-CB-CC d.c. Amplifier (Fig. 2.32)

The common collector output stage provides a low impedance
voltage output. The input resistance of this stage, for Ry = 5kQ,
is B3Rg= 200 kQ. Thus the effective load presented to the com-
mon base transistor is 100 kQ. Since the current gain of such a
stage is unity, its transfer resistance Ry, is also 100 kQ2. Current
gain provided by stage 1 is approximately equal to 8, of T since
this transistor feeds into the low input resistance of the common
base stage. Thus the over-all transfer resistance (output voltage
divided by input current),

RT = ﬂlRTZ =35 MQ.

This implies that 1 pA of input current gives rise to an output of

SV.
0 +30V
% B2=40
B, =50 @
T éji
————o

% tvou'

o * o0V

Re %mz
-30V

Fic. 2.32. A d.c. amplifier using common emitter, common base
and common collector stages in tandem.

2.14. SUMMARY OF THE CHARACTERISTICS OF TRANSIS-
TOR AMPLIFIERS IN TERMS OF r PARAMETERS

For the three basic configurations of transistor amplifiers,
Table 2.2 sets out input and output resistance, and voltage and
current gain, in terms of r parameters.

In this table the top expressions in each case are exact, while
the lower expressions are approximate.
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CHAPTER 3

The Capacitively Coupled Amplifier

Introduction

In applications where an amplifier is not required to operate
on very low frequencies (below 1 c/s) transformer or capacitor
coupling is used. This isolates the d.c. voltages of an anode
(usually of the order of 100 V) from the grid of the following
stage.

Transformer coupling is frequently used with tuned ampli-
fiers and in applications where a low resistance is required
between the grid and cathode of a valve. Capacitance coupling
is very widely used because of its simplicity and cheapness.

3.1. BANDWIDTH

The capacitively coupled amplifier has a finite bandwidth (see
Fig. 3.1.) The gain falls off as the reactance of the coupling
capacitor increases at low frequency, and also at high frequency
due to the shunting effect of the stray capacitance between anode
and the earth or common connection.

Equivalent Network

If the valves of Fig. 3.1 are replaced by incremental models,
and the cathode bias resistor Rg is bypassed by the capacitor
Ck, the gain and frequency response can be obtained from the
equivalent network of Fig. 3.2.

The capacitance C, is made up of the valve anode-cathode
interelectrode capacitance together with the shunt capacitance

61
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due to the valve holder and wiring. C, represents the input
capacitance of ¥, together with the stray wiring capacitance.

oVaa 20 —~+—Midband

|
l— Bandwidth—1
Af=f—1,

Voltage gain
»

{
|
1

! 1 1 1 ) i
t 10 102 10® 10% 105 10®
Frequency, c/s

(b}

FiG. 3.1. (a) A capacitively coupled amplifier stage. (b) Gain plot-

ted against frequency. The upper and lower bandwidth limits are

£, and £, i.e. the frequencies at which the gain has fallen to 1/4/2
of the midband value.

FiG. 3.2. Incremental representation of the amplifier of Fig. 3.1,
neglecting Cx and Rg. C; and C, are shunt capacitances.

3.2. DETERMINATION OF GAIN AND FREQUENCY
RESPONSE

Midband Gain

The gain of an amplifier is determined at midband frequency
where C¢, C; and C, can be neglected:

‘midband gain = vy /tin = Ao = —&mR, (3.1)
where
1

R = S—
g8 + GL+ Gg

1
G
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This is apparent from inspection of Fig. 3.3 since vy, is
produced by the current g,v;, flowing through g,, G, and G¢
in parallel.

g A
G=
tvi“ Vo T 9a G %GGTVM 3g,+Gu+Gg
GmVin K
o, d

FiG. 3.3. Midband equivalent network of the circuit of Fig. 3.1.
Gain == Ao = gmR.

High Frequency Gain

As the operating frequency of the amplifier is increased, the
reactance of the shunt capacitance between anode and earth,
1/o(C; + C,) in Fig. 3.2, decreases. When this approaches R
in value it can no longer be neglected. Hence the high frequency
equivalent network of Fig. 3.4. The output voltage is developed
by the generator current, g,,01,, flowing in G and Cs in parallel:

Al(s) — vout(s) = —8m = —8m 1 ,
v1a(S) G + sCs G 1+ sCJG
—dg— (where T, = & = ¢,R). (32
1+ 8T, G
6
(o]
Vin I
O

‘F1. 3.4. High frequency equivalent network. High fréquency gain,

A1(jw) = A »

1
—— where T} = CsR.
° 1+ joT, rTs

As shunt capacitance is always present, the gain will always
fall off at high frequencies,
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High Frequency Response

The frequency response can be obtained by substituting jw
for s in eqn. (3.2):
1

A(jo) = A —_—
1(jo) ° 1 1 joT,

and, rationalizing,

o 1 .
Aj0) = s (L= o),

= |4;(jo)| ¥ 0,,

A,
JIL + (@T)2’

and 0, = —tan—! wT;.

where  |A,(jw)] = 3.3)

At very high frequencies, i.e. frequencies at which & > 1/T,
(and consequently wT; > 1), the real part of the gain expression

w nncreosmg
T+ (uT.

wT.
/ //q,/ 01+ v.n'.)
(a) AOV ==gm RVin

F16. 3.5. () Resolved components of high frequency gain. (b) Po-
lar diagram of output voltage as a function of w. As w becomes
very large 0 tends to 90°.

is very small and 4,(jw) tends to —j(A4o/wT,). This implies that
the phase is retarded 90° on the midband value, and gain falls
inversely with frequency. The locus of the gain lies on the circum-
ference of a semicircle with midband gain as diameter (Fig. 3.5b)
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Bandwidth Limit

The upper bandwidth limit is the frequency at which the gain
falls to 1/\/2 of the midband value 4,. From eqn. (3.3), the
upper bandwidth frequency w; = 1/T;, since

4o _ Ao
Ja+1n o 27

The angle of the phasor relative to A4,,

[41(ewy)| =

6; = —tan~! 0T, = —tan~!' 1 = —45° (see Fig. 3.6).

AgVin

AOVin

J2

Fi1G. 3.6. Phasor for w; = 1/T; . o, is the radian frequency at
which A falls to 4o/\/2.

ExaMpLE. Valve EF 86. This is a pentode with r, greater than
1 MQ. When used with an anode load resistance of 100 kQ the
measured gain is —150. (The negative sign indicates signal in-
version.) . ;

The midband gain 4, = —g,R, where R in this case is
approximately 100 kQ (i.e. R;). Thus,

gn = —0 __ — 15mAJV.
100 x 103

By measuring the upper bandwidth point f; = w,/27, the
shunt capacitance can be determined. For f; of 80 kc/s, and
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allowing 115 pF for the oscilloscope probe,

w1=i=2nx80x103,
T,
1 1

w,R 27 x 8 x 10°

C, = = 20 pF.

Thus, the valve output capacitance C,; and wiring capacitance
equals 20—11-5 = 8:5 pF.

3.3. ESTIMATION OF FREQUENCY RESPONSE USING
STRAIGHT LINE AsYMPTOTES!®
The magnitude of the gain is given by eqn. (3.3),

_._A.__
JI + @T)?]

At frequencies where wT, is very much greater than unity

|41(joo)| =

A
A (jo)| = —=2.
|41 (jeo)l o,

The gain falls as o increases. If the amplitude of the gain at
frequency o, is A,, then at frequency 2w, the gain will be 4,/2.

Doubling the frequency is an octave change and thus the gain
is halved for each octave. By similar reasoning, a decade increase
in frequency reduces the gain by a tenth. As shown in Fig. 3.1 it
is usual to employ logarithmic axes so that at frequencies
w > 1/T the gain curve is a straight line:

A 1 (j wa)

20 log -
AZ(.] 2(1),,)

A )
= 201log;¢ —— = 20log 2 = 6 dB.
g10 4.2 g

a,

That is, the gain falls at a rate of 6 dB/octave, or 20 dB/decade.
The straight line representing |4;(jw)| = Ao/T; is shown in
Fig. 3.7. If the line is projected back so that it meets the midband
gain line, it will do so at w, = 1/T}.
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In the previous section it was shown that at w, the gain had
fallen from Ao to Ao//2, a fall of 3 dB, since 20 log;o+/2 = 3.
The error in taking the straight line approximation of the ampli-
tude response is shown in Fig. 3.7 to be a maximum of +3 dB
at o, falling to +1 dB at w,/2 and 2w,.

ke/s

. w, /2
< [Ay=-150] \ w, asymptote error+3dB
> ° T T+ 2w, error + idB
°m Error +|dB J|~
% © -5k . Slope 6dB/octave
- m—— 1
K ol | T, | : _/or 20dB/decade
L |
-I5r Bandwidth !
80
1
I

|}
(3
o

Phase angle, 8,
degrees
]
5 o
/

\ .y
20ke/s 50ke/s 100kc/s 200ke/s 500kc/s IMc/s

Fic. 3.7. Frequency response using straight line asymptotes. Gain
is relative to midband. Straight line approximation is made by
projecting down from w; (= f;/27) on the 0 dB axis, at a slope of
20 dB/decade. Note that the ordinate is gain relative to Ao.

It is convenient to draw the amplitude response relative to
the gain 4,. A negative sign shows that the gain is less than 4,
and the bandwidth is given by the frequencies at which the
relative gain is —3 dB:

relative gain = —201logy,

Ao
A(jo)

The straight line approximation for 4 = [4o/(1 + jwT})| can
be drawn by projecting down from w, on the zero relative gain
line at a slope of 6 dB for each octave of frequency. Often it
is more convenient to use the slope of.20 dB/decade as the
relative gain axis is usually calibrated in tens and the loganthmlc
frequency scales repeat in cycles of ten.
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Consider the example:

R =100kQ, C;=20pF.

T, = CR =2 x 106 sec.
1

0wy =—=15x 1051/s
T,

w
fi= 5—;— = 79-6 kc/s.
From f, the asymptote is drawn with a slope of 6 dB/octave.

3.4. GAIN-BANDWIDTH PrODUCT

The lower bandwidth point of an amplifier can be reduced in
frequency by increasing the coupling capacitor, and can be elimi-
nated by direct coupling the stage. (See Chapter 6.)

The high frequency bandwidth point is largely a function of
the valve and its value can be considered to be the bandwidth as
far as the valve is concerned. This is shown in Fig. 3.8.

Gain
n

oF—--=—4-—-

20 40 80
Bandwidth, Mc/s

FiG. 3.8. Gain plotted against bandwidth for a gain-bandwidth
product of 80 Mc/s. If a gain of 80 Mc/s is required, the gain is
unity.
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Thus the bandwidth, in radian frequency,

1 ! I/s. (EX))

" T, CR

C, is the total shunt capacitance of an amplifying stage and
will in general be made up of the valve input and output capaci-
tances, together with the wiring capacitance. R is the total
shunt resistance as in Figs. 3.1a and 3.3.

As the gain of an amplifier is 4, = g,R [eqn. (3.1)],

Wy

) . 1 g
ain x bandwidth, A, w; = g,R X = 22 1/fs.
g . oWy = & C.R C. /
Thus,
. . &m
ain-bandwidth product = —=—— ¢/s, 3.5
g P o / (3.5)

S

which is independent of the effective load resistance R.

This implies that once a valve has been specified the gain-
bandwidth product is fixed. For a given gain there will be a
resulting bandwidth of

Em 1
= —— X — C/S.
/i 22C, A, /

ExampLES. Consider a valve with g, = 10mA/V, and
Cs = Cin + Coue = 20 pF:

3
gain x bandwidth = 10 x 107 = 80 Mc/s.

27 x 20 x 10-12

If a gain of 10 is required, the bandwidth will be 8 Mc/s. For
an amplifier with 80 Mc/s bandwidth, the gain is unity. Thus for
wideband amplifiers, the g, should be as large as possible and C;
as small as possible. ‘

The g, is usually increased by reducing the grid—cathode spac-
ing, which can be made very small with modern * frame-grid”
construction. This unavoidably increases the input capacitance.

Present- day wideband amplifying valves have g,, = 50 mA/V
and gain-bandwidth product in the region of 250 Mc/s.
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Reduction in Gain-bandwidth Product with Large Anode
Resistors

Although the curves of Fig. 3.8 are theoretically correct, in
practice a large anode load resistor will mean that the valve will
be run at a lower current than for a sthaller resistor. This is be-
cause it is awkward to have an anode supply higher than about
300 V. The lower current means a lower g,, and, consequently,
a smaller gain-bandwidth product at high stage gains.

3.5. Low FREQUENCY GAIN

As the frequency of vy, in Fig. 3.1a is reduced, the reactance
of the coupling capacitance 1/wCc increases and is no longer
negligible compared with R;. The output voltage v, is no
longer equal to v,, the anode voltage, but tends to zero as @
tends to zero. '

This is shown in the amplitude response of Fig. 3.1b.

A Cc

G
Q
g G G
1‘1“‘ u ) ¢ Vin
Gm Vin

OoO—

o
(a) (b}

FiG. 3.9. Low frequency equivalent network. The shunt capacit-
ance C, in Fig. 3.4 is ignored since its effect is negligible at low
frequency.

At low frequency it is possible to neglect the shunt capacitance,
because its small value and the low frequency combine to
produce a reactance that is much greater than the effective re-
sistance R. »

Figure 3.9 is a valid equivalent network at low frequency pro-
vided Ck is still effectively bypassing Rg.
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The nodal equations for Fig. 3.9b (see Appendix A) are
(Gl + SCC) Ug — sccvout = —8&mly>
—SCCU,, + (GG + SCC) Uout = 0,

where v, is the anode voltage, v,,, is the output voltage and v, is
the grid voltage (= vy,).

The gain expression, 4,(s), is now a function of s (= jo for
sin usoidal inputs):

AZ(S) = Uout(s) — "'ngCC
ia(s) (G1 + sC¢) (Gg + 5Cc) — (sCc)?

— ~&m
G, + Gg + (G1Gg/sCo)

Removing the factor G; + G5 = g, + G + Gg = G,

—&m 1
Axfs) = ——Em .
Gl + GG 1+ [GIGG/SCC(GI + GG)]

1
° 1+ [(g, + Gy) Gg/sCelga + G + Gl

since 4, = ——&m
G, + Gg
Therefore

1

Az(s) = 4, mz) >

(3.6)
where T, = CcR, and

R=g,,+GL+GG - r,,RL +Rg.
(ga + GL) GG Ta + -RL

If
roRy

R
¢ ra+R;_

v

» Ty = CcRg.
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Low Frequency Response

The frequency response can be obtained by substituting jow
for s:

. 1 A, 1
A W) = A = . 1 _

je) 0 1 + (1jjoT?) 1 + (joT,)? ( ijz)
= |4,(jw)| ¥ 0, 3.7

where . A,

|42(jo)| = ,
z JI + (10T,
and
0, = tan™!
oT,

At very low frequencies (i.e. frequencies at which w < 1/T,
and consequently wT, < 1) the real part of the gain expression
is very small and A(jw) tends to jdowT,, implying that the phase
is advanced 90° on the midband value and the gain falls directly
with frequency. The locus of the gain lies on the circumference
of a semicircle with the midband gain as diameter (Fig. 3.10).

\ AolifT) Midbood e p—Vin
S~ 14(l/wT,)?

r

— A
A, °

1+ (I/wT,? . ) 2(j@hVin
w increasing
(a) : (b}

FiG. 3.10. (a) Resolved components of low frequency gain.
(b) Polar diagram of output voltage as a function of w.

Estimation of Frequency Response

This can be done in a similar manner to the high frequency case.
ExampLE. Consider the second valve of Fig. 3.1a neglecting
(for the present) the cathode network:

r,=17kQ, R, =25kQ, R;=150kQ, C¢=01pF
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and
gm = 2mA/V
From eqn. (3.6),
ToRe | R, =160 kQ.
Tq + RL

T, = CcR = 0:016 sec.
1/T, = 62-51/s.
f2 = w2/2n = 9-98 C/S.

W3

The breakpoint for the approximate curve is the 3 dB fre-
quency, f> = 10c¢/s, and the asymptote is drawn from thls
point with a slope of 6 dB/octave.

FiG. 3.11. Triode amplifier with cathode bias and bypass capacitor.

3.6. EFFECT OF CATHODE BYPASS CAPACITOR ON
FREQUENCY RESPONSE

The gain of the netWork of Fig. 3.11 is

—URy
ra+ Ry + (u + 1) Zg

from eqn. (1.12). Substituting

_Re
1+sTK’

ZK=
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where Tx = CxRg,

A(s) = ey
r,,+RL+([l+ l)RK
1 + sTx
1+ {sTy(ra + R)[lra + Re + (u + DRI}
or
As) = Ay~ 5Tk (3.8)
1+ sTx
h
wiere A _ —MRL
K r,,+RL+(,u+1)RK
nd
a TI'( — s + RL

K e+ R+ + DR

At operating frequencies Cx bypasses the cathode resistor
as its impedance is very much less than Ry, and the gain is

—pR,
Ao = ——— (= —gumR).
Ty + RL
. Rise of .6dB/octave R
< dueto Ty ,/ Agigar
28« O~ —TT-TT T N
[ I~
z 8 | N Fal of 6dB /octawe
5 P : due to T¢
i A= :n“':l' R | -
1o +R H{pt Ry fatRHp+IR,
-20 logg— 57, : :
! !
- 2 : t
@ +s0}- “"ll/T" v -lﬁ" Leod due to T
P | |
-3 ) Resultant
§g o : !
2 ° ; Lag due to Ty
S -90 L
a Log frequency

FiG. 3.12. Straight line approximation of eqn. (3.8). Effect of
cathode bypass capacitor at low frequency. At midband the bias
network has no effect on the frequency response.
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At very low frequencies Cx becomes less effective and

A(s) = —#Ry )
ra+ Ry + (u + 1) Ry

Cx must be made large enough to ensure that it is effective in
‘bypassing Ry in the required operating frequency band.

The frequency response is of the form of Fig. 3.12 and can be
obtained by applying the methods of § 3.3.

o ® ° OVA A

Rs

ik

O—————¢—%—Opv

FiG. 3.13. Pentode with screen grid decoupling. Signal currents
are passed to earth through the decoupling capacitor C;.

3.7. EFFECT OF SCREEN DECOUPLING ON FREQUENCY
RESPONSE

When the screen grid current is supplied from a series re-
sistor, as described in § 1.7, gain will be very much reduced un-
less the impedance of the screen network is made negligible by a
decoupling capacitor. Such a network is shown in Fig. 3.13.

Screen Grid Degeneration
The signal voltage developed at the screen grid'is
vy = —m—m VUin» (3.9)
since the screen acts in a manner similar to the anode of a triode.

If the screen is fully decoupled the voltage v, is zero, as Zg is
effectively zero.
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As the signal frequency is reduced the impedance of Cs will
increase and at zero frequency Zg, which is Rg in parallel with
Cs, becomes Rg.

If the screen voltage varies, the signal voltage at the anode is
less than it would be if the screen were held constant.

If vy, is positive-going, v, will fall, if not decoupled, reducing
the g,, and consequently reducing the anode voltage change.

The simplest method of assessing the effect of the screen grid
is to use eqn. (3.9) and refer the effect of v; back to the control
grid.

oVy
s = I constant), 3.10
“ [ an] s ) (3.10)
rg = OVs (Vi, constant), (3.11)

ol

Rs

Z(s) = ——88 M8 . 3.12
s(5) 1 + sCsRs ( )

These parameters are defined in the same manner as u and
r.. The anode voltage has only a second order effect on their
values.

The voltage at the screen grid can be referred to the control
grid by dividing v; by ys.

Thus vy, + vy/us is the effective control grid voltage, and

Zs Ny, — . (313)
rs + ZS

vy, (effective) = vy, (1 _—
s + ZS

The voltage gain,

A(s) = A, I [where A, is the midband gain, see eqn.

rs + Zs (31)],

= Ao ts . 1+ SCSRS , (3.14)
rs+Rs 1+ [SCSRS’S/(RS + r9]

a4 15T (3.15)

S s
1+ sTg
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where
r
Ag=A .,
s ] o+ Rs
Ts = CsRs
’ Ts > Ts.
Ty = Tg ——
Rs “+ rs

ExampLE. Referring to Fig. 3.13, let the valve be an EF 86,
R, = 100kQ, Ry = 390 kQ, Cs = 0-002 uF and V5 = 110V.
The measured values of r; and p, are 110 kQ and 40 respectively.

Ag —gnmR= -I50 e

Relative gain,
d8

Lead due to T,
==35 fs S
L3
g HasE Resultant
28 Leaa
o “a’ o
§3 Lag
£ Lag due to T¢
H 1 1 1 1 - A ]
100¢c/s 200 400 600 . lke/s 2 4 6 10ke/s

F1G. 3.14. Measured and calculated response for partially de-

coupled screen grid. Maximum phase shift is 60° at f = \/(£.f7).

The straight line approximation is drawn by joining f; on the 4
line to £} on the Aj; line.

Voltage gain, with screen decoupled, 4, = —150.
Voltage gain, for wCs = 0, 4y = —35.

Ts = CsRs = 7-8 x 10~* sec, .
r

Ts =Ts —— = 1-7 x 10~ sec.
rs + RS
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Therefore ws = 12801/s, o} = 58001/,

fs=260cfs, fs=920c¢/s.
The frequency response of this example is plotted in Fig. 3.14.

and

3.8. ANopE DeEcoUPLING (Fig. 3.15)

Anodedecoupling can be used to eliminatesignal currents from
the power supply of a network. It will also reduce the possibility
of signals entering a network from the power supply leads. In

Signal
current

O——

o > O
(a}

FiG. 3.15. Circuit to show anode decoupling, and its equivalent
network.

multistage systems, the power supply forms a common impe-
dance and, unless this is very low (as it is with most voltage
stabilized supplies), the coupling due to this element can cause
oscillation. The frequency of oscillation will be that at which the
low frequency phase shifts provide an over-all phase shift of
360°, thus causing positive feedback. This low frequency os-
cillation is called “motor-boating”. All power supplies tend to
have a low impedance at high frequency because of the shunt
capacitor of the output filter.
The gain of the network of Fig. 3.15b is

—u(Ry + Z)

A= ,
r.+ R, +2Z,
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~where R,

1+ sC,R,
(i.e. R, and C, in parallel). Thus

AQ) _ _—#R. 14 [Ry/R(1 + sC,R)]
fot Ry 1+ [Ri0o+ R+ SCRIL (30
- 4, 1 + sC,R4 + (R4/Ry) (3.17)
1 + sC.R4 + [Ryf(ra + RL)]
= A, 1 + (R4/Ry)
1 + [R4/(ra + Ry)]
1+ [sC,RR/(R, + R))]
1 + [SCA(ra + 'RL) RA/(RA + RL + ra)] (3 18)
=4, 2T here A, = Ag— T RaR)
1+ sT, 1 + [Ryf(ra + Ry)]
.19
TA - CARARL and TA = CA(ra + RL) RA

r,,+RL R,4+RL+ra
(i.e. T4 > T).

ExampLE. Anode decoupling is required to reduce any 50 c/s
component of the power supply by 100 (i.e. 40 dB).

As f becomes very large the alternating voltage at the anode,
due to the power supply, is proportional to v,/jwC,R,, where
v, is the ripple voltage.

The attenuation of a simple lag is 20 dB/decade (§ 3.3). To
reduce 50 c/s ripple by 40 dB it is necessary to introduce a break-

point two decades below 50 cfs, i.e. at —15606- c/s. Therefore
1 _ 272x350

C.R, 100

which yields C = 2u, R = 150 kQ.

W, = = 314,
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This network will cause the gain of the amplifier to increase
at low frequencies and will give a phase lag (see Fig. 3.16).

Thus it is possible for anode decoupling to be used to extend
the low frequency bandwidth by making f, coincide with the
3 dB point of the coupling network.

A' —p (RL+Ra)

g AT TR+ Ry £

£

[-]

o

o

2

]

e st Lead due to Ty
< - +45
3 e Resultant
g5 °
cg Lag
© -45
s Lag due to T,
= N .
o | 1 1 +

06 ] 2 4 3 10
c/s

FIG. 3.16. Phase lag due to anode decoupling for a valve with
u =100, r, = 100, R, = 50k&, R, = 150k and C, = 2 uF.
Note the increase in gain at low frequency.

3.9. AMPLIFIER TIME RESPONSE®®

Complementary to the frequency response of a network is its
behaviour to a step input. This is the time response, as the am-
plitude of the output signal varies with time.

The expressions obtained as functions of the complex variable
s can be transformed into functions of time as follows.

Effect of Shunt Capacitance (see Fig. 3.4)

When a step of voltagé is applied to the input of an amplifier,
the output voltage can rise only as Cs is charged. Thus,
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for a fast rise, the time constant CsR must be as small as
possible.
A

Vout(s) = m vin(s) [from eqn. (3.2)]
Ao 1

== +——_ (for unit step input).
T, s(s+ 1/T)

Thus
Vout(t) = Ag[l — exp (—¢/T;)] (from transform pair No. 3).
(3.20)
This expression is shown in Fig. 3.17.
Initial slope of response at ¢ = 0 is
d m
= aulto) = 22, (3.21)

dt C,;
which is identical with the gain-bandwidth product [eqn. (3.5)].

Ideal response

Ao | -
Q(l—eTl )
P |~ Inifial rise =g,,/c,
i
t=0 t=T,
Input
-1

F1G. 3.17. Response to a negative step input showing the effect
of shunt capacitance on performance.

Effect of Coupling Capacitance (see Fig. 3.9)

When a step function is applied to the coupling capacitor the
full value appears at the grid terminal. As the capacitor charges,
this voltage falls to zero on a time constant 7, = C.R, as shown
in Fig. 3.18: ~

i Ay

Vou(s) = m

vis(s) [from eqn. (3.6)].

F-G/E. 4
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For a negative step function input,
out(f) = Ao €xp (—1[T5) (3.22)
(from transform pair No. 2).
In most applications 7, will be much greater than the length
of any pulse 7 that constitutes the input signal. The top of the

/Ideul response

Ao
Slope=-A,/T>
Output -t
signal Age™
t=0 fst
Input I
bl

FiG. 3.18. Time response to a step input showing the effect of
coupling capacitance.

Ideal response i
09V -1 __§a_g
Output
0V, _]

Input

- T —

FiG. 3.19. Pulse response showing the effect of Cg and Cc. Rise
time is the time the waveform takes to rise from 0-1 to 0-9 of its
final value.

pulse falls linearly with time and the slope is proportional to
1/T,. If C is infinite (or the amplifier is direct coupled) the slope
will be zero. The fall in output amplitude is called “sag”.

»
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Combined Effects of Coupling and Shunt Capacitance

If the high frequency performance is inadequate, the rise time
will be excessive, while large sag indicates poor low frequency
performance (see Fig. 3.19):

Rise time = 2-2 R, C,. (3.23)

Percentage sag = . 100. (3.29)

cir G

3.10. TANDEM STAGES

As straight line asymptotes are in logarithmic form, they can
be added arithmetically. An example is given in Chapter 6.

3.11. TRIODE AMPLIFIER
DESIGN ExXAMPLE 3.1

Required, a capacitively coupled amplifier having a voltage
gain of 10. A 300 V supply is available. Let the valve chosen be
a 12 AU7 whose characteristics are plotted in Fig. 3.20. If a
load line for R; = 20 kQ is constructed, it is obvious that the
required gain can be achieved.

If the operating bias is chosen as —5V,

—VGK SV
Ry = =
I, 7 mA

= 714Q (a 680 Q resistor is suitable).

High frequency response. The upper 3 dB point is given by
w, = 1/Ty, where Ty = G/C and G = g, + G;.

The output capacitance of the valve is nominally 0-5 pF.
Wiring capacitance will raise the value of Cto 18 pF. The r, can



ﬁaso
300
4250
4200
>(

-1150
100

_ _TBRL
Aq= AR -12-6
-150

. L. N——
o o+ R +(pu+0Rg

1 1 L 1
-25 ~20 ~i15 -10 -5

z —8.7 for Cx =0 Ve

FiG. 3.20. The triode as a voltage amplifier.

be measured from the characteristic at the operating point and
is 8-5kQ.
10-3 10-3 103

G =g, + G = + = s
BT LT TS T 20 6
or R = 6kQ.
T, = CR = 18 pF x.6 kQ = 108 x 10~° sec.
W, = 1 9-26 x 108 r/s.
1
fi = % = 1-47 Mc/s.

If this frequency is too high, C, can be increased by introducing
a capacitor between the anode and the common line. Increasing
R, will decrease the bandwidth, but increases the gain as the
gain-bandwidth product is constant.
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Low frequency response.

(a) Coupling capacitor and grid leak. If the input signal is
supplied from a low impedance source the time constant
T, = CcRg.

For the gain to be down by 3 dB at f = 100 ¢/s,

1
=680r/s and T, = —sec.
“2 / 27 680
6
S (LS
680 x 0-01
Rs = 150kQ.

(for C; = 0-01 p) = 147 kQ.
Let

(b) Cathode bypass capacitor. If the cathode resistor is not
bypassed the amplifier gain is

A= —HR, [from eqn. (1.12)]

ra+-RL+(/‘+1)RK

= —87 which is below the specification.

To eliminate the reduction in gain due to negative feedback at
signal frequencies, Cx must be large enough not to introduce a
breakpoint above 25 cfs.

The high frequency breakpoint due to the cathode impedance
is given by

0 = 1 (from § 3.6)
CKRK{(ra + RL)/[ra + RL + (/‘ + 1) -RK]}

1

" CxRg x 069
For

w=157r/s (f=25c/s), Rx = 680Q,
and
1 103

CK = =
157 x 680 x 0-69 0-736
A suitable value would be Cx = 20 uF, 6 V working.

= 13-5uF.
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3.12. PENTODE AMPLIFIER

Because of its much greater amplification factor g, it is pos-
sible by using a pentode to obtain much larger gain from a single
amplifying stage than with a triode. The maximum gain possible
from a valve is the amplification factor. This value of voltage

o= ———— — = — = =5, A."
08
1 o6
s - A=pu/2
04 . ! at R_=r,
|
o2} |
1
= 1 l [
100 10 i 04 00
L] / R_

Fic. 3.21. Normalized gain as a function of normalized r, for
4= 50, r,= 10k and Ry = 100kQ. r,/R = 0-1, A/u = 091
or A= 455.

amplification is approached when the load resistance tends to
infinity as shown in Fig. 3.21.
Gain

4= —HR (1.11b)
Fq + RL

A
(ra/RL + l)
= —u for R, > r,.

For small anode currents g is reduced and r, increases as
shown in Fig. 1.12.
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DEsIGN EXAMPLE 3.2 (Fig. 3.22)

Required, an amplifier with nominal voltage gain of 150 and
having signal inversion. The bandwidth ‘must extend from
100 ¢/s to a minimum of 50 kc/s. A 300 V supply is available.

Such a performance can be readily obtained from a 6 AU6
r.f. pentode. However, the characteristics usually supplied by
the manufacturer relate to the valve being operated as an r.f.
amplifier with large anode current, so as to obtain the maximum
gain-bandwidth product.

If the correct conditions for low current operation are re-
quired, they can be obtained by the method described in Design
Example 6.2.

Rather than determining operation over a wide range of
conditions, it is possible to estimate various component values
and test the network, modifying any components that cause
incorrect operation.

Fi16.'3.22. Pentode voltage amplifier.

Anode voltage V,. An anode operating voltage of 100 V is
reasonable for operation of such an amplifier. This is a compro-
mise between maximum anode voltage swing and non-linearity
in the low current region.

Estimation of g,. As relatively low current operation is re-
quired to obtain the voltage gain, the value of g,, will be con-
siderably less than the nominal figure of 4-5 mA/V. Let an esti-
mated figure be 2 mA/V.
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Load resistor R,. Gain 4 = g,R; for R, < r,. Thus

160
R, =

= ——— = 80kQ.
2mA/V

A value of R, = 100 kQ will ensure that the required gain of
150 is obtained, when r, and R are taken into consideration.

Anode current I,. The estimated standing anode current,

g Yaa—Va _ 20V _,
4 R, 100kQ

Screen current Iy, From the manufacturer’s data,
I, =041, =08mA.
Screen voltage V. A reasonable value is V5 = 100 V.

Screen resistor Ry.

_Rs = VAA —’Vs — 300 - IOOV = 250)( 103.
‘ I 0:8 mA

Let it be 270 kQ.

Cathode resistor Rg.
Vk
Lo+ Is

RK=

An estimate for Vg is half- way between Vg, and zero, i.c.
+2V.
RK = 2V = 714 Q .
2:8mA

Let it be the preferred value of 680 Q.
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Although the procedure given above may seem to be some-
what arbitrary, the negative feedback implicit in cathode biasing,
and current operation of the screen grid, will ensure that opera-
tion will conform reasonably closely to that estimated (Fig.3.23).

If an EF91 valve is used in place of the 6 AU6, the perform-
ance is comparable, although the g, of the former valve is

300V 18mA | I=07mA

Va=li2v

ov

F1:G 3.23. D.C. voltages for a 6AU6 (EF94).

considerably higher, giving a higher gain (250 compared with
220). The ratio of screen current to anode current (the partition
factor) is smaller for the EF91 and it may be desirable to in-
crease Ry from 270 to 390 kQ to raise ¥V, (see Fig. 3.24).

Vs =136V
e

Vi =1-8V
(r6Vv)

FiG. 3.24. D.C. voltages for a 6AM6 (EF91), for Ry = 270 k2
and (figures in brackets) 390 k<2.

E-G/E. 4a
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Coupling network. For the network in Fig. 3.1 the time con-
stant associated with the coupling capacitor is

T, = C¢ (RG + -——LRL—) [from egn. (3.6)]
r, + -RL

= Cc(Re + Ry).

Let the low frequency bandwidth limit be f; = 50 c/s, to ensure
~ that the overall amplifier specification is obtained.
Therefore
w, = 3141/s
and
T, = 319 x 103 sec.
For R; = 470 kQ,

T, 32x 103
Ce = = -,
RG + RL 570 x 10
= 0-0056 .F.

A suitable value for Cc would be 0-005 uF.

Bypass capacitors Cx, Cs. The bypass capacitors for both the
screen and cathode can be found by trial. If with an input signal
of 50 c/s, the output is observed on an oscilloscope, values of
Cg and Cg can be found that give the maximum amplitude and
any further increase in size has no effect.

Alternatively, the values can be calculated using eqns. (3.8)
and (3.15).

Cathode bypass capacitor. So as not to affect appremably the
50 c/s bandwidth limit, let
fx = 10c¢/s, ie. wg = 628rfs
Tx = 159 x 1073 sec
CxRk

= ————— from eqn. (3.8) (for R, < r,).
1+ ngK

I
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Thus,
Ck

_ Ti(l + g.Re) _ 159 x 10-3(1 + 2 x 0-68)
Ry 680 ’

= 55 uF.

A 50 uF low voltage electrolytic capacitor would be suitable.
The cathode network causes the gain to fall at 6 dB/octave below
10 ¢/s. This fall continues until

1 1

W = =
CxRg 55 x 10~ x 680

= 27r1/s,

ie. fx =43c/s.

Both the cathode and screen networks provide phase advance
and it is, in many cases, desirable that the two maxima do not
occur at the same frequency.

Screen bypass capacitor. Let the upper frequency
s = 4cfs, sothat wg=251r/s.

s

Ts =398x 103 = CsRs [from eqn. (3.15)]
rs + S
A
= As CS-RS'

As = =20 (Cg = 0).
A, = =220 (R fully bypassed).
If the appropriate value of r, is not known (it frequently is

not), it can be found by measuring 45 and 4,. However, the
latter values can be directly used in the above equation.
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Thus,

Cs=15 .4 1 x 20 _ 1.624F.
Ry A5 251x270x10® ~ 20

Ts = CsRs = 1-62 x 10~6 x 270 x 103 sec
= 438 x 103 sec.

ws =2-3r[s and fs=037c/s.
Let

Cs =2 (.LF.

High frequency response. The h.f. time constant is T, = CsR,
where Cs is the total shunt capacitance and R is the total shunt
resistance.

° ° . s
300V Midband gain = -220
f, =80 ke/s
Oscilloscope
— _probe_ _ f, =82 ¢c/s
0-005. 1
o—{ |
Cc ! Probe resistance,
Rg i Re, has negligible
470K 7 IR SO S——— 1 effect
oy
82c/k 80ke/s
o o T - T
Gl __ S L 1
- |
£ t fi
5 -} le——Bandwidth ——
o | !
2 ! I
2 Additional gttenuation l
& 20 . e 1o Ck ij: ) 1

/ \ L 1 ! 1
20 40 100 ¢/ 200 40ke/s 100 200 400

FiG. 3.25. Measured amplitude response for a 6AU6 pentode

amplifier. From the value of f; = 80 kc/s, the total shunt capa-

citance is 22 pF, of which 12 pF is contributed by the measuring
instrument. The amplifier stray capacitance is thus 10 pF.
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The shunt capacitance is made up of the output capacitance
of the valve, the wiring capacitance and the estimated input or
load capacitance, giving a total of approximately 15 pF.

An estimate for the total shunt resistance is 80 kQ (100 kQ
shunting the r, of the valve). Thus, T; = 1-2 x 10~ sec, so that
oy = 830 x 10%r/s and f; = 130 kc/s (see Fig. 3.25).

Use of cathode follower output. If the pentode operates into a
cathode follower, the performance of the pentode amplifier is
made independent of the load. In the previous example the gain

Vaa
Rg
100!
Vin '
6 AUG "2'2 AT7 FenVin) ]- ! °
0-005u High frequency equivalent network
80 T
< t ; NG
22k® © N\
470 -0 100 ke/s
680 °
£ 2 [
5 L |
© —o 0V &-20 L 1 L 1
X Y20 40kc/s 100 200 400 1Mc/s

Fi1G. 3.26. Amplifier with cathode follower output. The bandwidth
is increased to 100 kc/s, and the output stage adds 8 pF stray
capacitance to the 10 pF of the pentode stage.

is a function of the external load resistance, and any added capa-
citance reduces the bandwidth. The cathode follower adds shunt
capacitance made up principally of C,,, the grid to anode inter-
electrode capacitance and socket capacitance.

Using the technique employed in Design Example 6.2, let the
valve current be 5 mA.

Then,

sz = M = 22kQ.
5mA

This is shown in Fig. 3.26.
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3.13. HicH FREQUENCY PERFORMANCE OF
CAPACITIVELY COUPLED TRANSISTOR
AMPLIFIERS

Effects similar to those associated with valve amplifiers are
present, but because of the nature of transistor operation the
approach to amplifier design is different.

The hybrid equivalent network of Fig. 3.27 can be modified to
form a network similar to the low frequency 4 parameter net-
work with the feedback generator zero. This is a reasonable

i

Coc(10pF c

C. (I0pF)
A —4 —
e ZMR
== Cte
(1000 (
pF)

> -0

E E
FiG. 3.27. Modified hybrid network.

e

(50kL)

A

Vi
YmVbe|

approximation as the input resistance does not change greatly, for
even quite large load resistance variations (see Fig. 2.26).

The resistance r,,, the ohmic resistance between the active
base region and the base lead, is sufficiently small in this type of
network to be neglected. The two capacitances which affect per-
formance are c,, the capacitance across the emitter-base junc-
tion, and ¢, the depletion layer capacitance across the reverse
biased collector-base junction. The reverse bias clears the ma-
jority charge carriers from the junction area which acts as the
dielectric of a capacitor. Capacitance ¢, is proportional to
1/{/Vcs- This simplified network enables rapid assessment of
performance with adequate accuracy.

Output Short Circuited (Fig. 3.28)

The feedback capacitance ¢, can be neglected as it is shunted
by c. which is 100 times larger. At low frequencies i, = i,, but
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at higher frequencies 4; is bypassed by ¢, and the output current
hiy is reduced:

l" 1 /Sce . ib

= Iy = ——————. 3.25
B + (sc) © 1+ schy ©.25)
F1G. 3.28. Equivalent network with output short circuited.
ipfiy = Kg/(1 + sTp), where Tg = c.h;.
Short circuit current gain,
-ii = ks (where Tp = c.h) (3.26)
iy 1+ sTy ’ v '
EXAMPLE. h; = 22kQ and ¢, = 700 pF.
Then
T = 1-54 x 10~ sec
and
fi= 10° ke/s = 103 ke/s
" 2mx 1454 .

Thus the relative short circuit current gain can be represented by
a simple lag with a breakpoint at 103 kc/s, as shown in Fig. 3.29.

m —
- O 2\
= N

£ !

5 -lof @0=I/T,

@ L f,2103 kc/s

2
.B8-20 1 1 1

2 Ikc/s 10 100 IMc/s

F1G. 3.29. Relative gain against frequency for short circuit output.
Input is considered as a passive lag.
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Load Conductance Gy,

When the output is not a short circuit, as in Fig. 3.30, the
effect of ¢, may not be negligible.
The current in ¢, is now

i, = (v, — v.) sc, where v, = —i/G.. (3.27)
s g h¥G o

ic ¢ horec b
c

he Gé v

~O-

Fi1G. 3.30. Network including the load G..

But,
i;:-v_b.’ and Uc=_—hf'—ll,",
i ho + Gk
or
’ ’ hf 1
v, = —gnRv, | where g, = — and R=———].
h; " h, + G,

Substituting for v, in eqn. (3.27),
i = (l + ng) SCUp = (1 - Av) SCUp

iy, Co=(l+g,RIC=(I-AvV)C,

(a)

F1c. 3.31. Simplified representation of a transistor with a resistive
: load.

where the voltage gain 4, = v /v,, and ¢, can be replaced by a
capacitor (1 + g,R) c. in parallel with ¢, as in Fig. 3.31a.
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The direct effect of ¢, on the collector is negligible compared
with the base time constant and, in most cases, the collector can
be represented as in Fig. 3.31b. Using Fig. 3.31b the h.f. break-
point can be determined. '

Current Gain at h.f.
4,

A4 = —2—, 3.28
VS T (3.28)
where
G,
A, = ——=—— and T, = h,Cy.
hy + G,

EXAMPLE. h; = 22kQ, ¢, = 700 pF, ¢. = 10 pF, Rc = 1kQ,
hf = 100 and l/ho = 25 kQ.

_ h, - _ 100
h(G. + h,) 22 x 10® x (1000 + 40)10-¢
= —44.
¢ = (1 — 4,) c. = 45 x 10 pF = 450 pF.
Cr = c. + ¢, = 1150 pF.
T,= Cph; = 1150 x 102 x 22 x 103

= 2:5 x 106 sec.

v

W = 1 400 x 103 r/s.
T

1

fi= 3)2;1 = 64 kc/s.

The frequency response curves for a typical alloy transistor with
various collector resistors are shown in Fig. 3.32.

Thus if A, by, h,, ¢, and ¢, are known the high frequency re-
sponse can be estimated.
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dB

Relative current gain,
Ao
&

-20log |

Phase angle, 8,
degrees

R =5-6kR R0

-90 | ! L I 1 1 1
2 5 10ke/s 20 50 100 200 500 IMc/s

Fic. 3.32. Frequency response for an OC44 transistor with various
collector resistors.

Measurement of ¢, and c,

Values of ¢, and ¢, for a particular transistor can be found by
finding the time constant 77,

(a) with output short circuit T,(a),
(b) with known load resistance T(b).

T, is determined by finding the frequency at which the current
gain A, falls by 3 dB to 0-7 4, in each of the above cases. For
case (a)

(3.29)

B i

Time constant T, (b) is found for a load resistance R giving a
voltage gain of the order of 100 (4, = v./Upe).

¢ = L (3.30)
hy
¢y = Cr — Co. (3.31)

But,
Cr=(U-4,)c. + c.. (3.32)
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Therefore
g =0-4)c, (3.33)
or
CT — Ce
¢ = ST Ce 3.34
- (3.34)
ExXAMPLE.
A, = Vee = 209 (negative sign indicates signal inversion).
Upe
h,=&__23_nﬂ._—_z-2kg
iy 10 pA

For Rc = 100 Q (output effectively short circuited),
Jf1 = 100 kcfs,
w; = 628 x 103 1/s,

and
T, = 1:6 x 10~ sec.
Therefore
1-6 x 10—¢
¢, = ————— = 730 pF [using eqn. (3.29)].
72 % 10° pF [using eqn. (3.29)]

For R.= 56kQ, f,=21kcs, o, = 132 x 103, and

T, = 76 x 107° sec.
Therefore

_ 76x10°
2:2x 1073

¢, = Cp — ¢, = 2730 pF [eqn. (3.31)],
¢ 2730
1 -4, 210

= 3460 pF [using eqn. (3.30)],

T

= 13 pF [from eqn. (3.33)].

3.14. Low FREQUENCY PERFORMANCEOF CAPACITIVELY
COUPLED STAGES

As the frequency is reduced the increased impedance of Cc¢
reduces i,,, the transistor input current (see Fig. 3.33).
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At frequencies where r,, is much greater than 1/wCq,

Rout

= ——72——_.i (if Rg> ry),
Roue + Iia ? l

lin

and for efficient current transfer, r;, should be much less than
Rou .

If i is the current from the transistor of the previous stage,
Ry will be the resistance of 1/h, in parallel with R for that

F1G. 3.33. Capacitively coupled amplifier with low frequency
equivalent network.

stage. If these two terms are both 20 kQ, R, will be 10 kQ and
for r;, of 2 kQ the current transfer ii,/i = 10 kQ/(10 kQ + 2 kQ)
= 5/6.

For efficient transfer, R should be as large as possible.

At low frequencies

Rout
Rout + Tin + (I/SCC)

i(s). (3.35)

iin(s) =

The current transfer falls by 3 dB when R, + 1o = 1/wC or

1

o= — (3.36)
CC(Rout +r in)

L
T,

where T, = Cc(Rout + 7in)-



THE CAPACITIVELY COUPLED AMPLIFIER 101

Equation (3.36) can be rewritten with the frequency invariant
components extracted:

. - Rout . 1 .
O e Ty G

Tout(8) = Aolin (where Ao = hfi
; ho + Gy,

Rout

. i(s)
Rout+ Tin 1+ (I/ST2)

= A,

Ay — (s )
1 + (1/sT%) ) (3.38)

,(where A, = Ao L)
Rout + Fin

For coupling capacitor Cg,
1

2 —i+—(l/;-]:;—)_ (3.39)

A@s) = A

oVee

(a)

Fic. 3.34. Input network neglecting bias resistors and coupling
capacitor. R, includes Rg.

Effect of Emitter Capacitor on Low Frequency Performance

If an emitter resistor Ry is used for stabilization (see § 2.11),
usually a bypass capacitor Cg will be employed to increase gain
at signal frequencies.
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At sufficiently low frequency (or if C is not present), the input
resistance of the transistor is increased from A, to A+ (1 + A,) Rg.
This follows from considerations given in § 2.12, and shown in
Fig. 3.34.

Zin(8) = by + (1 + hy) Zg,
—h+ (4 h)—RE
1 + sCeRg

This should be inserted in place of r;, for the expression for 4,
in eqn. (3.38).

Thus,
R
A(s) = —out_A
2( ) Rout + Zin °
Rout
= Ao
Ryt + By + (1 + hy) [Re/(1 + sCgRp)]
Rout
) X
Rout + hi + (1 + hf) RE
1 + sCgRg
X Ap.
1 + {SCeR(Rou: + h)/[Roue + by + (1 +5) Rg]}
(3.40)
Thus, gain expression for partially bypassed emitter resistor is
A(s) = A, 15T
1 + sTg
where
Ap = Rous Ao, (341

Rout + hi + (1 + hf) RE

TE(Rout + hi)
Ryt + b + (1 + hy) Rg
Ty > Ts.
This is illustrated in Fig. 3.35.

TE= CE.RE and T£'=
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© o

h-]
£ - -0
gﬁla
g8 o
tg
1 -3

3
sl +90 Lead due to T¢
2 :5; Lead
(-]
o 5} - Resuitant
g' - LOg 1
£ao -g0 Lag due to Tg

01 [ 10 100
c/s

Fi1c. 3.35. Effect of emitter time constant on amplifier performance.
CERE =1 C/S and Az/AE = 10.

)
. Ve
Ry Rz S

Fi1G. 3.36. Reduction of the equivalent network of a two-stage
amplifier to estimate h.f. performance.
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3.15. TANDEM STAGES OF TRANSISTOR AMPLIFIER

If one transistor is followed by another, the first has the
input impedance of the second as its load impedance.

In Fig. 3.36b the effect of the collector capacitance ¢, is to
augment c,, giving rise to Cy of Fig. 3.36¢.

Part of the input current will flow in ¢, the amount being
determined by the voltage gain between the base and collector.
The voltage gain of T, is complex, because the collector load
is G and Cy in parallel.

The voltage gain between B and C,

A, = — &R (3.42)

where T = C/G and R = 1/G.

Thus,
. gmR
a be( 1+ sT) et

and the impedance to be shunted across the base of 7 by
Ccqp 1S
Z(s) = 1+ sT S
[(1 + ng) + ST] §Ceyq
1 + joT
joca (I + guR + joT)

or

Z(jo) = (3.43)

Separating real and imaginary components,

1 + gnR + (0T)?
Joce (1 + gnR)* + (0T)?
+ Tg.R

cal(1 + gmR)? + (0T)?]

1 Cr

= - + as gnR> 1, (3.45)
Jocy - ng Cc18m

Z(jw) =

(3.44)

and for frequencies where w7 < 1.
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The added impedance is a resistance Cr/c.;g., in series with
capacitance c.,g,R. The resulting simplified network is shown
in Fig. 3.37.

DEsIGN EXAMPLE 3.3

Required, an amplifier- stage with transfer resistance of
100 kQ and bandwidth from 50 c/s to 20 kc/s. The signal source
resistance is 5 kQ and a peak output of 4 V is required. (Trans-
fer resistance = vy /vin.)

%I
O—

Cr

iv'2
ccgm

J. ¢
hi2 G 2
hy ig2

iy

hy ¢

Cer Cci9mr [
I hy ib'l
o . . . .

F1G. 3.37. Equivalent network of a two stage transistor amplifier
with collector-to-base coupling eliminated. Note that a resistance
and capacitance in series appears across the input.

Using emitter stabilization a starting point is Rz/Rg =5
(§ 2.11) where
RBIRBZ

Ry — ——~B1fB2
Rp; + Rp,

For a nominal 2, = 50 (minimum value for 0C44),

, 1
K=14tuBe 30X
R + Rp 1+5

=93
Supply voltage. To obtain an output voltage swing of 8 V peak
to peak, Voc = —12V is suitable.

Collector resistor.

hf =? :ﬁi- (for ho <g (;C)

Izr = ———
Ge+h  Gc
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The transfer resistance of 100 kQ requires a collector re-
sistor of 22 kQ. Let the value 2-7 kQ be used to allow for the
reduction in current gain by the bias network.

Collector current.For the required output voltage Vo= —7-5V.

= Yee=Ve _ 45V _ 1gma.
¢ Rc 27kQ

Emitter resistor. Allowing 2-5V across the emitter resistor,
and as I = I,

Base resistors Rg,, Rg, . Rg, which is Rg, and Ry, in parallel
= S5SRy=T75kQ.

VB = VBE + VE
= —015V — 2-5V for a germanium transistor
= —2-65V.

Neglecting the base current I,

Vs _ 2:65V _o0n
Vee 12V
= . RBl — RB - SRE
Rz, + Ry, Rpo Rg,
Thus,
B2 = SRs _ 3 15k =34kQ.
0-22 0-22
Also,
Ry _ 265V

Ry, 935V°
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therefore
RBI = —2—65— x 34 kQ = 9-65kQ.
9-35

Let Rp, = 9-1kQ and Rg, = 33 kQ. The d.c. conditions are
shown in Fig. 3.38.

[ -9-- g

Fi6. 3.39. Equivalent network to show the effect of R shunting
hy, assuming Rg to be fully bypassed by Cg.

Rjg shunts the input of the transistor and reduces the gain, as
in Fig. 3.39.

The input resistance A, to the transistor is nominally 1-5 kQ
for a collector current of 1-7 mA.

__Re A
Ry +h Gc+h,
_ 75kQ
75kQ + 1-:5kQ
y 50
370 x 10~¢ 4 50 x 10—°

Rr

= 100 kQ.
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Coupling capacitor.

Ty = CcRoue + 1) = -—1—, from eqn. (3.36),

Wz

where ry, is resistance of Rp and A, in parallel (= 1-1 kQ).
It is required that f, = 50 c/s, or w, = 214 1/s.
Therefore
T, = 319 x 103 sec.

T, 319x10°°
-Rout +rln SkQ + l'l kQ

Cc = 0-523 uF.

Let C¢ be a 1 pF electrolytic capacitor.

Emitter resistor bypass capacitor.

Ty = Te(Roue + h) , from eqn. (3.41),

out + By + (1 + hf) R

i iin Base

1:5kQ.

’iR'n
Emitter

Rout Rg
5ke 7-5kQ
o—

@ 4

Zia =h; +(1+h) Z¢

F16. 3.40. Division of input current between R}, and base.

where R!, is R, in parallel with Rp, as in Fig. 3.40.

Ty _ e + By
Tk out + B + (1 + hy) Rg
3kQ + 1-5kQ

T 3KQ + 15KQ + (1 + 50) 15 kQ
= 0-06.
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To ensure that the emitter impedance does not affect the gain
at 50 c/s let T; be 5T, = 1-6 x 10~2. The breakpoint T, will
be at 62-8 r/s, i.e. 10 ¢/s.

Tg = T x 006,
therefore

. 2
p=te o 16X107 g6 F.
Ry 006x1-5x%x103

Let Cg be 200 uF.

High frequency performance. This is a function of the transistor
capacitances ¢, and c..

From Fig. 3.32 it is apparent that, with R; = 2:7kQ, a
20 kc/s upper frequency limit can be obtained. The completed
design is shown in Fig. 3.41.

2:7kR

-0 -2V

Fic. 3.41. Capacitively coupled transistor amplifier stage of De-
sign Example 3.3.

DESIGN EXAMPLE 3.4

Required, an amplifier with voltage gain greater than — 50,000
over a frequency range of 100 c/s to 10 kc/s. The required peak
output voltage is 10 V.

Voltage gain. Ay = Ry A,[r,, where A, is the over-all current
gain, R, is the effective load resistance, and ry, is the input
resistance to the amplifier.



110 ELECTRONICS FROM THEORY INTO PRACTICE

To provide the necessary current gain and signal inversion,
three stages are required.

Let the transistors be 2S 103 which are silicon mesa types with
voltage rating Vigo = 40V and Ageqminy = 50. As shown in
Fig. 3.42, these can be directly coupled (see § 6.5). Estimating the

* ¢——0
Ra %22!(9 RC?_%IOKQ R% Vee +30V

4-7kR
) ' 15V
07V B ,
ot — o7v 07V
[2s103 25103 25103
o0— i ——o OV
I, 504A T+2°°f‘ 1,0-6mA
—— AN~ VW
Rg, 22kQ Rg2 22k
Ros S 56k

I; 0°55mA Vg
-30v

FIG. 3.42. Direct coupled three-stage transistor amplifier with zero

frequency stabilization. Since the current through Rp; and the

voltage at the input base are both small, the junction of Rp,,

Rg, and Rgy must be at approximately 0 V. Thus the ratio of

the voltages across Rg, and Rps is directly proportional to their
resistance, i.e. Ve= Rng/RB3 . VBB'

minimum effective current gain of each stage as 30, the overall
current gain 4, = 27,000.

Load resistor Ry If the input transistor is run at a current that
gives ri, = 2kQ,
Rp= Aoy, = 000 5o -371k0.
A, 27,000
To allow for loading by the bias network and Ao, let
RL = 47kQ.

Collector supply voltage Voc. As the peak to peak output
voltage is 20 V et Ve = 30 V.
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Collector resistors, Rcy and Rc,. For T, to be run at 1-5 mA,
Rcy = 20kQ and for T, to be run at 3-0 mA, Rq, = 10kQ.

Bias network. At operating frequency, Rg, and Ry, shunt the
input and output respectively. To minimize shunting effects let
them both be 22 kQ, as in Fig. 3.42.

The estimated input current

This current, flowing in Ry, , will produce 1:1 V, which must
be added to Vg = 07 V to give the voltage at the junction of
Rp; and Rp,. This is approximately 2 V.

For a collector voltage for T of 15V, the current in Rg,,

L=1Y=2V . 6ma.
2kQ

Ry; must take the difference in current between I, and I, that
is
I, = 0-55 mA.
For .

0V +2V
Vep = —30V, Rps=-—v T2V _ 58%kQ.
Be B 055 mA

Let the value be 56 k2.
Bypass capacitor Cy. The d.c. stabilization is due to negative
feedback provided by the bias network. To eliminate feedback

at signal frequency, the capacitor Cp is used. A value of 200 pF
reduces the feedback by a factor of 3000 at 100 c/s.

Input capacitor. From eqn. (3.36),

1
0= ——
CC(Rout + rln)
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or

1 . . .
Ce = if R,y., the source resistance, is zero.

Wi,

(This gives the niaximum value of C¢.)

For
w = 628r/s (f= 100c/s),
= L = 0-8 uF
©T 28 x2kQ w
Let
CC = 1 (LF.

The completed circuit is shown in Fig. 3.42.

TR e £ R e o



CHAPTER 4

Power Amplifiers

4.1. THE CLASS A POWER AMPLIFIER

In a power amplifier the object is to obtain the maximum
amount of power from a given valve, while limiting the distor-
tion to a predetermined level. Under Class A conditions the
operation is confined to that part of the dynamic characteristic
which is reasonably linear, and anode current flows during the
whole period of signal input. Assuming the dynamic character-
istic to be a straight line, the anode efficiency may be written as:

Power in load
Vol

= 05(1 = Ymin\ (] _ Jmin
_05(1 Vo)(l Io) @1

(see Fig. 1.5). The maximum efficiency theoretically obtained is
therefore 50 9. To achieve this, however, it would be necessary
for both the anode current and the anode voltage to swing to
zero and in practice, due to curvature of the characteristic, this
would give rise to an undesirable level of distortion. When
operated in such a manner as to keep distortion to a minimum,
efficiencies of 20409, may be obtained using pentodes, while
a triode would provide a somewhat lower efficiency.

Anode efficiency =

Choice of a Valve
Taking account of these efficiencies, a valve should be chosen
having a rating considerably higher than the desired amount of

F-G/E. 5
113
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a.c. power. In general a pentode should have a rating of 3 times
the required a.c. power, while if a triode is chosen, a rating of
5 times the a.c. power will be necessary. There remains the choice
between a triode, a beam tetrode and a pentode. The pentode has
a greater anode efficiency than the triode, particularly when
operated at relativelylow anode supply voltages. The beam tetrode
is similarly superior in this respect. Furthermore, the triode re-
quires a larger exciting voltage for a given power output than do
the other two types of valves. However pentode and beam te-
trode valves in general have much higher distortion levels in their
dynamic characteristics than do triodes. Moreover this distortion
contains a significant percentage of third harmonic, being greater
for the pentode than for the tetrode, whereas for the triode the
second harmonic is predominant.

Where the power valve is to form the output stage of an audio
amplifier, this consideration used to be of the utmost importance,
since it was recognized that third harmonic distortion was much
more objectionableto the ear than was second harmonic distor-
tion. With the advent of negative feedback, however, this serious
limitation of the pentode or beam tetrode power amplifier
ceased to be important.

Design Considerations

As in the voltage amplifier, the aim is to get the maximum
control of anode current by allowing the grid voltage to swing
as far as possible on the straight part of the characteristic. In the
anode circuit, however, the power amplifier differs widely from
the voltage amplifier. When a generator is feeding a resistive
circuit, maximum power is transferred when the load resistance
is equal to the internal resistance of the generator. In the case of
a valve, conditions are somewhat different because of the need
to keep distortion to a minimum. In practice the load of a triode
power valve should be at least twice its r,, while the load of a
pentode will be less than its 7,.
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Design Steps

1. Select a suitable valve, from consideration of the power
requirement and acceptable distortion level.

2. Determine the operating point and construct a load line
through it.

3. Calculate the grid voltage swing to provide the required
power output, and determine the amount of distortion
present.

4. Evaluate the cathode resistor which will provide the correct
operating bias.

5. From consideration of the minimum frequency to be
handled, select a suitable decoupling capacitor for the
cathode resistor.

DEsIGN EXAMPLE 4.1

Required, an a.c. power of 0-75 W into a resistive load, with
distortion not more than 5%. An h.t. supply of 300V is available.

Valve. Because of the low distortion requirement a triode is
obviously necessary, or a suitable pentode may be chosen and
connected as a triode. It will moreover be necessary to select a
valve having a much higher rating than the specified power. Such
a valve is the EL 86 having an anode rating of 13 W when oper-
ated as a triode, and whose characteristics are given in Fig. 4.1.

Load. From the valve data sheets, the 7, of the valve is given as
665, so a load may be considered of 3 times this figure, say
2:2kQ. If a load line for this resistance is drawn from the point
V4 = 300, I, = 0, the distortion and power output may then be
calculated.

The percentage harmonic distortion is given by the expression

(Imax + Imin - 210) x 100
2(Imx - Imin)

However, a quick assessment of distortion may be made by
measuring the load line and calculating the ratio of its two parts.

“4.2)
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For instance, in Fig. 4.1, with the operating point at O, if the
ratio of 04 to OBis 11t0 9, i.e. aratio of 1-22, then 59 second
harmonic distortion is present. If this figure is less than 1:22,
the distortion is less than 5%, there being no distortion when the
two parts are equal.

150 P =I3WS fVg=0
R.=2-2k@  f ,-25V
\
-5v
A AN -75V
< 100} . -10v
E A N
. -12:5V
. -15v
. A,
= o [~/ ,-20v
~ —22:5V
SO0+ | -
| g -25V
[ B
1
)
1 1 1 ]
(o) 50 100 150 200 250 300 350
VA

FIG. 4.1. Characteristic curves of an EL86 (triode connected), with
a load line of 2-2 k2. Note that approximately the same amount
of power is dissipated in the load as in the valve.

The power developed in the load is given by the expression

(Vmax - VminS) (Imax _ Imin) . (43)

Power =

For the load AOB, Vyin = 75V, Vaax = 235V, I = 100 mA
and I, = 30 mA. The a.c. power developed with an input
signal of 12-5 V peak is therefore approximately 1-4 W. This is
in excess of the required power output, but on measuring the
ratio of A0 to BO a figure of 1-3 is obtained, indicating a second
harmonic content greater than 5.

Now let the input signal be reduced to 10 V peak, as indicated
by the shortened load line 4’OB’. The power, calculated as
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above, is seen to be 0:86 W and the second harmonic distortion
is 5%. A 22 kQ load is therefore satisfactory providing the input
signal does not exceed this value. It is perfectly reasonable to
limit the input voltage in this way, since in designing a complete
amplifier, the output stage should be designed first, to provide
the required power, then in the knowledge of the necessary
signal drive, the preceding stage is arranged to supply it.

Cathode resistor. This must have a value such that, when
carrying the standing anode current of 60 mA, it will provide a
bias of 12-5V. The correct value is therefore 210 Q; let it be
220 Q which is a preferred value.

Decoupling capacitor. At the minimum frequency at which the
stage is to be used, the reactance of the decoupling capacitor
should be small compared with 220 Q. For instance, if the
minimum frequency is 50 c/s, then at this frequency a 100 pF
capacitor has a reactance of about one-seventh of the cathode
resistor which is probably satisfactory.

The final design is therefore summed up as:
Operating point ¥, = 160V, Vi = —12:5V.
Anode load resistor, 2:2 kQ.

Cathode resistor 220 Q decoupled by 100 pF.

For operation as a triode, the screen grid is connected to the
anode.

4.2. Aupio POWER AMPLIFIER, CLASS A

Design Considerations

The load impedance is usually coupled to the valve of a Class A
power amplifier by means of a transformer, as in the case of an
audio amplifier where the load is the loudspeaker. The necessity
of passing the d.c. anode current through the load is thus avoided
and, by a suitable choice of transformer turns ratio, the correct
load impedance is offered to the valve. This enables the speech
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coil of a loudspeaker to be made up of fine wire and with low
impedance. Alternatively, without transformer coupling, it
would be necessary to wind the speech coil with wire sufficiently
thick to be able to carry the d.c. anode current, and yet having
the high impedance which is necessary for the optimum trans-
ference of power from the valve. This would obviously increase
the bulk of the speech coil and likewise its inertia.

With regard to distortion, the amount which may be tolerated
depends largely on the type of equipment for which the stage is
to be designed. To obtain a very low distortion level a poor
efficiency must generally be tolerated and this would obviously
be uneconomic in a domestic radio receiver for instance. For
this type of equipment, listening tests have shown that a level
of 5% third harmonic distortion produced on peak values of
signal is not excessive. Since most pentodes and tetrodes have a
second harmonic content at least equal to the third over most of
the power range, it would seem that 109 total harmonic distor-
tion would be acceptable for such equipment.

Design Steps

1. Select a suitable valve, choose an operating point at
¥, = h.t. and construct a number of load lines through it.

2. Select the load which provides the required power with an
acceptable distortion level.

3. Calculate the turns ratio of the transformer to match the
loudspeaker impedance to this load.

4. Determine the values of the cathode resistor and capacitor.

DESIGN EXAMPLE 4.2

Required, an a.c. power output of 4 W with third harmonic
distortion not exceeding 5%. An h.t. supply of 250 V is available.

As the distortion requirement is not as exacting as in the
previous example, a better anode efficiency is possible. Let the
valve chosen be a 6BW6 beam tetrode with an anode rating
of 13:2 W and whose characteristics are given in Fig. 4.2,
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- Operating point. Under no signal conditions the secondary of
the output transformer has no effect, and only the primary need
be considered. In the absence of a signal the primary inductance
may be neglected, and as the primary resistance will be very
low, this too may be neglected at this stage. There will therefore
be no volts drop and the anode will be at the full h.t. of 250 V.
The grid bias is selected to provide maximum anode current

150~

R=13W
AT

=75V
s = OV
-15v
-20V
1 F__1 -25v
500 600

FiG. 4.2. Characteristic curves for a 6BW6 beam tetrode. The load

lines drawn are for a transformer coupled load. Note that in this

case the operating point is at full h.t. whereas in Fig. 4.1 it was at
approximately half the h.t. voltage.

with this anode voltage, but without exceeding the valve rating.
A grid voltage of —12-5V is suitable, providing for a grid
swing of 25 V peak to peak. The operating point is drawn at O
and three load lines constructed, AOB, COD and EOF.

Power output. Consider load AOB for an input signal swing
from 0 to —25 V. Substituting values in eqn. (4.3),
(385 — 60) (98 — 8) x 103
8

Similar calculations for the other two loads give power outputs

Power = = 3-6 W.
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of 41 W for CD and 4-4 W for EF. The load represented by 4B
is rejected because its power output is insufficient. A comparison
of the ratios of the two parts of each of the other load lines
shows load CD to have less distortion than EF. Hence if the
third harmonic distortion of the load CD, which is 5 kQ, is less
than 59 then this load will be suitable. There are a number of
graphical methods of determining third harmonic distortion.*”
However, most manufacturers include in their data sheets a

i

Percentage harmonic distortion

R.M.S. input voltage

Fi1G. 4.3. Percentage harmonic distortion as a function of input
voltage for a 6BW6 beam tetrode with a 5 k2 load.

curve which indicates the amount of distortion present for
various input voltages. Such a graph, representative of the
6BW6 with a 5 kQ anode load is given in Fig. 4.3. A peak input
voltage of 12-:5 V, i.e. an r.m.s. voltage of 8-75V, is seen to result
in a third harmonic content of less than 5% so that a 5 kQ load
is acceptable, If, however, it had been greater than 5%, it would
still have been possible to meet the specification by a slight re-
duction of input voltage.-

Transformer turns ratio. If the nominal impedance of the
speech coil is 3Q, the turns ratio to match this to 5 kQ is

)
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The output transformer therefore needs a step-down turns ratio
of 41 to 1. Two points should here be noted. Firstly, the im-
pedance of a loudspeaker is highly complex and varies with fre-
quency. The impedance quoted by the makers is usually given
for 1 kc/s and is largely resistive. This then is the only frequency
at which correct matching is obtained. At higher frequencies the
loudspeaker load becomes reactive and impedance rises. The
effect of this can be Jargely compensated by the addition of a
suitable series R—C circuit across the transformer primary. At
the lower frequencies the impedance again rises as the electro-
mechanical resonant frequency of the speaker is approached.
Generally, negative feedback from the speech coil is used to
reduce this effect.

The second fact to be noted is that the anode voltage is seen
to swing to a value in excess of the available h.t. supply voltage.
This is explained by the fact that the transformer inductance can
produce a voltage which momentarily augments the h.t. supply,
allowing the anode to swing to its peak voltage on negative
swings of input signal.

Screen resistor. The main consideration is to ensure that the
screen voltage is such that the dissipation at this electrode does
not exceed the maximum specified by the makers. From the
valve data sheet this maximum is given as 2-2 W. It is also noted
that with a screen voltage of 250 V the current drawn is 4-5 mA,
i.e. a little over 1 W. It is therefore safe to connect the screen
grid to h.t. as is commonly done in this type of circuit.

Cathode resistor. This must have such a value that, when
carrying the sum of anode and screen currents, it will have
dropped across it a voltage equal to the required bias of 12:5 V.
The total current is 50 mA so that the required resistance is
250 Q. The power dissipated in this is:

I?R = 2500 x 107¢ x 250 = 0-625 W.

A 250 Q 1 W resistor will therefore be used. It must be bypassed
by a capacitor having a reactance which is low compared with

F-G/E. S5a
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250 Q, at the lowest frequency to be handled. At 50 c/s a 100 p.F
capacitor has a reactance of 32Q which is satisfactory. The
completed circuit is given in Fig. 4.4.

F1G.4.4. Completed circuit of Design Example4.2. The series R-C
circuit can be used to compensate for changes in impedance of the
loudspeaker as the frequency varies.

4.3. THE CLASS B PUsH-PULL AMPLIFIER

In a push-pull amplifier the two valves are excited by equal
grid voltages, 180° out of phase, and the outputs are combined
by means of a centre tapped transformer. The two valves, when
arranged in this manner, are equivalent to a single valve having
twice the r, and twice the u of an individual valve. Assuming
identical valves, the push-pull arrangement has the following
advantages over a single valve stage:

(1) There is no possibility of direct current saturation in the
core of the output transformer. .

(2) No signal frequency currents flow in the h.t. supply
source and hence there is no feedback to previous stages
using the same supply.

(3) Even order harmonics cancel out, thus providing less dis-
tortion for a given amount of power.

(4) Hum voltages in the h.t. source do not give rise to hum in
the output because these too cancel out.
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Choice of Valves

In choosing valves for use in a push—pull stage, the same gene-
ral considerations apply as did for the single valve power am-
plifier. However, in this case a pair of valves should be used which
have been carefully matched. Failure to do this will increase
harmonic distortion considerably. For instance, a difference of
109 in the anode currents of the two valves, measured under
identical operating conditions, will give rise to approximately
59 second harmonic distortion. Valve manufacturers supply
matched pairs on demand but it is necessary to state the condi-
tions under which the valves are to be operated. It is also most
important that, in use, the valve ratings should not be exceeded
as this may permanently change the characteristics thus up-
setting the matching.

Design Considerations

Under Class B conditions the grid bias is approximately equal
to the cut-off value, and no current flows in the absence of an
input signal. When a signal is applied to the stage, each valve
conducts on alternate half-cycles. This class of amplifier is di-
vided into two two main groups. In Class B1, sometimes called
quiescent push—pull, no grid current is allowed to flow, whereas
in Class B2 the grid is allowed to go positive for at least part
of each cycle. The latter type has a high percentage of odd
harmonic distortion which is often a maximum at fairly low
output levels, but this disadvantage is compensated by a high
anode efficiency. However, the Class B2 is expensive since the
driver valve, with the two output valves, forms an integral part
of the stage, and together provide a sensitivity only of the same
order as that of a single pentode.

It is common practice to design push—pull amplifiers for maxi-
mum power output without giving much consideration to odd
harmonics, and if the resulting distortion is objectionable an
improvement is made by increasing the load at the expense of
power output. In this case all that is required is a single charac-
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teristic curve of one valve, as is drawn in Fig. 4.5, and a load
line constructed on it from the knee of the curve to the point V.
Then, power output is given by:

Py, = O'SIA(max)(VO - VA(min))' (4~4)

If, however, it is required to determine the amount of distor-
tion present, for any given load, it is necessary to draw the load

Ta(max)

Va (min) Vo

FiG. 4.5. Characteristic curve of one valve for the calculation of
the power output of a Class B push—pull stage.

line on a complete characteristic, as shown in Fig. 4.6. One
set of characteristic curves is inverted and placed below another
set in such a way that the operating anode voltage on the ¥V,
axis of each set of curves is coincident and load lines are drawn
having slopes representative of one-quarter of the anode to
anode load.

Design Steps

1. Select a matched pair of valves.

2. Draw load lines on a composite characteristic and select
the load which gives the best compromise between power
output and distortion.

3. Calculate the turns ratio of the output transformer.

4. Determine the correct operating conditions for the screen
grids.

5. Provide a suitable biasing arrangement.
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DEsIGN EXAMPLE 4.3

Required, a Class B, push—pull amplifier to provide a peak
output power of 3-5 W,

A matched pair of EL85s is chosen and a composite character-
istic drawn as in Fig. 4.6, with the operating anode voltage at
200 V. Two load lines are constructed, 4B, having a slope of
0-25 mA/V, representing an anode to anode load of 16 kQ, and
CD representative of a 20 kQ load.

From eqn. (4.4), the power outputs are respectively 3-85 W
and 3-24 W. In fact, due to the presence of odd order harmonics,

VG=O _
S0F A 2v
—av
< 40 Z‘,
- -6V
I 301 -8V

RS oV

o}- /\\ -1av

o /55'-730 |5Noo 250 300 350

H

T T ¥ T 1 T [}
350 300 250 ZON.')O 100 50
A

-14v \\/ o E

-0V 1?°
-8v

30| .
-6V D -
a0

-4y B

-2V Ve <0 Tso

Fi1G. 4.6. Composite characteristic of a push—pull amplifier. The
slope of the load lines represents a quarter of the equivalent re-
sistance across the primary of the output transformer.

the power output will be somewhat greater than this, but if a
valve is used having a low third harmonic characteristic the
error will be small. Considering only the load line 4B, harmonic
distortion is of the order of 5% so a 16 kQ load is suitable.
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Transformer turns ratio, n = \/(16000/3) = 74. Thus, an out-
put transformer is required having a step down ratio of 74 to 1,
with the primary centre tapped for the provision of h.t. to the
valve anodes.

Biasing. As the valves are to be biased to the point of cut-off,
there will be no standing current which will permit the use of a
cathode bias resistor. The bias voltage must therefore be obtained

Q
(]
O’F
o

207

oot

Fi6. 4.7. Completed circuit of Design Example 4.3.

from a separate voltage supply. Examination of the I,/V
characteristic shows that the required bias is —22 V and this
will be applied between cathode and grid as shown in Fig. 4.7.
The two grid resistors may be made 500 k2. Referring to the
composite characteristic, it is noted that to obtain 3-8 W it is
necessary to swing the grid voltage +22 V about the operating
point, so a drive of somewhat less than this is required from the
preceding stage in order to obtain the specified output.

Screen grid connection. Although it is common practice to

operate the screen grid at the same potential as the anode, it

" may also be connected to provide the so called “ultra-linear”

output stage. In this case the screen grids are connected to tap-

pings on the primary of the output transformer, at about 409,

of the primary winding. This has the effect of reducing the
amount of harmonic distortion present.!
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Parasitics. At the point where each valve cuts off there is a
high rate of change of current in the output transformer primary,
and this may give rise to parasitic oscillations in the anode cir-
cuit. This may be largely overcome by connecting a capacitor
across each half of the primary winding, 0-002-0-005 uF being
the range of values used. When parasitics arise in the grid cir-
cuits, these may be stopped by means of grid stopper resistors
or sometimes by a small capacitor between grid and cathode.

4.4, TRANSISTOR POWER AMPLIFIERS

The transistor is particularly well suited for use in power
amplifier circuits. It is linear over practically the whole of its
collector characteristic and is so efficient that it is almost possible
to achieve the maximum theoretical efficiency of 509 for Class A
and 78:5%, for Class B amplifiers. The common emitter con-
figuration is most widely used since it provides much greater
power gain than the common collector arrangement. Its inherent
distortion level is higher, but this can be largely compensated
by the use of negative feedback.

The Class A Power Amplifier

As in the valve case, the main steps in the design of such
an amplifier are, the choice of operating point such that opera-
tion is restricted to the linear part of the characteristic, the
biasing arrangement to obtain this operating point, and the
determination of the correct load.

Design Considerations

In a power amplifier there is very real danger of thermal
runaway unless the biasing arrangement chosen is such as to
prevent shift of the d.c. operating point. The circuit of Fig.4.8
is widely used in this type of amplifier and will provide an
acceptable degree of stability. The emitter resistor R introduces
voltage negative feedback and, in conjunction with the base
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resistors R, and R,, determines the value of the input voltage
Ve. An increase in emitter current causes a voltage drop across
R and reduces the base-emitter voltage. The base current is
thus reduced, providing a large degree of compensation for the
original change. If a stability factor is defined as K = 8l 50/dI¢

F1G. 4.8. Basic biasing arrangement of a transistor power
amplifier stage.

(asin § 2.11), the minimum stability is obtained when KX is unity
and the greater the value of K the better the stability becomes.
For the circuit of Fig. 4.8 this factor is:

BR:
'RE + RB

if Ry is large compared with R (Where Rz = R R,/(R,; + R))).

This equation shows that the greater the value of Ry and the
smaller the value of Ry, the higher will be the value of K and
hence the better the stability. The maximum value of R depends
on how much of the supply voltage can be dropped across it,
and so how much voltage is available as signal swing in the
collector resistor. Similarly, the minimum values for R, and R,
depend on how much current may be drawn from the power
supply by them. At very low values this potential divider will
shunt the a.c. input. As a first step it is reasonable to make Rp
equal to 10 Ry and then, using eqn. (2.26), to check the degree
of stability obtained. In the design of this circuit, two other
equations are required. Referring to Fig. 4.8,

Vs = VecR2/(Ry + Ry). 4.5)

K=1+ (2.26)
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Also,

VBE = VB - IE-RE9
from which,

VB = REIE + VBE'

Design Steps

1. Select a suitable transistor.

129

(4.6)

CY))

2. Plot the load line on the output characteristic, select an
operating point, and check distortion and power output.
3. With a knowledge of the minimum voltage to which the
collector falls, choose a suitable value for R, to make Vg

a little less than Veqmin) -

4. Using eqn. (2.26), determine the value of Ry for the re-

quired stability factor.

5. Using eqns. (4.5) and (4.7), calculate the values of R, and R,.

6. Select a suitable capacitor to decouple Rg.

DESIGN EXAMPLE 4.4

Required, an a.c. power of 0-75 W into a resistive load of
6-8 QQ, with low distortion and a stability factor of 8. A supply

of — 14V is available.

To obtain an output with low distortion, a transistor is selected
having a much greater power rating than the power actually

'|2 \

o
-

[«}

1
~10 15
vC

FIG. 4.9. Characteristic curves of an OC26 transistor.
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required. Let it be an OC26 having a rating of 12-5 W at tem-
peratures below 75°C, and whose output characteristic is given
in Fig. 4.9. '

Load line. With the load line as drawn, the operating point
chosen is Vo= —7V, I = 1 A, corresponding to an Iy of
25 mA. For an input signal of 30 mA peak to peak, the output
voltage varies between —4 and —11 V as the current swings
through 0-95 A. Thus an output power of 0-83 W is obtained
and the ratio BO : A0 = 1-13 indicates an acceptable distortion
level.

Emitter resistor. Since Veminy = —4 V and the standing anode
current is 1 A, let Ry = 3-3Q.

Stability factor. The transistor manufacturer gives § = 33
for an I of 1 A. Substituting g and Ry in eqn. (2.26), for
K =38,

8 =1+ 33x33 ,
33+ Ry
therefore
TRz = (33 x 3-3) — 23-1,
so,
Ry = 122Q,
R, and R,.
Vg = IgR; = Vy [from eqn. (4.7)).
But,
VCCR2
Vg = —————— [from eqn. (4.
"= R+ R [ qn. (4.5)],
therefore
33 = 14R,/(R, + R;),
from which
.R1 = 3R2.
R, = _RiRs

R, + R,
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therefore
2
122 = 2R and R, = 160.
R,
Therefore
Rl = 3.R2 = 489. (4.8)

Let the values used be R; = 47Q and R, = 15Q. The current
drain due to R, and R, in series is 14 V/62 Q = 200 mA which
is small compared with the standing current of the transistor.

The final circuit values are therefore Rc = 6:8Q, R, =47Q,
R, = 15Q, and Ry = 3-3Q. To obtain a reasonable low fre-
quency response it would be necessary to make the emitter
decoupling capacitor 1000 pF.

4.5. Aup1o POoweR AMPLIFIER, CLASS A

Design Considerations

The loudspeaker is coupled to the transistor by an output
transformer and if the operating point is at the mid-point of the

I

b —— o — —

O Knee Vee 2Vee

Fic. 4.10. Calculation of power output and load from a single

collector characteristic. Note that for the purpose of illustration

Vinee, normally less than 1 V, has been exaggerated with respect
to Vgc. (See Fig. 4.11.)



132 ELECTRONICS FROM THEORY INTO PRACTICE

dynamic collector load line, then it is possible for the collector
voltage to swing between the knee voltage and twice the supply
voltage, as shown in Fig. 4.10. The collector current swings
from zero to twice the standing current. The load represented by
this load line is therefore:

R, = (Vcc - anee)/IO' (4-9)

The maximum power output obtainable from this load is:

(VCC - anee) . L

Pomaxy = . 4.10
N RN 1
Combining these two equations,
- 2
RL — (VCC anee) . (4.1 1)

2P, O(max)

These relationships may be used in the design of a power
amplifier where a high degree of efficiency is required.

Design Steps

1. Allow for a slightly higher power than is actually required
and, using eqn. (4.11), evaluate the required load R;.

2. Determine the turns ratio of the transformer to match the
speaker to this load.

3. Note the lowest voltage to which the collector swings and
choose Ry such that the voltage dropped across it is less
than this voltage.

4. Making Rz = 10Rg, evaluate R, and R,.

5. Choose a suitable capacitor with which to decouple Rj.

DESIGN EXAMPLE 4.5

A maximum output of 40 mW is required for a portable radio
receiver using a supply voltage of 9 V.

Choice of transistor. Since the maximum theoretical efficiency
obtainable is 509, a transistor is chosen having a power rating
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of 3 times the required power. The OC72 is such a transistor
having a rating of 150 mW (when used with a heat sink) for
temperatures below 30°C. From the collector characteristic of
Fig. 4.11, the knee voltage is seen to be about 0-25 V.

Choice of load. In making use of eqn. (4.11) to evaluate the
required load, allow for a power output of 45 mW. This will
take account of loss in the ohmic resistance of the transformer

150 mW
' I5:=1-5mA
soH™
/“/"OMA
g 60 \
\
- \
- 40 _____\__._.-——-0~5mA
\
\\'
20 ‘\\ 0-3mA
~ -
' O ImA
1 i1 1 1
o -5 -10 =15 ~20
—’v

(4

Fic. 4.11. Collector characteristic of an OC72. Note that the
power dissipation curve is for the transistor when used with a
heat sink.

primary, and also allow for the fact that the collector current
cannot be taken down to zero because of leakage. In addition,
to ensure that distortion is a minimum, consider the knee voltage
to be 1-0 V. Then,

Ry, = (9 — 1)?/(2 x 0:045) = 700 Q.

Transformation ratio. The transformer required to match a
3 Q speaker to this load should have a turns ratio of \/ (700/3)
= 153 to 1.

Emitter resistor Rg. A load line for 700 Q is now plotted on
the output characteristic from the point I = 0, V. = 18 V, and
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the current at the operating point, V¢ = 9V, is seen to be
12-5 mA. If the current is allowed to swing from 23-5 mA down
to 1-5mA while the collector voltage swings from —1-5 to
—16-5V, an output of 42 mW is obtained. The emitter voltage
may therefore be made 1-:0 V.

Thus, Rg = 1 V/12:5mA = 80Q.
Make it 82 Q which is a preferred value.
Now make Ry = 820 (i.e. 10Rg),

VB = RZVCC/(RI + Rz) % VE'

Therefore

1'0 = 9R2/(R1 + Rz) and .R]_ = 8R2,
but
R = R R;/(Ry + Ry),

therefore

820 = 8R3/9R,.

This gives R, = 920 Q and R, = 7360 (), the nearest preferred
values being 910 Q and 7-5 kQ. To complete the design a capaci-

FiG. 4.12. Completed circuit of Design Example 4.5.

tor is chosen to decouple Rg. The reactance of a 250 wF capaci-
tor at 60 c/s is approximately 10 Q, which is satisfactory. The
final design is therefore as shown in Fig. 4.12.



POWER AMPLIFIERS 135

4.6. THE CLASS B PusH-PuLL AMPLIFIER

Design Considerations

Theoretically, a Class B push—pull amplifier should have its
two transistors biased to cut-off, but in practice this causes
cross-over distortion if the change over in current from one

% * —o OV

e X

FiG. 4.13. Basic circuit of a Class B push-pull amplifier.

transistor to the other is not smooth. This type of distortion
may be largely overcome by supplying the drive for the stage
from a high resistance source and by applying a small forward
bias to each transistor. The bias would typically be 100200 mV
giving rise to a quiescent current of a few milliamps. In the basic
circuit of Fig. 4.13 the bias is provided by R, and R,.

The value of Vg required at a transistor for any given collec-
tor current falls as the temperature rises, a decrease of 2:5 mV
per °C being typical. The temperature range over which the
stage is to be used should therefore be considered since, with
an increase in temperature, I, rises and may reach such a mag-
nitude that, in spite of the fixed bias provided, cross-over dis-
tortion is again present. Similarly, a large reduction in ambient
temperature may so reduce the quiescent current that it becomes
insufficient to reduce this distortion.

Such effects of temperature changes may be minimized by
shunting R, with a negative temperature coefficient thermistor.
Thus, as temperature rises, the resistance of the parallel combina-
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tion falls and the base voltage Vg is decreased, offsetting the
rise in collector current. A resistor in the emitter circuit Rg
similarly increases stability but as this is at the expense of
efficiency it is usually of a low value.

The amount of power dissipated by the stage is dependent on
the amplitude of the incoming signal and under no-signal condi-
tions very little current is drawn from the supply source. The
peak output power which the circuit can handle is a little less
than 5 times the maximum collector dissipation of each transis-
tor, and efficiencies of 70% may be readily achieved.

Assuming ideal transistors, the load presented to each collec-

tor is:
-RC = VéC/ZPO(max)' (412)

However, in using this equation, a voltage somewhat less than
Ve should be considered, allowing say 05 V to avoid distortion
as the bottoming voltage is approached. Similarly, the value for
Pomaxy should be higher than that required since the load on
the transistor includes the unbypassed resistor Ry and some
power is lost in this resistor. The useful power output is given by

P.t = Pogman - Re/(Rc + Re). (4.13)

Design Steps

1. Select a suitable pair of matched transistors.

2. Using eqn. (4.12), evaluate the load to be presented to each
collector and determine the ratio of the output transformer.

3. Select suitable values for R;, R, and Ry and check that
with this value of Ry the output power to the transformer
is sufficient.

DESIGN EXAMPLE 4.6
Required, a Class B push-pull output stage giving a peak
power output of 450 mW. A supply of 9V is available.

Transistors. From the data sheets it is seen that an OC72 when
used with a heat sink, may dissipate 130 mW at the collector
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when used in ambient temperatures up to 35°C. Since the
required output power is less than 5 times this figure a matched
pair of transistors of this type will be suitable.

Collector load. In making use of eqn. (4.12), let V¢ be reduced
by 0-5 V and consider a total power output of 550 mW:

Re = 72-25/(2 x 550 x 1073) = 65-7Q.

The collector to collector load is therefore 4 x 65-7Q = 262-:8Q2.
The required transformer turns ratio for use with a speaker hav-
ing a nominal impedance of 3 Q is \/(263/3) = 9-4 to 1.

Biasing. Since the emitter resistor reduces efficiency its value
is kept low; let it be the preferred value of 47 Q. Checking the
output, the total load on each transistor is

Rec + Rg =657 + 47 =704Q.

Total power Pomaxy = VE:/2(Rc + Rg) = 72-25/140-8 = 513mW.
Useful power output = Poaxy X Re/(Rc + Rp) = 513 x 0-03
= 477 mW, which meets the specification. The values of R,
and R, are chosen bearing in mind the required bias voltage, let
this be 150 mV, and the amount of current drain which may be
permitted. Limiting the current drain to 1:5 mA, which is com-
parable to the quiescent current of the transistors, then,

.R1 + R2 = Vcc/l's mA = 6kQ.

For Vg = 150 mV, R, = 59R,. As this is not critical, and
bearing in mind the spreads likely to be met in the transistors,
let Ry = 5-6kQ and R, = 100 Q.

For increased stability R, may be changed to a 220 Q resistor
shunted by an N.T.C. thermistor having a nominal resistance
of 200 Q.

Summing up the final design; turns ratio of output trans-
former4-7 + 47to1,Rg = 47Q,R; = 56kQ,and R, =220 Q
shunted by an N.T.C. thermistor of 200 Q.



CHAPTER 5

Tuned Amplifiers

Introduction

The tuned amplifier is used when it is required to amplify h.f.
signals at one frequency, or band of frequencies, and reject
others. A range of frequencies between 150 kc/s and 50 Mc/s is
included in this category of amplifiers. Selectivity is obtained
by the use of a parallel L-C circuit which resonates at the desired
frequency and which, at this frequency, has the high impedance
necessary for the load of a voltage amplifier. The important
characteristics of a tuned amplifier are the gain at resonance, the
variation of gain with frequency in the immediate vicinity of
resonance, and, if the frequency is to be varied, the way in which
the gain changes when this is done.

5.1. THE PARALLEL TUNED CIRCUIT

In Fig. 5.1a a parallel tuned circuit is drawn, made up of an
inductance L having a resistance r, and shunted by a capacit-
ance C.

(a)

F1G. 5.1. Parallel tuned circuit with its resistive component (a) in
series and (b) in parallel.

138
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Resonance will occur when the capacitive and inductive re-
actances are equal, i.e. when woL = 1/w,C, where wo, = 2nf,.
From this, the resonant frequency

1
= —, 5.1
J 22 JLC) (5.1)

and the magnification

woL _1
0=t r J( ) ¢

The impedance of such a circuit may be written

(r + joL)[joC

r + jwL — 1joC)’ ©3)

Z(jw) =

and
L/C
r + j(wL — 1/wC)

Z(jw) =

if r is much less than wL. At resonance, when woL = 1/w,C,

L
VA pe Rjp. (5.4)
The impedance at resonance is purely resistive and is known as
Ry, the dynamic resistance. The circuit of Fig. 5.1a may be
redrawn as in Fig. 5.1b in which C and L are shunted by R,,.
The two circuits are equivalent at resonance provided that
R, = L/Cr. From this, r = L/CR,, and if this is substituted in
expression (5.2).
Magnification

0 = R.y/woLl = woCR.q = R, \/(—%) . (5.5)

5.2. SINGLE TUNED CIRCUIT AMPLIFIER

A simplified circuit diagram is given in Fig. 5.2a, the coupling
capacitor C. serving to prevent the valve 1 anode d.c. voltage
appearing at the grid of valve 2. The equivalent network of this
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circuit is as shown in Fig. 5.2b. C represents the total circuit
capacitance and includes the input capacitance of the second
valve, and stray capacitance associated with wiring, etc., which
together with R (the input resistance of valve 2) are effectively

(a)

FI1G. 5.2. Basic arrangement of a single tuned circuit amplifier
with its equivalent network. C¢ is a blocking capacitor which
keeps the V; anode voltage off the grid of V5.

in parallel with the tuned circuit. The value of C¢ is chosen such
that it has negligible reactance at the frequencies being amplified,
and as it does not shunt the tuned circuit it may be neglected.

Choice of Valve

Examination of the equivalent network shows that the anode
resistance of the valve is effectively in parallel with the tuned cir-
cuit load. A valve with a high r, is therefore required to prevent
damping of the tuned circuit. As the impedance of the load will
be high, large gains are possible and difficulties due to feedback
may be encountered. Hence it is important that anode to grid
capacitance be low if instability is to be avoided. In this fre-
quency range the signal to be amplified will often be amplitude
modulated. Because of the selectivity of the tuned circuit there
will be no distortion of the modulation envelope, due to the
presence of second harmonics resulting from curvature of the
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valve characteristics. These considerations indicate that a pen-
tode should be used.

Although the presence of second harmonics does not cause
distortion, higher order harmonics may do so if there is a rapid
change in the curvature of the I,/V; curve. The danger of this
is overcome by the use of a variable-mu-pentode, and such a
valve is particularly suitable where some form of automatic gain
control is required.

Design Considerations

The equivalent circuit is redrawn in Fig. 5.3, in which R re-
presents the total circuit resistance including r, of valve 1, the
input resistance of valve 2, and the equivalent shunt loss resis-
tance of L and C.

o o
Om Vq

R L C= | Vo

o 2 . -0

FiG. 5.3. Simplified equivalent network of the anode circuit of
Fig. 5.2.
The impedance of the tuned circuit may be written,
LR/C
L/C + j(wLR — RjoC)
Let d, the dissipation factor equal 1/Q, thus,

Z(jw) =

(5.6)

From eqn. (5.6),
Z(jw) = R{

(1/R?) (L/C) }
(1/R*) (L/C) + jl(«@L/R) — (1/wCR)]

d2
R {dz + jd(wLRjwoLR) — (woCR/wCR)] }



142 ELECTRONICS FROM THEORY INTO PRACTICE

therefore

_ R{ __d } .7)
d + jl(flfe) — (fol)]

where f, is the resonant frequency and f'is'any other frequency.
The gain of the circuit from the grid of valve 1 to the grid
of valve 2 is g,,Z, and is maximum at resonance when Z = R.
At frequencies off resonance the impedance is less than R and
the gain is reduced as shown in Fig. 5.4. ‘

|
G~ —————
077Gy f———— — ——4 -
|
! |
I Bandwidth
! [
I 1 |
t | |
i
| |
!
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H ! |
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FiG. 5.4. Amplitude response of a single tuned circuit amplifier.
The lower and upper 3 dB points are f; and /.

Let the bandwidth be defined as the range of frequencies
between the two points at which the gain is 3 dB down, i.e. 1/\/2
times the gain at resonance. Referring to eqn. (5.7), this occurs
when (fIfo) — (folf) = +d.

For circuits having a low dissipation factor f will be close to
fo, and the gain is 3 dB down when

=1

13

2

and
f_—_i"_ . L’*_'ﬁ = d.
fO fO
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To a close approximation
SHfo _ s
Jo
Hence, writing Afy = f — fo,

iAﬁ:a’ and Af0=fL2d

o

The gain is therefore 3 dB down at the two frequenéies

d d
heto- L2, fi—ge 22 5.8)
From these expressions,
d= fo—fi _ bandwidth
fo fo
and since
_ 1
2nfoRC
bandwidth = 1 = !1. (5.9)
2nRC 0

For any circuit configuration, the gain-bandwidth product is
a constant, it being possible to increase bandwidth at the ex-
pense of gain and vice versa. In the case of a single tuned circuit
stage where gain = g,Z (= g.R at resonance),

gain-bandwidth product = g,,/2nC c/s. (5.10)

Design Steps

1. Select a suitable operating point, and determine the values
of Rg and Rg, the cathode and screen resistors.

2. Decouple Rg and Rg.

3. For a given gain evaluate the necessary effective R.

4. Substitute this value of R in eqn. (5.9) and thus determine
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the capacitance required in order to obtain the correct
bandwidth. By subtracting the sum of the stray capacitances
from this, the value of the tuned circuit capacitor is obtained.

5. From eqn. (5.1) evaluate L which, with C, will resonate at
the desired frequency.

6. Calculate the dynamic resistance of this tuned circuit and
determine what shunting resistance is required to provide
the currect value of R as found in Step 1. To do this a
typical coil resistance is assumed.

DEsiGN ExaMPLE 5.1

Required, an amplifier with a gain of 100 at a frequency of
200 kc/s. The bandwidth is to be 10 kc/s and the amplifier should
be capable of handling a maximum input signal of 1V peak
to peak. A supply voltage of 250 V is available.

Vy==IV
0 |
|
| -5V
<« ° |
€ 1
|
. ! -2:0V
. [
= |
| -2.
4 ! 2:5V
1
| -3V
2 1
! -4v
[}
1

I\ | H
o] 100 200 300

Va

FIG. 5.5. Anode characteristics of a 6AU6 r.f. pentode.

Let the valve chosen be a 6 AUG6 r.f. pentode whose anode
characteristics are given in Fig. 5.5, for a screen voltage of
150'V.
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Operating point. Neglecting the ohmic resistance of the coil,
which is small, the anode will have a standing voltage of the full
h.t. of 250 V and a suitable operating point is at a grid voltage
of —1V. Under these conditions the standing anode current
is 10-7 mA, the screen grid current is 4-3 mA, and (from the
valve data sheets) g,, = 52 mA/V and r, = 1 MQ.

Total current = 15 mA.

Rg = 1 V/I5mA = 66 Q.

Power dissipated = (15 x 1073)? x 66 = 0225 W.
Let Ry be 68 Q and 1 W.

At 200 ke/s a 0-1 pF capacitor has an impedance of less than
1 Q, so this is suitable for decoupling Rg.

Screen grid.

Rs = Vs/Is = 150/(4:3 x 1073) = 35 kQ.
Power dissipated = (43 x 1073)? x 35 x 10*> = 0-65 W.
Let Ry be 33kQ and 1 W.

This resistor must also be decoupled and a 0-001 uF capacitor
is suitable.

Tuned circuit load.

Ry = gain/g, = 100/(5-2 x 1073) = 19kQ.

From eqn. (5.9), bandwidth = 1/27RC = 10 kc/s.
Thus,
10-¢

= — " =840 pF.
27w x 19 x 10

Subtracting 25 pF for stray capacitance, tuned circuit capacitor
C = 815 pF.
From eqn. (5.1),
_ 1 _ 1
T 4nf2C 40 x 4 x 10° x 840 x 10712

F-G/E. 6
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Thus,
L =744 pH.

Assuming a typical coil resistance of 30 ,

6
RD=£-= 744 x 10~ = 295kQ,
Cr 840 x 1012 x 30

and referring to the equivalent network of Fig. 5.2b this is in
parallel with r, and Rg, each of 1 MQ. The effective resistance
is therefore approximately 28 kQ.

FIG. 5.6. Completed circuit of Design Example 5.1.

However, to satisfy the gain and bandwidth conditions it was
earlier determined that R, should be 19 kQ. It is therefore
necessary to shunt the tuned circuit with a resistor such that,

—_— = , and R =5kQ.

Let it be 56 kQ.
Coupling capacitor. This is merely required as a blocking
capacitor to keep the ¥; anode voltage off thegrid of ¥, . It should
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have a reactance which is negligible at the frequency to be ampli-
fied. Again a 0-001 p.F capacitor will be suitable. This completes
the circuit, which is drawn in Fig. 5.6.

5.3. TUNABLE R.F. AMPLIFIER WITH CONSTANT
SELECTIVITYW®

Where it is required that the frequency of an r.f. amplifier
be tunable, it is usually desirable that, over the tuningrange, the
overall selectivity should remain constant.

The resonant frequency of a tuned circuit may be changed
by varying either the inductance or the capacitance of the circuit.
With permeability tuning, the inductance is varied by adjusting
the position of an iron dust core within the coil. This produces
less variation in selectivity and gain over the tuning range than
does capacitor tuning, but is both more costly and more difficult
to achieve. Capacitor tuning is therefore the more commonly
used method, and with it special arrangements must be made in
order to obtain constant selectivity.

Design Considerations

In eqn. (5.9) the bandwidth of a parallel tuned circuit was
given as

B =fo/Q-

For constant selectivity, bandwidth should be constant and
hence Q should be proportional to f,. Since Q = wL/r it would
appear that, with a fixed inductance having a given ohmic
resistance, Q is proportional to f5 . In fact as frequency increases
the resistance of the coil also increases, and, particularly with
iron-cored coils, @ decreases as shown in Fig. 5.7. It is therefore
necessary to make use of a network having a resistive com-
ponent decreasing with frequency, which when added to the coil
resistance will make the total resistance constant with frequency.
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In Fig. 5.7, in which r increases from 2 Q to 10 Q as fincreases
from 400 kc/s to 1600 kc/s, there is needed a network whose
resistance falls from 8 Q to zero over the same frequency range
causing the total resistance R to remain constant at 10 Q. Such

ry

I i 1 l ]
400 600 800 1000 1200 1400 1600

Frequency, kc¢/s——

F1c. 5.7. The resistance and Q of an inductance as a function of
frequency.

a technique has the disadvantage that it derates the circuit per-
formance at the lower frequencies, but the required network
which is given in Fig. 5.8 is a simple one. Let the reactance of
the L-C arm be X.

Then

JRX
R+ jX

_ RX? + jR?X
R+ X*
Resistive component
RX?2
R1 = W (5.11)
Reactive component
2
X, = —X__ (5.12)
R + X?
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The values of L and C may be chosen such that at the highest
frequency in use the reactance is zero. Then, from eqn. (5.11),
the resistive component R, is also zero. As the frequency de-
creases X increases, and so therefore does R;.

The network thus has the required characteristic and is used in
series with the inductance of the amplifier tuned circuit. Its
reactive component is usually small and may be neglected in
comparison to the reactance of the coil itself.

R

L C

Fic. 5.8. Network used to obtain constant selectivity in a tuned
circuit.

The impedance of the L-C arm is:

1 1
iX = joL — —— =joL (1 - . 5.13
X=j TaC J ( szC) (5.13)

But fromeqn. (5.11), R, = Owhen X = 0, thatis at the resonant
frequency of the network.

Then
wol = and wiLC =1,
. woC
therefore
2 2
ix=joL{1— 2L\ and x=o0rL(1- To\ . (5.14)
w’LC f2

Substituting in eqn. (5.11),

R, = RloLll = G3A (5.15)
R? — {wL[1 — (f3/f)]}?

aﬁd rearranging,
R, R?
L2 = ! . 5.1
©*(R = Ry) [1 = (f5/fHP G10)
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There are three unknowns, L, C and R, so values for R, are
selected from Fig. 5.7 for three frequencies and substituted in
the above equations.

Design Steps

1. Set up the correct bias conditions as in Design Example 5.1.

2. Calculate the maximum and minimum values of capacitance
associated with the tuning capacitor and circuit, and thus
determine the inductance for the frequency range to be
covered.

3. Experimentally obtain the value of coil resistance over this
range and plot a graph as in Fig. 5.7.

4. Select three frequencies at which selectivity compensation is
to be applied and, at the two lower frequencies, note the
values of R, required to make the total resistance, in each
case, equal to the resistance of the coil at the highest
frequency.

5. Substitute in eqns. (5.15) and (5.16) to determine values
of L, C and R of the selectivity compensation network.

DESIGN EXAMPLE 5.2

Required,anamplifying stage covering the range 540-1600kc/s
with constant selectivity.

Using the 6 AU6 pentode, the correct bias conditions can be
set up as in Design Example 5.1.

The tuned circuit. A typical variable capacitor, with the stray
capacitance of the circuit, will vary over a range of approximately
50-550 pF. With an inductance of 160 uH this gives a frequency
coverage of 540-1800 kc/s which meets the specification.

If the resistance of this coil varies with frequency as is shown
in Fig. 5.7, then at 1600 kc/s, r = 10Q and Q = wL/r = 160.
The compensation network must provide a resistive component
such that the effective R is 10Q and Q = 160 over the whole
frequency range. In fact this will only be achieved accurately at
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the three chosen frequencies but between these the error will be
small. Let the chosen frequencies be 600, 1100 and 1600 kc/s.

At 600 kc/s, r =3-4Q and required R, = 66Q.
At 1100 kc/s, r = 67Q and required R; = 33Q.
At 1600 kc/s, r = 10Q - and required R; = 0.
This latter condition is thained at resonance, so fo = 1600kc/s.
f= 1100 kc/s.
R, =33Q and f3/f* =211
Substituting in eqn. (5.16),

_ B3RP x 1012
59-5R — 1964

LZ

(5.17)
f = 600 kcs.
R, = 66Q, wL=3768x10°L and f3/f* =TI,

therefore

2 2 2 .
wL(l _ I\ o 37202 = LT8R (s.8)
IE 59-5R — 1964

and substituting this in eqn. (5.15) and solving, gives that
R =175Q.

Hence, from eqn. (5.17), L = 0-86 pH.

Also at the resonant frequency of 1600kc/s, C = 1j/w3L
= 0-01135 pF.

In the completed circuit of Fig. 5.9, the tuning capacitor is
taken to earth instead of actually shunting the coil and com-
pensating network. Consideration of an equivalent circuit shows
that as far as the signal is concerned the capacitor serves the
same purpose when connected in this manner. There is also the
advantage that hand capacity effects are avoided.
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9 OVaa

33k

0-001
T ' *—o OV

F1G. 5.9. Completed circuit of Design Example 5.2 to provide a
tunable stage with constant selectivity.

5.4. CASCADED SINGLE TUNED AMPLIFIERS

The gain-bandwidth product of an amplifying stage is a figure
of merit by means of which different circuit configurations may
be compared. The product is a constant for a given circuit such
that bandwidth may only be increased at the expense of gain.
At broadcast frequencies this imposes very little limitation on
design since the bandwidths in use are normally less than 10 kc/s,
and for stability reasons a gain of 150 is rarely exceeded in a
single stage.

At much higher frequencies however bandwidths of the order
of several megacycles per second are sometimes required and
the gain of a single stage is consequently restricted. In order to
obtain a specified gain it is therefore often necessary to use more
than one stage of amplification.

When a number of identical stages are used in cascade the
figure of merit for the complete amplifier is not over-all gain
times over-all bandwidth, but rather (over-all gain)!”™ x over-
all bandwidth, where # is the number of stages.®® As the number
of stages is increased the over-all bandwidth decreases and, as
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an approximation,
Single stage bandwidth

Over-all bandwidth == 5.19
12 /n (5.19)
The gain-bandwidth product thus becomes:
1
G\, = Em . — 5.20
27C  12/n (5.20)
so that,
B, = 2nm ! L (5.21)

T 2aC 12n G
Differentiating with respect to n and equating to zero gives that

B, is maximum when n = 2 log.G.
Therefore
G =¢"* and GY"=e'? = 165.

This means that for an amplifier of this type, with a given
over-all gain, maximum bandwidth is obtained when the individ-
ual stage gain is 1:65 (or 4-34 dB).

ExaMpLE. Using the 6 AU6 pentode of Design Example 5.1,
let the requirement be a 30 Mc/s amplifier with an over-all gain
of 70 dB and with maximum bandwidth.

If the stray capacitance is 25 pF (as before), then the required
inductance is 1-1 uH and no tuned circuit capacitor is needed.

Number of stages = 70/4-34 = 16.

Therefore, bandwidth = 6-9/1-65 = 4-2 Mc/s.

An increase in the number of stages beyond 16 will cause
reduction in bandwidth. This example illustrates the importance
of considering the gain-bandwidth product when designing multi-
stage tuned amplifiers. However, valves are available which
would provide a gain-bandwidth of this magnitude with far fewer
stages. Such a valve is the E810F wideband pentode which has

F-G/E. 6a
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a g, of 50 mA/V. Since gain-bandwidth = g,,/2%C this valve,
in a single tuned stage, is capable of providing approximately
300 Mc/s and only two stages of amplification are required to
obtain the same result. Thus, over-all gain = 70 dB = 3162, so
gain per stage = \/ 3162 = 57. Similarly, over-all bandwidth
= 42 Mc/s, so single stage bandwidth = 1-2,/2 x 4-2 = TMc/s.

5.5. STAGGERED TUNED AMPLIFIERS

In eqn. (5.7) the impedance of a parallel tuned circuit was
given as:

d
S AU - (ol
Since,
_f___fiiz_fi, and d=£
fo f . fO fo’
_r. B2
B2 + jx

where x = f — f,, the frequency off resonance. Then making
B = 2 gives

R T+ (5.22)
Z 1
oinll P R 5.23
‘R‘ JA + x?) (5.23)

This is the equation of the normalized selectivity curve of
Fig. 5.10 and from it the frequency response of any parallel
tuned circuit may be obtained.

Equation (5.23) may be written as 1/,/(1 + x2"), so that the
normalized selectivity curve represents the case of n = 1. The
way in which the value of » modifies the shape of the response
is shown in Fig. 5.11. As n increases, the 3 dB bandwidth remains
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constant but the response flattens, and the cut-off outside the
passband becomes sharper.

By means of Butterworth’s technique,® it can be shown that
each of these responses may be synthesized by a number of
staggered tuned stages as indicated in Table 5.1, where b is the
bandwidth of a single stage.

Relative voltage

|

fo
Frequency —# X

FiG. 5.10. Normalized selectivity curve (

z\_ 1
R \/(l—xz))'

TABLE 5.1. STAGGERED TUNED STAGES TO PROVIDE BANDWIDTH B AT
FREQUENCY fp

n Single tuned stages required

Two stages at f, 4= 0-35B, each having b = 0-71B
Two stages at f & 0-43B, each having b = 0-5B
One stage at fo and b = B.

4 Two stages at f + 0-46B, each having b = 0-38B
Two stages at f 1= 0-19B, each having b = 0-92B
5 Two stages at fp £ 0-48B, each having b = 0-31B
Two stages at fo == 0-29B, each having b = 0-81B
One stage at fo and b= B

w N

It will be noticed that most single stage bandwidths are less
than the over-all bandwidth. A better over-all gain-bandwidth
product is therefore obtainable than with cascaded synchronous
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circuits. It is for this reason, together with the sharper cut-off
outside the passband, that staggered circuits are used.

ExamPLE. Required, an amplifier having a response of the
form 1/,/(1 + x%), (n = 3), at a frequency of 50 Mc/s and band-
width of 6 Mc/s. Over-all gain to be 100 dB.

Since n = 3, from Table 5.1, there is required:

(a) a stage at 50 Mc/s with b = 6 Mc/s;
(b) a stage at f, + 0-43B = 52-78 Mc/s with b = 3 Mc/s;
(c) a stage at f; — 0-43B = 47-22 Mc/s with b = 3 Mc/s.

Gain per stage = 33 dB = 45.

The gain-bandwidth products of the three stages are therefore
" 270 Mc/s for (a) and 135 Mc/s for (b) and (c).

Frequency off resonance

zZ 1
Fi1G. 5.11. |—| = ——————— plotted for various values of »n.
IG |R| T+ P various valu n

From eqn. (5.10) gain-bandwidth product = g,,/2zC, which
is greatest for stage (a). Hence allowing 25 pF, the required g, is

8m = 270 x 10% x 27 x 25 x 1012 = 42 mA/V.

The E810F pentode having a g, of 50 mA/V is therefore a
suitable valve. The detailed design of each stage is carried out

as in Design Example 5.1.
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5.6. DouBLE TUNED CIRCUITS

Doubled tuned circuits are employed where a passband is
required centered on a fixed frequency, and coupling between the
two circuits may be inductive, capacitive or a combination of
both. The most common type is that of inductive coupling as
is used, for instance, in the intermediate frequency section of a
superhet radio receiver. Only this method of coupling is there-
fore considered.

Inductively Coupled Circuits

Inductively coupled circuits can be represented by the equi-
valent circuit of Fig. 5.12, in which Z, is the primary impedance,
Z, is the secondary impedance and M = k\/ (L,L,) is the mutual

R M

[
£ I.) z, zz<12

1
I
L

FiG. 5.12. Equivalent networks of an inductively coupled circuit.

inductance that exists between them. The performance of the
circuit may be examined as follows:

Impedance coupled from secondary into

primary = (0M)?/Z,. - (529
Equivalent primary impedance = Z, + (wM)?|Z,. (5.25)
Primary current I; = 4 . (5.26)

Zl -+ ((DM )2/ Zz
Voltage induced in secondary = —joMI;. (5.27)
Secondary current I, = —joML = —joMV .
Z, Z.Z, + (oM)?

(5.28)
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When the mutual inductance is small, and the secondary im-
pedance is large, the coupled impedance is small. Under these
conditions the primary current is almost the same as if no
secondary were present. If, however, Z, is small and M is not
small, then the coupled impedance is significant. When Z, is
reactive with a given phase angle, the coupled impedance has the
same phase angle but with the sign reversed. When Z, is purely
resistive the coupled impedance is also resistive.

Two Resonant Circuits, Inductively Coupled

The behaviour of a pair of inductively coupled circuits, re-
sonant at the same frequency, is largely determined by the degree
of coupling between them. In Fig. 5.13 is shown the way primary
and secondary currents vary with frequency for four values of &,
the coefficient of coupling.

I 1, :

e

2

f

3

Fi1G. 5.13. Primary and secondary responses of inductively coupled
tuned circuits for various coefficients of coupling.

Curve 1 represents a very small coefficient of coupling and both
primary and secondary responses have approximately the same
shape as would be obtained from single tuned circuits. If the
coupling is increased until the coupled resistance, at resonance,
is equal to the primary resistance, the response of curve 2 results.
Such a coupling is known as the critical coefficient of coupling,
and provides the maximum value of secondary current.
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Thus, for critical coupling,
(@M)*/R, = R;. (5.29)
Substituting M = k \/(L,L,) and rearranging gives
Critical coefficient of coupling k, = 1 /\/(QIFQZ). (5.30)

If the coupling is increased beyond the critical value, as in
curves 3 and 4, two humps appear in each response, and these
become more pronounced and more widely spaced, the tighter
the coupling is made. This is explained as follows. The secondary
impedance is R, + j[oL — (1/wC)], and the coupled impedance
is (WM)?/{R, + jloL — (1/wC)1}. At resonance this is a maxi«
mum and is resistive and, since it is effectively in series with the
primary impedance, the primary current at resonance is a mini-
mum. At frequencies above and below resonance the secondary
impedance isreactive,and the resultingcoupled impedance isalso
reactive but of reversed sign. For instance an inductive re-
actance is coupled into the primary as a capacitive reactance.
This neutralizes some of the primary reactance, lowering the
primary impedance and increasing the primary current. Circuits
which display this double humped effect are said to be over-
coupled. : ‘

If the two tuned circuits have equal Q’s, the magnitudes of
the humps are equal. If, however, @, does not equal Q, and if
the humps are widely spaced, the low frequency hump will tend
to be the greater of the two.

Design Considerations

An equivalent circuit is given in Fig. 5.14 in which R, and R,
represent the loading of the tuned circuits, including the r, of
valve 1 and the input resistance of valve 2. The gain of the stage
will be largely determined by the dynamic resistance of the tuned
circuits and hence, for high gain, L should be large compared
with C. There is a limit however to the L/C ratio which may be
used, because for frequency stability reasons stray capacitance
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should not form a large proportion of the total tuned circuit
capacitance.

Since the circuit is to operate at a ﬁxed centre frequency, it is
important that no detuning should take place due to temperature

F1G. 5.14. Equivalent network of two inductively coupled tuned
circuits, with the effects of loading represented by R, and R,.

changes. Permeability tuning is therefore preferred, as this is
more stable than capacitor tuning, and the tuned circuit capaci-
tors are usually of the silvered mica type.

The development of design equations for the bandpass circuit
is somewhat laborious, partlcularly for the general case of un-
equal Q’s, and so is not given here. For the special, and usual
case of equal high Q’s with critical coupling, the relevant equa-
tions are as follows:

3 dB bandwidth of a single stage,

B = f"_\/z = i (5.31)
(4] 2nRC

Single stage gain-bandwidth product,

6= VA& (5.32)
4nC

C=,(C,C;) and R = J(RR,).

Critical coefficient of coupling

where

k. = 1/Q, (5.33)
and combining eqns. (5.32) and (5.34),
k=B (5.34)

27 f,
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When n circuits of this type are cascaded the overall band-
width is less than a single stage bandwidth in the ratio

Over-all bandwidth 1
Single stage bandwidth  1-1 n*/*"

(5.35)

This expression is very accurate for a large n and is within 109
of the correct value when n = 2.

Design Steps

1. Estimate the stray capacitance associated with each tuned
circuit and select a value for each fixed capacitor which will
make C = C; = C,.

2. Determine the value of inductance which will resonate with
C at the centre frequency.

3. Calculate the gain-bandwidth product of a single stage. If
more than one stage is required to obtain the specified gain,
use eqn. (5.35) to determine what bandwidth is necessary in
each stage.

4. Substitute for B in eqn. (5.31) thus obtaining the Q for each
circuit, and from eqn. (5.33) determine the critical co-
efficient of coupling.

5. Consider the effect of valve loading on the primary and
secondary circuits, and evaluate the damping resistors if
these are required.

A

DesigN ExameLE 5.3 (Fig. 5.15)

Required, a bandpass amplifier having a centre frequency of
10 Mc/s and a bandwidth of 250 kc/s, gain to be at least 1500.

For a good gain-bandwidth product a valve with a high g,, is
necessary. Let the valve chosen be an EF 183 r.f. pentode. This
is a variable-mu valve which will permit the application of
automatic gain control. From the data sheets for this valve, if
V,=200V, Vs=90V and V; = —2V, then I, = 12 mA,
Iy = 45mA, g, = 12-5mA/V, r, = 500kQ, and the input
resistance at 40 Mc/s = 13 kQ.
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Let C= C; = C, = 100 pF (including stray capacitance).
Single stage gain-bandwidth product

_ VO gn _ 141 x12:5% 10-3

47C 1256 x 100 x 1012

= 14 Mc/s.
Therefore,
. 14 x 10°
gain = ———— =
250 x 103

A gain of 1500 should therefore be obtainable with two stages.
From eqn. (5.35), for an over-all bandwidth of 250 kc/s, single
stage bandwidth (for n = 2) = 1-1 x 2%/4 x 250 x 10® = 325kc/s.

..__||.._'||.

|
i
I
]
1

ov

Fi1G. 5.15. Completed circuit of Design Example 5.3.

Checking gain with this new bandwidth, GB = 14 Mc/s, so gain
per stage = 14 MQ/325 kQ = 43, Sufficient gain is still therefore
available.
1 1
L = = = 2'5 l.LH .
42 fIC 40 x 10'* x 10-1°

From eqn. (5.31) the required
0= So/2 _ 10 x 10 x 1-41
B 325 x 103

=43

and
k. = 1/Q0 = 0-023,
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The primary tuned circuit is loaded by the r, of the valve, which
is 500 kQ. Similarly, the secondary of the first stage is loaded by
r,y the input resistance of valve 2, which from the valve data
sheets is 13kQ at 40 Mc/s. To obtain the value of r,, at 10 Mc/sec,

rg1(f1) = re1(f2) - [;—:]2 = 13kQ x [‘l‘—g] = 208 kQ.

From eqn. (5.31), the value of the effective damping resistance
should be

J2 141
27BC 628 x 100 x 1012 x 325 x 10°

= 6-9kQ.

Retr =

This must be the equivalent value of the damping resistor in
parallel with the dynamic resistance of the tuned circuit and the
valve loading resistance.

Assume that the transformer has primary and secondary Q’s
of 100. Then, )

Rp = QwoL = 100 x 6:28 x 107 x 2-5 x 10~ = 15-7kQ.

The secondary winding is shunted by r,; = 208 kQ, giving an
equivalent shunt resistance of R, = 14-6kQ. To achieve the
required R. = 69 kQ the damping resistor R must be

_ R . Rege _ 69 kQ x 14-6 kQ — 13KQ.
Rs - Reﬂ' 14'6 kQ - 6'9 kQ

Similarly, the primary winding is shunted by thevalver, = 500kQ,
and the required primary damping resistor is 12-4 kQ. Both
damping resistors may therefore be made 12 kQ.

Decoupling. The design values of r, and g,, were selected for
¥V, = 200 V. Assuming an available h.t. supply of 250V, the
extra 50 V may be dropped in a decoupling resistor. Thus,
R = V/I = 50/(12 x 1073) = 4 kQ.



164 ELECTRONICS FROM THEORY INTO PRACTICE

Let it be the preferred value of 4-7 kQ. The decoupling capaci-
tor should offer a signal path to earth which is small compared
to this. At 10 Mc/s a 33 pF capacitor has a reactance of 483 Q
which is suitable.

The correct bias conditions are set up as in Design Example 5.1.
In this example, the problem of unequal loading of the two tuned
circuits has been easily overcome because the specification is not
particularly stringent. In cases where the required Q’s are high,
and where the relative values of r, and r,, are such as to give
an unbalanced condition, a technique described by Langford-
Smith‘*” may be used. In this treatment a transformer is de-
signed having equal values of primary and secondary Q when
unloaded. Designating them by Q,; and Q,, they should have
such values that, when in circuit and loaded by r, and r,,,
0= \/ (Qu1 - Quz), where Q is that required to provide the cor-
rect gain and bandwidth.

5.7. TUNED AMPLIFIERS USING TRANSISTORS

The necessary theory associated with parallel tuned circuits
has been presented in §§ 5.1 and 5.6. Before proceeding with the
design of transistor tuned amplifiers, the characteristics of tran-
sistors, when used at high frequencies, must first be studied.

Choice of Circuit Configuration

The frequency response of a transistor may be expressed in
terms of the frequency at which the current gain is reduced to
1/,/2 of its low frequency value. At this frequency the phase shift
starts to change rapidly, and this can be of importance in obtain-
ing stable amplification over a range of frequencies. The fre-
quency at which this occurs is called the cut-off frequency and is
denoted by f, for the common base and f; for the common
emitter configuration. To a rough approximation f, = Bfs, i.e.
a higher cut-off frequency is obtainable with common base
than with common emitter. Despite this fact, the common base
arrangement is not necessarily preferred at high frequencies.
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Transistors are available with sufficiently high values of f; that
they may be used, in I.F. amplifiers for instance, in the common
emitter configuration, taking advantage of the higher current
gain of that circuit arrangement.

High Frequency Equivalent Network

At high frequencies the equivalent networks of Figs. 2.23 and
2.24 fail to yield accurate design results because of the h.f. effects
that are inherent in the structure of a transistor. To take account
of these effects the modified-T and the hybrid-= networks pro-
vide the most convenient representations for common base and
common emitter respectively. These are shown in Fig. 5.16.

(a) (b)

FIG. 5.16. The hybrid-» and modified-T equivalent networks for
use at high frequency. The symbol b’ represents the internal
base point.

As the last design example of this chapter will be a common
emitter circuit, attention will be limited to the hybrid-z network.
The following relationships hold between the low frequency T
parameters of Fig. 2.23 and the hybrid-z parameters:

r
Fee = 2r(1 — &), Pyee = 20, rb’e=—e—_+rb“rbb';
(1-0)
& o« Ipr
8m = = Em b'e = gm-Tpe
ret (= 1) —0) 1 —=8m-Tye

B

and ¢y, = ——.
2nf1rye
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The symbols used have the following meanings:

re is the emitter resistance, r, is the base resistance, and

r. is the collector resistance,

ryy represents the ohmic resistance which connects the active
part of the base to the external base connector b.

¢y is the emitter diffusion capacitance.

ry. is the collector capacitance.

Ji1 is the frequency at which the modulus of the common
emitter forward current transfer ratio (h,,) is unity, and

o and f§ are the current gains for common base and common
emitter.

Since r,, is usually small the effect of ¢, is frequently negli-
gible. The collector capacitance however is more significant since
it shunts a medium to high resistance. This capacitance can
seriously reduce bandwidth, and furthermore provides an in-
ternal feedback path from the collector output to the input.
With good h.f. transistors 7, and r., will often be so large that
they can be ignored. Ignoring r,, implies a load impedance which

b b b' Coc c

ch'e ImVb'e
_ el
e

FI1G. 5.17. Simplified hybrid-= network.

o0

is small compared with it, while r,-, may be ignored because at
h.f. it is large compared with the reactance of c,-,.

The hybrid z of Fig. 5.16a may therefore often be reduced to
the simplified network of Fig. 5.17.

5.8. NEUTRALIZATIONU®

As frequency increases, the reactance of ¢, falls, thus causing
a feedback from output to input of the transistor. In most
instances it is necessary to cancel the effects of this internal
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feedback. The term unilateralization describes the process by
which complete cancellation is obtained. A more realistic ap-
proach is that of neutralization in which only partial cancellation

FiG. 5.18. Hybrid-z equivalent network with external feedback.

is achieved, but this being sufficient to enable the effects of feed-
back to be ignored.

In Fig. 5.18 is shown a hybrid-z equivalent circuit with a feed-
back network Z, fed with a signal derived from the output
Cyre c

o p

FiG. 5.19. Modification of Fig. 5.18 for the\application of the
superposition theorem.

voltage. For the cancellation of feedback effects, v, should be
zero for any value of v,. Employing superposition, v; may be
written as the sum of two terms, one from v, and the other from
the Av, generator. The circuit may be redrawn asin Fig. 5.19, in
which

Thre
1 + SCb'er b'e

Zy

v5 (due to v;) = v; ——8M88 ™.
2 2) 2 Z, + 1/sCy
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Making use of Thevenin’s theorem the circuit simplifies further
to that of Fig. 5.20, in which

Z,

Zz = —_——.
1 + sCy.Z,

Using superposition,

1,71 (due tO 1)2) - Zn Zl 172 ’
Z, + 1ty + Z, Z, + 1/scy.

Z .
Uy (due to sz) = —A __2_1-__réb_ vy,
Zy+ 1oy + Z,

therefore

vy = ( Z,, < Zl Uy

Z,+ oy + Z, Z, + 1/scy.
— 4 (_Z%L vs.
For
4
v =0, —=22 = A(Z, + Typ)-
Zl + l/scb'c

Solving for Z, and substituting for Z, and Z, yields

Z, = Aryy (1 + "’”—) + (1 + ﬂ) (5.36)

Chc The

SC,,:,_.

vaZ

v2=Z,+|7sc

Fi1G. 5.20. The equivalent network further simplified by the use of
Thevenin’s theorem.
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The required feedback compensation network is therefore a
series R—C circuit determined by the values of the transistor
resistances and capacitances and by the feedback ratio A. For
the capacitor, it is often a reasonable approximation to take its
value as Cy-./4. In many practical circuits, where the transistor
is used at frequencies below f;, the resistor is omitted and the
capacitor alone provides adequate neutralization.

Choice of Transistor

The neutralizing network shunts both input and output im-
pedance of the stage and its capacitive component forms part
of the tuning capacitance. A transistor should therefore be
chosen having a small value of ¢, and thus requiring a small
feedback capacitor. It is also desirable that the component parts
of the internal feedback path should not be subject to a very
large spread. For operation in common-emitter mode, the tran-
sistor should have a common base cut-off frequency approxi-
mately 10 times the frequency at which the stage is to be oper-
ated.

Design Considerations

In the case of the valve bandpass amplifier, the design centred
on a voltage amplifier having large input and output impedances,
and the efficiency of power transference was largely ignored.
With transistors the input and output impedances are com-
paratively small and hence the effect on the Q of the tuned
circuit is greater. Since these impedances are considerably differ-
ent from each other, it is necessary that, in addition to providing
the necessary bandwidth and selectivity, the tuned transformer
should also act as an impedance matching device in order to
achieve an efficient transference of power.

The circuit takes the form of Fig. 5.21, and the Av, term is
obtained from the transformer secondary, so that A is the trans-
formation ratio. The collector is connected to a tap on the pri-
mary to reduce the loading effect which would otherwise occur



170 ELECTRONICS FROM THEORY INTO PRACTICE

if the transistor output impedance was across the whole primary.
This also enables the tuning capacitor to be of areasonable value,
For maximum transference of power, the transformer should

have a turns ratio,
‘n= \/(ﬁ , (5.37)
Ry,

where R, is the output resistance and R,, is the input resistance
of the next stage. To determine the value of the input and output
impedances, use is made of the fact that, due to the neutralizing
network, v, has no effect on v, and vice-versa. It is therefore
permissible to short circuit v,, and the input impedance is then

il

SRS
EWIERR I 2

Fic. 5.21. Basic circuit of Design Example 5.4.

o'e cb'l]‘ c h':’-

F1G. 5.22. Equivalent network of the input impedance of the neu-
tralized i.f. amplifier stage.

formed by the circuit of Fig. 5.22. This may be resolved into a
resistance R;, and a capacitance c,, in parallel. Similarly, by
short circuiting v, the output impedance may be calculated, and
the equivalent circuit redrawn as in Fig. 5.23.
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This circuit may be further simplified by considering the shunt-
ing effects of the neutralizing circuit and then treating the input
and output as two independent circuits. Thus, R, and C, may

I
C

" c

MV
b Ra
lvin Ria :|'C-.,. Cout Rout
1
Twl T

L d L A \ 4 A g ]

e

[L]e]

Fi1G. 5.23. Equivalent network to represent the output impedance
of the stage.

be resolved into R, and C, in parallel across the input circuit,
and also across the secondary of the output transformer. It
-appears as n?R,, and C,/n? across the trasistor output impedance

c

[}

|

|
e Cout SRout le Rp n2 ngl gl
r ] :

e
A4 L < A O

Fi1G. 5.24. Final equivalent network of the band pass amplifier of
Fig. 5.21.

and obviously has less effect there than it does across the input
circuit. The final equivalent circuit is therefore of the form of
Fig. 5.24.

Design Steps

1. Decide under what d.c. conditions the transistor is to be
operated, and calculate the values of emitter and base
resistors and bypass capacitors in the usual way.

2. Draw a hybrid-z equivalent circuit and calculate the value
of R, and Ry,, and thus determine the turns ratio ».

3. From eqn. (5.36) calculate R, and C, for the neutralizing
circuit.
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4. Calculate the equivalent impedance which represents the
shunting effect of the neutralizing components across the
input and output and construct the final equivalent circuit.

5. With the knowledge of the bandwidth required from each
stage, use expression (5.9) to determine the tuned circuit
effective Q.

6. Assume a value for the unloaded Q, select the tuned circuit
capacitor C, calculate L to resonate with C at the centre
frequency, and then determine the values of r, and L/Cr,
the equivalent shunt resistor of the unloaded circuit.

7. Calculate the required shunting resistance across the tuned
circuit to provide the correct bandwidth and thus establish
what resistance should be reflected from the transistor out-
put to achieve this.

8..Knowing this value, calculate at what point the transformer
primary should be tapped.

DESIGN EXAMPLE 5.4

Required, a transistor I.F. amplifier to operate at a centre
frequency of 470 ke/s.

From the makers data sheets, an OC45 has a typical « cut-off
frequency of 6 Mc/s when operated at a collector voltage of
—6V and with an emitter current of 1 mA. This is more than
10 times the required centre frequency so this transistor is suit-
able. The circuit arrangement will be that of Fig. 5.21.

Setting up the d.c. conditions. Let Ry be 820Q, so that
Vg = 0-82V, with an emitter current of 1 mA. Fora Vcof —6V,
and allowing for ¥ and the voltage drop across the tuned cir-
cuit, Voc = —7V. Thus, making Vz = —1V, TR,/(R, + R,)
= 1and 6R, = R,.

Also, make R;R,/(R; + R;) = 10R; = 82kQ.

Therefore

RiR, = 8-2KR, + 82KR,.

6R3 = 49-2KR, + 82 KR, and 6R, = 57-4kQ.
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Let R, be 10 kQ and hence R, should be 56 kQ.
Suitable decoupling capacitors Cg and C; are 0-25 pF and
0-1 uF respectively.

Input and output impedances. Based on Fig. 5.16a, and using
values from the makers data sheets, the hybrid-w equivalent net-
work is drawn as in Fig. 5.25a. In Fig. 5.25b is drawn the effec-

gmVbe |Gm=38mA/V
< O (o,

(a) (b)

F1G. 5.25. Equivalent hybrid-z network of the circuit of Design
Example 5.4 with an equivalent representation of the input
impedance if v, is short circuited.

tive input circuit if v, is short circuited, and if ¢, and r,. are
ignored.

1:39.€ R X? iRIX.
Z(R,, C)) = JR1AXy 141 JR144

R, +jX, R +X? R +Xx?

Substituting values this becomes a resistance of 78 Q in series
with a capacitive reactance of 310Q. Adding 7y = 75 Q,
R, = 153Q and X, = 310Q.

This is now converted into an equivalent parallel circuit of R,

and C,.
Admittance
R, JXs
Y=G+jB= + s
I R’y X2 R+ X?
therefore
2 2 2 X2
Rp = Ms__ and Xp = _Ifs_i'__s_
'RS ‘XS

From which R, = R, = 780Q, and X, = 386, so C, = Cin
= 875 pF. By short circuiting v, in Fig. 5.2 the output circuit
becomes that of Fig. 5.26.
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Making use of nodal analysis as discussed in Appendix A, at
node &',

N WL Wt R (5.38)
Z, Z,
at node C,
Vo vy — v} 3
—_—  —L 4 g = i,. 5.39
Zs Z EmV1 0 ( )

From eqgn. (5.38),

vy = Zywo/(Zy + Z,).

Fi1G. 5.26. Equivalent network of the output circuit, with v; of
Fig. 5.25 short circuited.

Substituting in eqn. (5.39) and rearranging,

Nz, "z, \z,+2z, /\" Z, *

Therefore output impedance,

Vo 1

0=/

io (UZ) + (1/Z2) + 1Z(Zs + Z5)] lgm — WZD)] |

Calculating the component parts of this expression separately
yields:

Z, = (679 — j1428); 1/Z, = (14 + j2:96) 10-3.
> = (0-31 — j31-8) 10%; 1/Z, = (0-3 + j31) 10-S,
Zy = 625 x 10%;, 1/Z; = 16 x 10-S.
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Thus, 1/Z5 + 1/Z, = (16:3 + j31) 1075,
Z\(Z, + Z,) = (0-474 + j2-128) 1073,
gm — 1/Z; = (38,000 — j31) 10~°.
Substituting these values in eqn. (5.40),
(344 — j111:9) 10°
B 13,705

i.e. a resistance R; = 2:51kQ in series with a reactance
X, = 816 kQ. Resolving into equivalent parallel components,

2 2
Ry = }i;_X = 29kQ.

Zy

2

—R2+X2

X, = 816kQ, so Cou = 38 pF.

Transformer turns ratio.

\/ 29,000\
n= =6
780

Neutralizing circuit.

R, = Ary, (1 4 Cre) o 75/6 (1 + 10000 _ 13 ka.
Cb’c 10°5

C, = Cypcf/d = 6 x 10-5 = 63 pF.
Let them be the preferred values of 12 kQ and 68 pF.

Shunting effect on input. At 470 kc/s the reactance of 68 pF

= 5kQ. ,
2 2 . 6
R, = R, + X, - (1-44 + 25) 10 ~ 2kQ,
R, 12 x 10°
2 2 o 6
X, = B X _264x10° _ oo0np
X 5 x 103

thus C, = 64 pF.
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Shunting effect on output. ,
R,, = an,; = 792kQ.
Cpo = Cpy/n? = 1-8 pF.
Assuming that the stage is followed by a similar stage having

the same input impedance, the final equivalent circuit is that of
Fig. 5.27. In this the conductance of the representative current

°

940 I 40.[ 28 : ol
4
vi"680 oF oF s ng |9p 680
q,,.=35TA/V !

F16.5.27. Final equivalent circuit of Design Example 5.4. Note the
different value of g, to take account of the voltage drop in r},.

generator has been given a value of 35 instead of 38 mA/V. This
is necessary because the current is now shown as a function of
vy,, at the base connection, and not of v,,.. The difference in g,,
takes account of the voltage lost in ry,-.

The capacitance reflected from the secondary into the primary
of Fig. 5.26 is 940/n? = 26 pF, giving a total primary capacitance
of 66 pF. Similarly, the resistance reflected from the secondary
into the primary is 680n#2 = 24-5kQ, giving a total shunt re-
sistance of about 13 kQ. To reduce the loading effect of this
resistance on the tuned circuit, a tapped primary winding is used.

The tuned primary. Assuming that the complete I.F. amplifier
is to consist of two stages, and that the over-all bandwidth is to
be 7 ke/s, then each stage must have a bandwidth of 7 x 1-2,/2
= 9 kc/s.

From eqn. (5.9), bandwidth = f,/Q = 1/2zRC, from which
Qe = 470/9 = 52, and equivalent shunt resistance R., = 70kQ.

In circuits of this type, a transformer would be used having an
unloaded primary Q, of 100, and tuned by a 250 pF capacitor.
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To resonate with this capacitor at 470 kc/s, if the reflected
capacitance from the transistor output is assumed tobenegligible,
L = 450 pH.

Primary resistance r = oL/Q, = 13-3Q.
Equivalent shunt resistance Rp, = L/Cr = 135 kQ.

It is therefore necessary that the resistance reflected from the
transistor output across the primary should reduce the equivalent

FIG. 5.28. Circuit to illustrate the auto-transformer action of the
primary winding.

T o025 OV
Le e

0;2‘
# T—o

{6
il

50 <250,
kS22 pF

12k 68pF
FiG. 5.29. Completed circuit of Design Example 5.4.

shunt resistance from 135kQ to the required value of 70 k€.
The reflected resistance should thus appear as 145 kQ and this is
achieved by the auto-transformer action of the tapped primary

F-G/E. 7



178 ELECTRONICS FROM THEORY INTO PRACTICE

winding. Referring to Fig. 5.28, the output resistance of 13 kQ
across n appears across the whole primary m as 13 kQ x m?/n3.
For this to equal 145k, m?/n* = 11 so that m/n = 3-3. For
matching purposes it has already been decided that n:1 = 6,
so the complete primary to secondary turns ratio becomes ap-
proximately 20: 1. The voltage gain of the circuit, measured
from transistor input to transformer secondary output, is g,,R/m,
thus, ‘
Gain = 35 x 70 x 1/20 = 122.

The completed circuit of the first stage is given in Fig. 5.29. The
second stage of the amplifier, which would normally be feeding
into a detector circuit, would be modified to take account of
the different input impedance of that circuit.



CHAPTER 6

Zero Frequency Amplifiers

Introduction

1t is often required, particularly in control engineering prob-
lems, that an amplifier should amplify down to zero frequency.
For a capacitor coupled amplifier this would require the use of
an infinite capacitor. A zero frequency amplifier is able to amplify
a change in d.c. level, as shown in Fig. 6.1.

Z.F. amplifier \
R 3 ’ \
Vout : A.C. amplifier

Time Frequency

|

|

|

|

!

|
Gain

o P
3o
Gain

Fic. 6.1. Comparison of time and frequency responses of zero fre-
quency and a.c. amplifiers.
6.1. AMPLIFIER TYPES

There are two general types of z.f. amplifiers:

(a) Direct coupled. One stage is coupled to the next either
directly or by means of a resistance chain. Two such cir-

179
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cuit arrangements using valves and transistors are given
in Fig. 6.2.

(b) Modulator (Chopper). The input is chopped, amplified as
an a.c. signal and reconstituted at the output, as shown in
Fig. 6.3.

Type (a) will usually have a greater bandwidth than type (b)
but the latter has less output drift.

' Vee
% rs O

OVaa

ov
O— & O [o; o)
g
FIG. 6.2. Direct coupled amplifier stages. V¢ is the negative
voltage required to provide the correct bias for the second valve.
V' S—
“E DAL fae- - Pow
| l |
O—WA———o—}——— Amplifier ————II—«H—VWW—I—«—O
: Filter :
Vin [, I 4

Fia. 6.3. Schematic diagram to illustrate the operation of a chop-
per z.f. amplifier. Chopping is achieved by means of a me-
chanical relay driven from an a.c. source. This could be replaced

by a solid state switching device.
Drift

With no input signal, the output from a z.f. amplifier can alter
due to internal changes of operating conditions. These changes
are amplified in the same way as input signals and cannot be
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separated from them. The change in output voltage for zeroinput
is known as drift. Drift is measured by shorting the input
terminals and monitoring the output, and is typically given in
volts per hour; so that different amplifiers may be compared,
drift is usually referred to the input.

output drift (Vy,)

Input drift (V) = .
P (V) amplifier gain (4)

6.1)

Drift signals are of very low frequency having a period which
may vary from several seconds to hours, and are consequently
not passed by a.c. amplifiers.

Zeroing

Since the output level is of significance, with a z.f. amplifier,
some means is required of setting the output to the required
datum when the input is zero. (For example, see Fig. 6.6.)

6.2. DIRECT COUPLED AMPLIFIERS

The conventional common cathode amplifier is basically a d.c.
amplifier.

Gain

The working point of a d.c. amplifier is a function of the input
voltage, and the small signal gain is the same as for a capacitively
coupled amplifier.

_I‘RL — —8m (6.2)

_ra+-RL ga+GL.

The small signal gain will vary with input signal because of the
change in valve parameters with operating point. (See Fig. 6.4.)
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FIG. 6.4. Consideration of a single stage direct coupled amplifier
to show how the anode voltage V, varies with the d.c. grid
voltage V5.

DESIGN EXAMPLE 6.1

Required, a direct coupled amplifier providing a gain of 10
with signal inversion. The output voltage should be 150 V when
the input voltage is zero.

. —uR
Gain 4 = i _ [from eqn. (1.12)].
re + Ry + (p + 1) Rg
(6.3)
Ry is the effective value of cathode resistance, i.e. Ry of Fig. 6.5
in parallel with Ry.
PA(mox)
30 \Y
L5 \\
) 20} N PO
< [Resk@ G/ N\ SV
— L A‘\": ,’OQ :\ _|ov_|5v
1oF S 5 S o 20V
%)
o 100 200 360
Va

FIG. 6.5. Circuit diagram of Design Example 6.1.
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Valve. One half of an ECC82 general purpose triode is suitable
for this purpose having a typical u of 20 and r, of 10 kQ. Let the
operating point be 150 V and 6 mA which réquires a grid-
cathode voltage of —5V. . :

Cathode resistance. Following the method of § 1.6 let the total
current through Rx be 20 mA.

Re= —Yex = 3V _ _s00.
I 20mA

Anode resistance. Rearranging eqn. (6.3),

—Alr, + (u + D Rel
u+ A '

.RL=

(6.4)

Substituting the nominal values,

R, = 10(10 kQ 1—; 525kQ) _ 1525 kQ.

(Let it be 18 kQ.)

Supply voltage V4. A loadline of 18 kQ, drawn through the
operating point of 150 V, 6 mA gives a supply voltage of 250V.

Bias current resistor Rg. The voltage across Rg is the supply
voltage minus the cathode voltage.

Rs = VAA_ VK = VAA - VK # 250V , (6,5)
Ix Ing — 14 14 mA

= 18kQ.

Zero control. To enable the output voltage to be set to the
required value, Ry may be adjusted. Make R, a 200 Q variable
resistor and R,, 150 Q.



184 ELECTRONICS FROM THEORY INTO PRACTICE

6.3. PENTODE AMPLIFIERS

Many pentodes can be operated with extremely large anode
resistors and low screen grid voltages. In this manner stage gains
of several hundred can be obtained although the bandwidth will
be relatively small because of the large anode time constant.

+——°Van

F1G. 6.6. Pentode amplifier with cathode follower output.

To prevent loading of the anode resistor, the cathode fol-
lower output circuit of Fig. 6.6 can be used.

A typical requirement is that the amplifier should give zero
volts out for zero input volts and that the output should be
able to move both positively and negatively. The amplifying
valve requires negative grid volts which can be provided by a
resistance chain from the anode supply line. If a cathode resistor
is used, it will reduce the gain, but the negative feedback could
be desirable in stabilizing it.

Once the anode voltage for zero output is found, the voltage
divider for the cathode follower input can be designed. To pre-
vent loading of R;, R, + R, should be at least 5 times R;.
Loading of R, will reduce the gain (by reducing the effective
load resistance), and the voltage swing (by drawing a current
through R, even when ¥, is cutoff). If the loading is small, a
sufficiently accurate relationship is:

-R2 - VGG

= , where R, + R, > R;.
Ri+R, V,— Voo rooEs T
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Determination of Rk,

The fact that the output voltage is required to move both
positively and negatively must be considered when selecting a
value for Rg. Consider the circuit of Fig. 6.7a. When the valve
is conducting,

Ve =V,
(L KK)+IL-

Li=L+I,= Re

Let Imax, be the current supplied by the valve when the output
voltage is maximum positive, Vimax. Then the voltage across
the valve is V44 — Vimax 2nd the maximum current the valve
can supply is indicated on the valve characteristics at the inter-
section of Ve =0Vand V, = (Vaq — V1)

300

(o} 100 200 300

FIG. 6.7. Determination of the optimum value for Rg in the
cathode follower stage. In (c) the two load lines for Ri represent
Rg in parallel with Ry

F-G/E. Ta
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If the valve is an ECC81 double triode and the output volt-
age is required to be +50 V into a load of 20 kQ, then with
VAA = 250V and VKK = _"250 V:

VL(max) =50 Vv,
Vaminy = Vaa = Vigman = 200 V.

If the grid voltage V¢x = —1 V is accepted as a limit instead of
Vek = 0V, then from Fig. 6.7b,

IA(mnx) = 11-5 mA.
The maximum load current,

VL(max) 50V

I max) = = = 2'5 mA,
=T R, 20k0
Ry = Voltage ac.ross Re _ Vi — Vix ©6)
Current in Rg Litmany — Ireman
=0V _ 333kQ.
9mA

This is the minimum value and, using it, the standing valve
current
250V

I whenV:O is Iy = Iy, = = 7-5mA.
A ( L ) Al K1 333 kQ
When the valve is cut off, I, = 0, then
RK — VL(min) - VKK (6.7)
IL(max)
= 200 v = 80 kQ.
2:5mA

This is the maximum value and gives rise to a standing valve
current of
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In general, as the value of Ry is increased, the standing anode
current decreases, but at the same time the cathode follower
efficiency decreases as the point of cut-off is approached. The
load lines drawn in Fig. 6.7¢ represent the two values of Rg,
each shunted by R,. At V,, = 250V (when ¥, = 0) the bias
voltages required are;

VGKI = —25 V, for .RK = 33 kQ,

VGKZ = =37 vV, for RK = 80 kQ.

Eguivalent Network

If in Fig. 6.8 (R, + R,) is much larger than Ry, then the
signal voltage across R, is — @1 Ry1011 /(a1 + Rypi), where
Yo =TIg + .Rx([l + 1).

oG,

Vint

Pent'ode 'Cathode ‘follower

FiG. 6.8. Equivalent z.f. network of the circuit diagram of

Fig. 6.6.
Then,
_ —#Ru ) R,
Vinz = ——————  "Um1 T
(ray + Rypy) (R; + R3)
and

- [p2/(uz + 1] [RLRx/(Re + Re)]
T Traaf(uz + D] + [ReRe/(Re + Ro)]

— p2 R Rk .
(u2 +1) RpRg + (R + Rp) raz

* Uin2

Vin2 -
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Voltage gain ’
= Yout _ —H1 R, i R, x
Uin1 (ra1 + Rpy) (R, +Ry)
% U2 R Ry
(@2 + 1) RLRi + rpn(Ry + Ry)
= [A1R2/(R1 + Rz)] Az, (6-8)

where 4, is the gain of the pentode and 4, is the gain of the
cathode follower.

Fi1G. 6.9. Simplified equivalent network of a cathode follower.
Since Ry, the effective load, will be much greater than 1 /gm the
voltage gain will be approximately unity.

It is usually sufficient to regard the cathode follower as being
represented by the equivalent circuit of Fig. 6.9 in which Rj, is
the effective load. Since 1/g,, is very much smaller than R} the
gain of such a stage is very nearly unity, i.e. 4, = 1.

DEsiGN EXAMPLE 6.2

Required, an amplifier consisting of a pentode and cathode
follower, to provide an output of +50 V into a 20 kQ load. The
gain of the pentode should be the maximum practical value ob-
tainable from an EF86 operating from a 250 V supply.

The pentode circuit. If resistive coupling is used, there will
be a signal reduction of approximately one-third between the
pentode and cathode follower, so a voltage swing of +80V is
required at the anode.
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Using the test circuit of Fig. 6.10a curves are plotted relating
gain to screen grid voltage, with control grid voltage as para-
meter (Fig. 6.10b).

For each value of Vg another curve may be drawn, as in
Fig. 6.10c, in which ¥V, is plotted against V5. Examination of

Vi =50V
A -V, =60V
400 —————|
>V, =100V
Vo =t:5V[ | fily,. = ~2v
1
300} |
|
I
|
0 "
200} ! 200}
|
: 150 )
| Vi Vgk ==-2V
100 | 100fF————=
| 1
| 50} I
| I
1 L 1 ! 1 1 | : 1 1 |
o 20 40 60 80 100 120 140 ¢} 40 60 80 100 I20
Vs, Vs
(b) (c)

FIG. 6.10. Selection of operating conditions for a pentode
amplifier.

these curves shows that a grid voltage of —~2 V is a reasonable
compromise between gain and possible anode voltage swing; a
screen voltage of 60 V giving a gain of 400 and a standing anode
voltage of 100 V.

Anode load resistor. The anode load resistor used in the test
circuit has a value of 1 MQ. A larger value would provide higher
gain but the coupling network would reduce the effective value
of this resistor, and thus reduce the maximum positive signal
voltage swing. These considerations indicate that 1 MQ is a
suitable value.
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Screen grid voltage. With Vs =60V and V, = 100V the
measured screen current is 40 p.A and the anode current 150 pA.
For the screen supply the bleeder current, through Rg, and
R, (of Fig. 6.6) should be of the order of 2 mA and this current
can be used to provide the required cathode voltage. Neglecting
I5 and Ig, and allowing for the cathode voltage,

Ry, 58V
Rgy + Ry, 248V

SO RSI = 3.R32. Make -RSI = 27kQ and RSZ = 82 kQ. The
bleeder current is then

L=—l%4_ _33ma,

Rs; + Rs,

Cathode resistor. Neglecting I and Iy,

This may be made up of a fixed 680 Q resistor in series with a
500 Q variable resistor for zeroing purposes.

Py °

5
015mA 2:3mA +250V
MR 82 100
(1av)$ o 2100V °
-— OlmA
o— = S’
V=2V ?
Vin (25mV)
somv)| 80
Zero
530 adj.

o— —0

ov

Fic. 6.11. Signal voltages (in brackets) and d.c. conditions shown

in the circuit of Design Example 6.2. The large values of grid

resistors for ¥, are permissible because of the high degree of
negative feedback inherent in a cathode follower.
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Voltage divider. To reduce loading on Ry, make R; + R,
greater than 10R, .
R, Ve _ 100V _ 10MQ

R, —Vegx 250V  25MQ

With these values the grid path resistance is considerably
larger than the usual maximum of 3 M, but as long as the grid
current is of the order of 10~8 A this will generally cause no
trouble. From previous considerations make Rg, = 33 kQ,
as in Fig. 6.11. ’

Estimation of gain. Referring to Fig. 6.10 and using the ex-
pression,

RLr a
RL +r,

8m = gain X _rilil‘_ N
RLr a

Voltage gain = g, ° where r, = 8 MQ,

= 400 x 1-12 x 106 = 0-45 mA/V.

Neglecting r,, the presence of cathode resistance causes a Te-
duction in the effective value of mutual conductance to g
where

1+g.Re 14045
ie. gw = 031 mA/V.
The pentode gain, neglecting negative feedback due to finite
screen resistance = —gnRp = 0:31 x 10° x 1073 = —310.

(The effective r, of the valve = r, + (u + 1) Rg = 8 MQ
+ 3MQ.) -
The coupling resistors R, and R, reduce the gain by the
factor ‘

R, 25

R, + R, 10+25
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Thus, over-all gain

A=t = 310 % 577 = —221.

Uin

Frequency response. An equivalent circuit of the amplifier is
drawn in Fig. 6.12a, which may be reasonably simplified to the
circuit of Fig. 6.12b.

Since R, < R, + R,, a breakpoint occurs at w, = 1/T,
= 1/C,Ry, and another at w, = 1/T, = 1/C,,R, where
R = RyR;/(R; + R;). The approximate gain expression is

Rl
A(S) - Em . L . R2
1+guRrx 1+ sC,R, R, +R,
1

X

6.9

y .
1 + sC,R R;/(R; + R,)

va'

Fi1G. 6.12. Equivalent networks of the d.c. amplifier. The simpli-
fied network is valid because the gain of the cathode follower is
unity and its bandwidth is much greater than that of the pentode
stage. It can thercfore be omitted for frequency considerations.
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It is apparent that the capacitance across R, , which is largely
the input capacitance to the output stage, introduces a lag addi-
tional to that due to C,. This additional lag can be eliminated
by shunting R, with capacitance C; = C,;(R;/R,), i.e. the time
constant C; R; = CpR,.

The gain expression is thus:

4@ =g —__. R
1+ sC,R, R, + R,
x 1 + SC1R1
1 + 8(Cy2 + Cy) [RiR/(Ry + R3)]
= &m Ry Rs

1+sC.R, R,+R,
(if ClR]_ = Csz).-
C, has the effect of increasing C, by the term C,C,,/(Cy + C;2),
ie.

C!=0C, + _GiG ,
Ci + C,z
and
, 1
w; = k)
CiRy

which is considerably less than w, .

Estimation of frequency response. Referring to Fig. 6.12b,
C, = Cy4 + socket and wiring éapacitance = 12 pF.

R; = r,Ry/(rs + Ry) = 0:9 MQ.

Therefore
T, = C,R, = 1-08 x 10~ sec.
w; = Zﬂfl = 1 ; = 92'6 X 103 r/S,
ai\L
from which

fi = 1475 kefs.
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C,2 = Cye + (1 — A) C, + wiring capacitance, where A4 is the
cathode follower gain. Since A is very nearly unity, the input
capacitance C,, is approximately equal to C,, + socket capaci-
tance between the grid connection and earth. Thus,

ng = 8pF.

1
Cp2R1R:[(R; + Ry)

Wy =2:'tf2 =

= ! = 176 x 10*r/s.
8 x 10712 x 7-1 x 10°

Therefore
Jfo = w32 = 2-8 k¢fs.

To remove the breakpoint at f5, capacitor C, is used.

C1R1 = ngz .
Therefore

C, = gz% =8 x 25/10 = 20 pF.

1

This increases the anode capacitance of 7,

C! = ca.i_ﬁgiz_ = 19 pF.
X Cl + ng
Thus
1
0y = 2af] = = 58-5 x 103 r/s,
1 fy R /
and

fi = wi/2rn = 9-3 ke/s.

The effect of C; on the amplitude response is illustrated in
Fig. 6.13.

Alternative coupling networks. The reduction in gain due to
the voltage divider can be eliminated by using a constant
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R(R . c,C . ,
2 T =(C )R T =CoR{

To= C‘!Z'R,mz ,C+Caz
o f2 f fi
—— N ‘\'
-5 \ \ N
Response foRr
€ C|=ng R—T
< < \ \
g -5 \ -
o \
~
-20
\\
| 2, 4 10 20 40 100

kc/s

F1G. 6.13. Frequency response of the amplifier of Fig. 6.11. There

are break points at f; due to the pentode and at f, because of the

coupling network. The latter can be eliminated by introducing Cy
but this lowers f; to fj.

9 —0 +250V

© +250V
100V discharge
tub

(b)

FiG. 6.14. Alternative coupling networks. (a) Use of gas discharge
tube, and (b) cathode follower coupling. The former eliminates
loss in gain due to resistive coupling. In the latter case the cathode
follower isolates the anode voltage from the potential divider thus
enabling low value resistors to be used. This gives improved
stabilization of the operating point and effectively eliminates the
breakpoint £, due to the coupling network.
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voltage device, such as a discharge tube. The disadvantages of
this method are chiefly:

(a) A relatively large current is required to operate the device
in its constant voltage region, and this current produces a
voltage across Ry, reducing the available anode swing.

(b) Unless the gas tube is of a special type, it is likely to pro-
duce noise voltage and even oscillate. Special devices have
been produced which, at least partially, overcome these
defects.

The large value of resistors R; and R, in Fig. 6.6 can be
reduced by isolating the pentode anode from the potential
divider with a cathode follower as shown in Fig. 6.14b.

Vaa
O

fa o ok 2 e
AN N AN
( a1+ Ry ) . (fa2+ Ry_z)
+ ey i\t +

G R G
K 2
I -y v, B2 °
T"im M "ot Vinz T
o— 3 . o

Fic. 6.15. Cathode coupled amplifier with equivalent network.
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6.4. THE CATHODE COUPLED AMPLIFIER

A circuit which is used to reduce drift in direct coupled
amplifiers is the balanced cathode coupled amplifier or longtail
pair shown in Fig. 6.15a. When v,,; = 0, for two identical
valves, the standing currents
Also,

I
I, + 1y, =1, and Iy =1, = —ZL'
IK — VRK = —VKK
Rx Ry

(where Vgx > Vgx, and Vg is the voltage across the cathode
resistor).

Small Signal Representation

The small signal performance can be assessed by analysing
the equivalent network.

A simpler approach can be made by regarding the amplifier
as two cathode followers with common cathode resistor, having
the equivalent network of Fig. 6.15b.

The incremental anode current, i,, and i,,, may be found by
circuital analysis. (See Appendix A.)

(’k1-.+ Ry) iy — Rgiz = * Vin1» (6.10)

By + 1

—RKil + (.RK + rkz) iz = _le * Vjp2. (6.11)
Thus, 2 +

il = ial
- (Rx + ri2) [1/(ps + D] viar — [1/(p2 + D] Rg . 042
ki« Tz + Re(rey + 1i2)

iy = ig
- [t1/(uy + DI Rg . 015y — (R + "k1) [2/(u2 + 1)] Vin2 )
iy - Tz + Re(riq + 1i2)
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It is apparent from Fig. 6.15b (and the above equations) that
if Rg > ryy andry,,

Iay = —Ii,, (as the signal current in Ry will be negligible).
Thus _
i = [/ + D] vinr — [p2/(2 + 1)] 01a2
al — .
Ter + o
Therefore
Ugy = _ialRLl
- [—21/(ps + D] v + [p2/(u2 + D] 045 Ry,
Tey + Iiz
and
_ /ey + D] ving = [u2/(u2 + D] v4s R
Vg2 = L2
Iy + I
If
:u1=1u2=,u, ra1=r02=ra and -RL1=-RL2=-RL9
val = —v,, = _lu"RL(vinl - UinZ) i (6.12)
2("4 =+ RL)
For
Uip2 = 0, Pat o __—BRr (6.13)

Vin - 2r, + Ry) )

i.e. half the gain of a common cathode amplifier, and

Yo _ _*HRL (6.14)
Uin 2(7’ a + RL)
If
Uin1 = Uiy, there will be no output.
For a differential input,
Uiny = —Vin2, L (6.15)

Vin Va + -RL
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These relationships are shown in Fig. 6.16a.
For a differential output taken across the two anodes, the

gain is —uR;/(r, + Ry) for a single input.

Vaa

(b)

FIG. 6.16. (a) Distribution of signal voltages in cathode coupled

amplifier. (b) The equivalent network is obtained for identical

valves and a large value of Rk, with the input voltage at grid 1
and the second grid earthed. :

Common Mode

If identical signals are applied to the two inputs of a longtail
pair, any output voltage produced is the common mode output.
Because of its symmetrical nature, when common mode signals
are applied, the network can be considered as having one valve

-
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made up of the two valves in parallel. Thus, from Fig. 6.17,
Common mode gain

—Uq — _,u-RL _
U (ra/2) + (Ref2) + (u + D) Ry

cm e

(6.16)
For large 4 and where uRy is very much larger than r, and R,,
Acm —é' —RL/ZRK.

If Rk is very large the approximation of Fig. 6.16b is valid
and the common mode gain is zero.

In direct coupled amplifiers it is desirable to have a low com-
mon mode gain as the drift sources are largely common mode.
A change in heater current affects both valves in the same manner,
and if the common mode gain is low the output voltage devel-
oped as a result of this change will be small. For a single valve the
drift voltage would be amplified by the full gain.

F1G. 6.17. Cathode coupled amplifier represented by a single valve
for the determination of common mode effects.
Difference Amplifier

From eqn. (6.12) it is apparent that the longtail pair can be
used as a difference amplifier:

—U(Vin1 = Uin2) .
2(r, + Ry)
For this to be true the common mode gain must be very small.

Vgg = —Up = L+

L4
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Constant Current Tail.

From Fig. 6.15b, i,, + i,, = i;. If i, is held constant, the
common mode gain is zero since the anode currents cannot in-
crease. Rg cannot be increased since, for a given supply voltage,

(a) KK (b} Vikk

FIG. 6.18. The use of (a) a cathode follower and (b) a pentode,
to provide constant cathode current. By this means the common
mode gain is very much reduced.

it determines the standing currents. Devices that simulate a
large resistance, largely independent of the standing current, are
known as constant current devices.

(a) Cathode follower. By cathode follower action the voltage
across Ry is maintained constant with anode voltage changes.

ExaMpLE. Referring to Fig. 6.18a, if Vgx = —300V and a
constant current of 5 mA is required, let ¥ be 100 V. Suitable
values of R, and R, are 680 kQ and 330 kQ respectively and
Rx = 100 V/5mA = 20kQ. From the characteristics of an
ECC81,V, =200V, I, = 5mA, and Vg = —2:2V.

(b) Pentode. From typical pentode characteristics it is ap-
parent that, for a constant grid voltage, a pentode will pass
constant current over a large range of anode voltage. The use of
a pentode to serve this function is illustrated in Fig. 6.18b.
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Design of Cathode Coupled Amplifiers

Because of the negative feedback inherent in the circuit, the
design procedure is relatively straight forward.

DEsiGN ExamrLe 6.3 (Fig. 6.19)

Required, a cathode coupled amplifier using an ECCS81
double triode, the standing anode voltage to be 100 V at each
anode. The voltage supplies available are: V,, = 250 V and
Vixk = =250V,

The operating conditions can be found independently of the
valve, provided that it can supply the required current. The

—250V

F1G. 6.19. Circuit arrangement of the symmetrical cathode
coupled amplifier (or longtail pair) of Design Example 6.3.

cathode current is determined by Ry since the cathode is at
approximately 0 V.
Let the two anode loads, R, , be 100 kQQ.

Iy =1L = V44— V)R, =150V/100kQ = 1-5mA.
It =Ly+1IL,=2x15mA =3mA.
Ry = Vix/lx = 250 V/3 mA = 83-3kQ.

Let it be 82 kQ which is a preferred value.
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Gain at anode 2. From the valve data, u = 60 and r, = 20 kQ.
Using eqn. (6.14),

2(r, + Ry) 2(20 kQ + 100 kQ)
Gain rg + R ra + R
Rup /1) o+ Ry pHl
Ry Z(ra tRO/ )Ry
+
2Rg 2Rk o. ﬁ‘!m
Vin T
Viek o—e
FIG. 6.20. Gain control for longtail pair with its equivalent
. circuit.

The cathode circuit of Fig. 6.20 enables the gain of the ampli-
fier to be controlled, by reducing the coupling between the two
halves.

Frequency response of the longtail pair. An equivalent circuit
may be drawn to show that the amplifier of Fig. 6.14 hasa single
lag. This is done in Fig. 6.21.

W, = 1 , where R = Rulra + (u + Dl 6.17)
C.R Ry +ra+ w4+ Dri
and
re = r. + Ry M= Rl

T @+ " Retre
Substituting values,

R =58kQ and C;=3pF.
Thus,
- T, = 0174 x 107 sec,

w, = 575 x 10°r/s, and f; = 920 kc/s.
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A convenient way of measuring the shunt capacitance C,
is to find f, that is the 3 dB point, and then add shunt capa-
citance until the 3 dB point is at 3f; . The added capacitance is

) J o Hptn J
R C
. L2 s RLZ% Cs
[ Rg I- I

FiG. 6.21. Equivalent network of longtail pair for the evaluation
of frequency response.

then equal to the actual shunt capacitance C; together with the
capacitance of the measuring probe.

Coupling network. If the longtail pair is to be used as a low
drift input stage to the pentode—cathode follower amphﬁer it
must be direct coupled to the pentode stage.
+250V
RL

R
ov
Rz

Az

=250V

F16. 6.22. Coupling between longtail pair and pentode stage.

Let the design value for ¥, be 100 V as in Flg 6.22. R, + R,
is made much greater than R, so that the gain is not reduced by
loading:

R, 100V 1MQ

R, 25V 25MQ

To elimimate the time constant due to C,, make C,R, = C,R,.
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A method of finding a value for C, is to inject a rectangular
waveform at the anode and adjust C, to give a flat top to the
waveform at the grid, when displayed on an oscilloscope, as
shown in Fig. 6.23.

ExAMPLE. The measured C; = 150 pF, and from consideration
of the time constants,

C; = 60 pF.
But
» C, = Cé - Cprobe
= 49 pF for a probe capacitance of 11 pF.
Therefore
C,R, .
C; = = 120 pF (in the absence of the probe).

1

C, and C, in series, increase the shunt capacitance by 35 pF,
making it 38 pF. (See Fig. 6.24.)

1100
C.R 38 x 56

T, = C,R = 213 x 107 sec.
fl = w1/27t # 75 k.C/S.

w; = = 47 x 10°r/s.

Square pulse
injected at
oV A,

o2viN___ Waveform at
; pentode grid.
Overshoot
due to rise time
of pentode

-—-:‘ }*—lo;l.;c

FIG. 6.23. For a square wave input injected at 4,, C; is ad-
justed until the flat top of the lower waveform is obtained. The
peak is due to Miller effect at the grid of the pentode.
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fot () rg R _[ |22 F
p
lzoksz§ 100K -[

49pF

F1G. 6.24. Increase in effective shunt capacitance by the coupling
network.

04250

o
Tvout

L 2 * 0-250

FI1G. 6.25. The final circuit of a three-stage d.c. amplifier.

© 1ke/s 10 ke/s 100ke/s | Mc/s
© T
-or Longtail pair
£ Pentode /breukpmm‘
& o1 breakpoint
2 30}
B
g 4o
2
@ [o]
54 .
3 90} \
180

¢,

FIG. 6.26. Frequency response of the three-stage amplifier.
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Gain from the grid of the longtail pair to the grid of the pentode
= 25 x 5/7 = 18. The completed circuit of a three-stage
amplifier, consisting of a longtail pair input, pentode amplifier
and cathode follower output is given in Fig. 6.25. Its frequency
response is shown in Fig. 6.26.

6.5. DIRECT COUPLED TRANSISTOR AMPLIFIERS

Most transistors can be operated with very low collector
voltages, of the same order as the voltage required to bias the
base of a following stage. Referring to Fig. 6.27, if V¢ is much

Fi1G. 6.27. Direct coupled ‘transistor amplifier with network to
represent the division of current between the collector of T; and
the base of T5.

greater than Vg, then the current I = (Vee — Veg)/Rc will be
relatively constant. When T} is bottomed Vg is very small and
T, will be non-conducting.

As the base current of T is reduced, Vg rises and T, starts
to conduct and as I, decreases, I, increases, until when T is
non-conducting, I, = I. The amplifier action may therefore be
considered as the exchange of I between I; and I, due to the
variations in T, output resistance Ry, and Ry,, the input re-
sistance of T, . R, is the forward biased diode resistance of the
base emitter junction and, due to its characteristic, the voltage
Vg across it is limited. Since R. is made much greater than
Ry, R, is effectively the load resistance of T, -
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ExXAMPLE. Let Ry = 15kQ, Re, = 39kQ, Ve = 6 V and
I = 0-4 mA. The load line may be constructed, as in Fig. 6.28a,
in the following manner. The input characteristic OAB of T,
is superimposed on the collector characteristic of T, and then

A e, pA
(a) (b)

F1G. 6.28. (a) The load line of Ty, of Fig. 6.27, is the curve CD

of which the section XY is the region of operation. From this

load line the current gain for the first stage can be derived.
Also shown (b) is the transfer characteristic V¢, /Ip; .

rotated about the axis drawn at I, = I/2 (in this case 0-2 mA),
giving the curve CAD. The line CB represents the constant
current / = 0-4 mA.

For any voltage V,, a vertical line joining the voltage axis
to the line CB is divided into two parts such that the part of the
vertical above the curve CAD represents the current Iy,, the
part below being I, . Thus, at V¢ = 0:18 V, I;; = 0-:35 mA and
Iy, = 0:05mA.

It is apparent that the operating part of the load line must be
near the bottomed end of the curve, since T, requires a base cur-
rent that is very much less than I(= 0-4 mA). In Fig. 6.28a the
operating part is indicated by the line XY, and as the voltage
Vc1 changes by only a small amount R,, (the slope of XY) re-
mains relatively constant. Generally, R,, will be much less than
R, and efficient current transfer can be effected. At low values
of Iy, the transfer resistance decreases as is indicated by the slope
of the Vc,/Ip, curve of Fig. 6.28b, thus introducing a degree of
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non-linearity. Where T, is required to provide a voltage output,
this has the effect of limiting the effective output voltage swing.

The linearity of the stage can be improved by biasing the
emitter and thus moving the load line to the right. Methods of

O O
) Vol

—o

O— A4 A —0 lvga(‘)
() (b)

F1G6.6.29. A forward biased diode (a) provides emitter bias which

has the effect of shifting the load line of Fig. 6.28 to the right,

thus improving linearity. A similar effect is obtained in (b) by
the use of a Zener diode.

obtaining such bias are given in Chapter 2. Alternatively, as
shown in Fig. 6.29a, a forward biased junction diode will pro-
vide a constant voltage of approximately 0-2 V which is usually
adequate.

Figure 6.29b shows how a Zener diode may be used to provide
a low resistance voltage drop which does not unduly increase
Ry for T,. It may be replaced by a resistor through which a
constant current is drawn.

An approximate small signal equivalent network is shown in
Fig. 6.30.

Complementary Devices

With a pnp device, it is possible to use an npn as the next stage
as in Fig. 6.31. This arrangement is particularly advantageous
when the required output is about zero volts.

T, will be cut off when T, is cut off. Care must be taken to
ensure that the leakage current of T; does not produce so large
a voltage across R¢; that T, is permanently bottomed. If Vg,

F-G/E. 8
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is of the order of 200 mV, Ry, for T, will be low, and if R,
is much greater than Ry, the leakage current Iz, will flow into
the base of T,. If T, has a large leakage current either R., must
be kept small or a base resistor for T, should be used. Both these
methods reduce the current gain.

DEsiGN EXAMPLE 6.4

Required, a d.c. amplifier with voltage gain greater than
5000 and providing signal inversion. The output resistance should
be less than 1 kQ and the output voltage swing +5 V.

The circuit diagram will take the form shown in Fig. 6.32.

Supply voltages. The output voltage is required to be +5V.
Let the supply voltage be +8 V. The output transistor must
have Vi pmax greater than 16 V.

Transistors. OC44 transistors are suitable for direct coupling.
The minimum current gain of two OC44 transistors, 4, = 30 x 30
= 900.

As overall signal inversion is required, an odd number of
common emitter stages is necessary, and an npn transistor with
adequate collector voltage and power rating is required for the
output stage. An OC139 would be suitable as it has a 20 V col-
lector rating, 100 mV dissipation at 25°C and current gain greater
than 20.

Output load resistor Rcs. A 1 kQ resistor will ensure that the
output resistance is less than 1 kQ. With this load resistor the
current gain 4, = 20.

Peaxy = 8V X 8mA = 64 mW.

Gain. Voltage gain
R,

Au = Ai : s
Ri

where .
A; = A4, =900 x 20 = 18 x 103.
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i R ~ B(T,)

Ve

FIG. 6.30. Approximate small signal equivalent network for the

evaluation of performance of a direct coupled transistor stage.

Normally, G,, is much greater than 4, and G which may
therefore be neglected.

V¢, 4)

o < -0 OV

ovccz (")

FI16. 6.31. Use of a complementary pair of transistors to provide
an output voltage varying about zero.

y——°+8V

0

0C44

100kS: Ei

100uF

gyl
10k8

8:2kQ

0 -8V

FIG. 6.32. Circuit diagram of Design Example 6.4. The 10 k2
potentiometer enables the output voltage to be set to zero.
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If R, = 1kQ and Ry, = 2kQ (approximately equal to ),
then 4, = —9000.

This figure ensures that a higher value of R,,, or reasonable
loading of Rc; by an external load, will not cause the gain to
fall below the specified value.

Rcy and Re,. A suitable current for the direct coupled pair is
1 mA.

VCC

C

Rey =

= 8:2kQ (a preferred value).

As R, is a compromise between the current transfer and the
voltage produced by leakage current, 47 kQ is a suitable value.

Biasing of T,. To improve linearity, the emitter of T, is held
at —0:6V by a forward biased silicon diode, as shown in
Fig. 6.29a.

Zero control. A base current control is required for T, to
enable the output voltage to be set to zero.

6.6. DRIFT IN TRANSISTOR D.C. AMPLIFIERS
The input-referred current drift can be expressed as:

Iy = Alcpo + R, + Iy e (6.18)
__ leakage change in Vyg + change in
~ current required to hg
maintain
constant I
@ (b) ©

(a) The leakage current is a function of temperature. Use
of silicon transistors greatly reduces Icp,.

(b) As the temperature is increased, a decrease in Vjj is re-
quired to maintain a constant collector current. A change of
2-4 mV per °C is commonly quoted.
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It is apparent that increasing the source resistance decreases
the effect of AV g which becomes zero for a current fed tran-
sistor. If the amplifier has to operate from a low resistance source,
AVgE can be balanced out by using a compensating system.
Often the most satisfactory method is a longtail pair or symmetri-
" cal emitter coupled system.

Both transistors should be kept at the same temperature,
otherwise, even for identical units, drift would result.

Longtail Pair Analysis

The equivalent network is simplified by considering Rcy
= Rc, = Rc. Assume identical transistors, h, =0 and
h,e < 1/Rc as in Fig. 6.33b.

SVee Bi, h E

[o) L
(hg & I/RC; b, =0)

Vee (a) (b)

FiG. 6.33. Transistor longtail pair with equivalent network.

Writing the equations for the nodes B, and E,

1 1
V= Uy =y, 6.19
T sh (6.19)
1 2 1
—— v, + 0| =+ — | = by, + hyi,. 6.20
7 1 ZI:hi RE] rl stz (6.20)
From eqn. (6.19),
vy — Uz

i1 = - and i2 = N
by h;
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and, substituting in eqn. (6.20),

1 1 h
—— A +h)o, + —(2+2h, + )0, =0.
i), h:( , RE)Z

Thus,
1 + &,

21+ i) + (WJRy)

vy 6.21)

=30, as /Ry <2(1 + hy).

The input current,

Uy
[ = —,
1 2]1‘
and
Fin = 31— = 2}15.
iy
The output voltage at C,,
. h
ve1 = —hReiy = "?f— Revy
_ T8k 6.22)
2
The T, base current,
i = _ U2 _ U
* h, 2h,

The output voltage at C,,

h
o S
Uez = thClz = _'RCUI
i

= _—”';Ri 0. (6.23)

Note that half the input voltage v, is across the input transistor
and half across the emitter resistor R.
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DEesIGN EXAMPLE 6.5

Required, a longtail pair to provide a voltage gain greater
than 40, using supply voltages of +5 V.

Transistors. Let the transistors be OC44 types with a g,
greater than 30 mA/V.

Collector resistor R¢.
A, = 40 = &";l [from eqn. (6.23)].
Thus,
24, 2 x 40

RC = = = 2'7 kQ.
gm 30 x 103

Let the standing voltage of the collectors for zero input be
—2-5V. This allows a collector swing of +2-5V about the
quiescent value:

I‘—‘- VC—VCC=2'5V ﬁlmA
€ Re 27kQ

Emitter resistor Rg.

F1G. 6.34. Circuit diagram of Design Example 6.5.
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Dissipation Pc(payy. 2°5V x 1 mA = 2:5mW which is well
within the transistor rating.

The final circuit details are as shown in Fig. 6.34.

A knowledge of feedback theory is necessary to permit the
further study of transistor zero frequency amplifiers. This is
dealt with in Chapter 7.



CHAPTER?7

‘Negative Feedback Amplifiers

7.1. INTRODUCTION

By feeding back a portion of the output to the input, the
performance of an amplifier can be greatly changed. Figure 7.1
represents the flow of information in a feedback network. 4 can
be a voltage or current amplifier.

Feedforward Summing

Qin network point Qo”Ala Qi+ B Qou)
—Ta—0) {>_<.___o
ag,t B

aQqin

Bag

I B [
|
Feedback network

Fic. 7.1. Basic feedback structure. The input and output quanti-

ties, ¢in and goue, can be either voltages or currents depending on

the type of amplifier. « and 8 are fractions of input and output
signals appearing at the summing point.

Gain of Feedback Amplifier

As shown in Fig. 7.1, the output quantity

Gout = A(xgin + ﬂqoul) (71)
or ’
«A

T_—E Gin- 72)

Qout =

F-GJE. 8a
217
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In most examples « and § will be made up of passive elements
and have values of unity or less. The amplifier gain A will
generally be much greater than unity.

Loop Gain

The product A is the loop gain. It is usually much greater
than unity and has a negative sign if the feedback is to be nega-
tive. Either 4 or § can be negative. If 4 is negative the feed-
back amplifier will provide signal inversion.

For

—A4> 1,

Gout = % g [from eqn. (7.2)]. (7.3)

ExampLE. If x = 1, § = 02 and 4 = —50, the loop gain is
Af = —10, and

—-50
Qout = ——— Gin [from eqn. (72)]
1+10

= —45.

If the approximation of eqn. (7.3) is used

1
out & —— Gin = —35.
Gout ) q

If there is no signal inversion in the amplifier, that is 4 = 50,
f must be negative for negative feedback.
Then
50 -
Gout = ——— 4in [from an.(7.2)],
1+ 10

and the output signal is of the same sign as the input signal.
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Stabilization of Gain

Equation (7.3) shows that if the loop gain is sufficiently large
the over-all gain is independent of the 4 gain.

Let

qout = G = “A s

9in 1 - Aﬂ
then
4G _ (1 -4p)+ A8 _ o4 1 1
dA (1 — A 1—A8 1-—48 4

3 G
AQL — 4p)
Thus

-2 (7.4)

where (1 — 4B) > 1 for negative feedback, and A44/4 and
AG|G are fractional changes in 4 amplifier gain and feedback
amplifier gain respectively.

The change in 4 gain is reduced by the term 1/(1 — 4f) for
the feedback amplifier. Since, in general, non-linear distortion
arises from changes in gain with signal amplitude, such distortion
is reduced by the same factor, when negative feedback is
applied.

Extension of Bandwidth

The expressions of the previous paragraph show that changes
in gain due to variation in frequency are reduced by the factor
1/(1 — AB). Thus the bandwidth of the 4 amplifier is extended
by this factor, as 1 — Ap is greater than unity for negative feed-
back.

Application of Negative Feedback

Basic feedback connections are illustrated in Fig. 7.2.



o——J5 o] . o— P
A |28 2z A ; ZED
vin 22 !
< ¢ (' “;z H 1
L
(a) (b)
L}
Z
o] O O——— O
A z A , &
< o =1
¥ o=

(c)

(d)

F1G. 7.2. Application of negative feedback. Voltage feedback is
eliminated by short circuiting the output terminals. Current
feedback is eliminated by open circuiting the output.

7o}
R
Vout=
ReSp Avg
_ O )
amphfler equivalent network
o o]
Voltage | R,
amplifier | g, Vout
o [ le}
B =Ry/(R;+R;) for Rg» R),R» Vin
Vg2 Vit BVau, Min= Re(1-AB)
Gain=A/(1-AB) =1/B for AB>| o ‘Bv.,uy

F1G. 7.3. Shunt-series feedback amplifier.
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7.2. EXAMPLES OF NEGATIVE FEEDBACK AMPLIFIERS

(a) Voltage Amplifier

A voltage amplifier with a fraction of the output voltage fed
back in series with the input voltage is characterized by high
input impedance and low output impedance together with a
defined voltage gain. (See Fig. 7.3.)

Input impedance.

Vin
Zipn = ii .

in

i = Lo o it Poou (where z, is the input impedance
Zg Zg of the A amplifier)
= Ot [4p/(1 — AB)] (substituting Vout = 4 Vin
z, 1 -4
_ [ow/( — 4B)]
Z, ’
or
Zia= (1 — 4p) 2, (1.5)

The input impedance of the A amplifier is increased by the
factor (1 — Af) for series input.

In general, when the feedback signal is applied in series with
the input signal the input impedance is increased.

Output impedance.

_ Uout

Zout "
Lout
To determine the output impedance let v,, be zero, then with-
out feedback (8 = 0), the output impedance is z,, which is
R, and (R, + R;) in parallel.
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Referring to Fig. 7.4, let an alternating voltage v,,, be placed
across the output terminals. Then, if 8 is not zero,

. _ Uour — Aﬂvont
lowt = —/—/————,
Zo4
or

Zoa
out — et 7.6
Zout 1— 48 (7.6)

The output resistance of the 4 amplifier is reduced by the factor
1/(1 — 4p).

In general, when the feedback signal is derived from a parallel
network the output impedance is decreased by negative feed-

out

Zoa R
3“1 Re A Bt 1%
Rz

- .

FiG. 7.4. Measurement of output impedance.

back. The test for parallel (or voltage) feedback is to disconnect
the load and observe that the feedback loop is still operative.

Cathode follower. This is an example of a shunt-series ampli-
fier, and is shown in Fig. 7.5.
The gain,
A = Uout = ”RK .
Vg r, + Ry

There is no signal inversion as the output signal is obtained
from between the cathode and common terminal.
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The output is fed back in series with the input signal without
attenuation. Thus, § = —1 andx = 1.

«A
G = T——Zﬂ— [from eqn. (7.2)]
_ _ [uR(ra + Ry
1 + [uRk/(ra + Rg)]

MRk
r, + RK(,u + 1)

[/(p + DI Rg
Ry + [r(u + D]

This can be compared with § 1.9.

Vaa
o YR
VgK 4 A p——0
= vin = Vout

Vo

vl"
V\k\ r‘—l
’ Vo™ ﬁ=|
RK% TFRKV T L_l_’
Ry Vout
O O
__aA a 1
Gz——=—Z-———=|fora=l, B =~ and AB DI

1-AB B I-I/AB

Fi1G. 7.5. 'Cathode follower as a feedback amplifier.

(b) Current Amplifier

A current amplifier with a fraction of the output current fed
back in parallel with the input current has the property of low
input impedance and high output impedance, together with a
defined current gain. The outline of such an amplifier is shown
in Fig. 7.6.
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ii Current| i
in Ry amp. out R,
Biout A
Vin Rz
R
A

AR
O——4 ie= lout
[ e —
| Bi a=1, 8=Rz/(R+Rp), ip= i+ Biou
Rz

Gain=A/(1-AB) /B for AB»I

F1G. 7.6. Series—shunt feedback amplifier. There is no inversion,m
the amplifier but 8 is negative. The emitter current, iyy /A o = Tout
since kg, is very nearly unity.

1
>
g
5

g

=Biwf ib Aip

Vout

—AAAA
~N
e
D
) QN

‘r—o .

R
WA

FiG. 7.7. Measurement of output impedance. The current 7,y is
injected and i, is zero.

"A" amplifier transfer impedance, v,u/ iw= Z;
R
v /i =Re/1=75) # =Re for Z,/Re> |

FiG. 7.8. Shunt-shunt feedback.
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Input impedance.
Vin

Zin = —
Uin

via = i,R, (from Fig. 7.6)

(iin + ﬂiout) Rb

i (1 + ——Af——> Ry,
1— 48

as y
gy = ———— Ij, from eqn. (7.2),
t 1— 48 i qn. (7.2)
or
UVin _ R,
w1 —AB
Thus
7, = — X))
1 - 4B

The input impedance of the 4 amplifier is decreased by the factor
1/(1 — Ap) for parallel input.

Output impedance. If current i,,, is injected and the input signal
is zero, the output impedance,

Zour = 1{°“' (see Fig. 7.7).
) Lout
If the feedback is zero (R, = 0) the output resistance is z,4. If
B is not zero,

. . VUout — ioutR2
lout — Aﬂlout = .

Zoa
Thus
Zout = (1 — A4B) z,4 + R;. (7.8)
For negative feedback (1 — Ap) is greater than unity and the

output resistance is thus increased by series (or current) feed-
back.
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(c) Shunt-shunt Feedback

A signal proportional to the output voltage, fed back in paral-
lel with the input signal, produces low input and output im-
pedance together with a defined transfer impedance. Such a
feedback arrangement is illustrated in Fig. 7.8.

Uout = Zt’l,

where Z, is the current gain times the shunt resistance

_hf
Go + G’
Vout = Zy(lin — 1),
. U1 — Vgy
= Zt (lin —_— .1_‘RF._._1.) .
Therefore

V4 . iR :
(1 - ;f-) Vout = Z (zm - —‘R—”> (as vy = i, R,).

F F

Substituting i; = v,y,/Z, and rearranging,

Z, — R ,
(1 - t—b> Uout = Ztlin-

F
Thus,
Z, .
T T @ - RYJRA 2
= —Rr Iin
1 — [(Rr + Ry)/Z,]
- R ®o<R), (10
1 — (R¥/Z))
and
Zout = _Re (for Z, > Ry). (7.11)

lin
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Input impedance, Z,, .

= Ujn + Vin — Uout
Rb RF
in 1 — (Z,i1/vin
— Uin + ( :h/vi)
.Rb RF
.
1 1 -(Z,/R
o [l L=@iR ]
Rb RF
Therefore
Yo _ _ ReRy

in Re+ Ry —Z
R,R¢/(Rr + Ry)
1 —[Z,/(Rr + Ry)]
For a transistor amplifier R, < Ry, and

R,
o — 7.12
o T (IR .12

in

EXAMPLE.
hy =49, Ry = 20kQ, R, = 5kQ, R, = 2kQ, Rp = 50 kQ.

A amplifier transfer impedance:

—h, —49
Go + G, 250 x 105

where the negative sign indicates signal inversion. Substituting
values in eqn. (7.9),

= —196 kQ,

'=

—196 kQ _
1 — [(—196 kQ — 2kQ)/50 kQ]

200kQ . < z, .
iy las— =4
1+4 Ry

Vo =

Lin

ofl

—40KQ " iy

oI
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Thus, in the presence of feedback, the transfer impedance is
reduced.

Input resistance, _v_,,,_ = 2k
fin 1+ 4

shown in (a), parallel feedback provides a low output impedance.

= 400 Q [from eqn. (7.12)]. As

(d) Series—series Amplifier v

A voltage proportional to the output current, fed back in series
with the input, produces a high input impedance, high output
impedance together with a defined transfer conductance. Two
examples of this form of feedback are illustrated in Fig. 7.9.

) js% Qiia where ais current gain
RE:*‘RQ Vi=(R|+0RF)iin

I W Vit in RoF inRe
Vin

icivi/Re iof vi/ Rk
Fi1G. 7.9. Examples of series-series amplifier.
For the current amplifier,
lour = Aijy
Avy,

= —\ " (from Fig. 7.9
R, + ARp ( & )

= ; (for R, < ARy).

F

-Rin = Rb + ARF
= ARy for R, < ARg. (7.13)
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As shown in (b), series output feedback provides a high output
impedance.

EXAMPLES.

1. Transistor with emitter resistor. By the above reasoning

. Vin Ujn : .
i, = = in the example of Fig. 7.9.
*T R, 10° p g
. . hfeGC
v, = —ARci;,, Wwhere the current gain, 4 = G———G—,
e+ Gc
= — ARc v;n Where ry, = ARg.
. Tin
Thus voltage gain,
Ve _ R . 5 kQ
Vi Ry~ 1kQ
in this example.
2. For the pentode of Fig. 7.9,
i = Vin
a
r,+ R+ (u+ 1) Rg
. Em
=—°>" __.p,. (forr, >R
1 + g”RK i ( a L)
= Yn (for g Rx > 1).
Rk
Thus, voltage gain,
_iaRL - - RL
vm ) RK g

If the pentode is operated with

g» = 10mA/V, r, =1MQ,
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10~
1+ (10 x 10-% x 10-3)

the transfer conductance =

= 1 1 mA/V.
Rk
. Ry
Voltage gain = — — = —20.
K

(e) Computing Amplz"ﬁer

This is a form of shunt-shunt feedback, and is shown in
Fig. 7.10. From (C), oy = — Zpi;, (Where Zj is the feedback
impedor), provided the A amplifier transfer impedance Z, > Zj.

MAAMA

. Z:
IZ\
H i A
gzi,. b0
Tvin VIT V..,T
o— O

FiG. 7.10. Computing amplifier. For a voltage operated amplifier
Z;, will be very large, while for a current amplifier Z;, will be
small.

With an external input impedor Z,, because of the low input
impedance to the amplifier with feedback, an input current -
i]n = U]n/zl Will ﬂOW. Thus,

V4
Vout = —— * Upy. (7.14)
1

If 4 is a voltage amplifier, eqn. (7.2) can be used and i, neg-

lected. Thus,
oA

Voug = ——— 0
1 - 48

ine
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In Fig. 7.11, av,, is the voltage at the summing point of the
amplifier when the output is short circuited:

Z, + Ze

v|= av vI vag
zF+zl ZFQ-Z.

FiG. 7.11. Determination of « and f.

(1.15)

Bu, is the voltage produced at the summing point of the
amplifier by the output, when the input is short circuited:

[ - (7.16)
Z, + Zr
Thus, substituting for &« and g,
[Z¢/(Z, + Z§)) 4
1 —[Z,)(Z, + Zp)) 4

out

_ zZ 1 .
= —-— " ——"Vjy
zZ, 1-(@1/4p)
Zy
where Af = A+ ——— 7.17
( P=d 7% ZF> 17
- _§v,n for AB> 1. (7.18)

1

If i, cannot be neglected (as in the case of a transistor ampli-
ﬁer), il = iz + i3.
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Therefore
u:Ul 1 +_l- _v°“t’
VA Zin Zp Zr
or
i vou
Yo, = At O+ Ye+ Y, — AYy),
and

v — Yl [ Avin ]
" % La -9+ (0 + s

- __’fl_[ Zin ] (7.19)
Ye L1 = (Y1 + yia + Yp)/AY:
This is the same form as eqn. (7.17) but with
YF = lein/(zl + Zin)
Y + yin + Y (Z12w/(Z1 + 210)] + Z5

It is apparent that § is formed by Z, and z,, in parallel, in series
with feedback impedance Z;. With valve amplifiers z,, is, in
many cases, sufficiently large to be ignored and then the loop
gain expression is

=

Ap = 221
p Z, + Zp

as in eqn. (7.17). .
EXAMPLE. Let 4 = —100, Z; = 100kQ, Z; = 1 MQ. Then

100 kQ 1

P =Torativo - 11
and
AB = —91.
ot _ _ _ Zr 1 - 10 1
Din ) Z, 1 _(I/Aﬂ) 1+ (1/9'1)

- —10—1 = .
1-11
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Thus, the percentage error involved in expressing vgy/vin
= —Zp/Z, is approximately 100/4f8%. In this example it is
11%.

Low input impedance amplifier. The conventional transistor
amplifier has a low input impedance in contrast to the high input
impedance of the valve amplifier. (There are semiconductor
devices such as field effect transistors with high input impedance.)

Considering eqn. (7.19),

Yl Uin

Y 1 — [(Yy + yin + Y5)/A,YF]

Uour =

Yl Vin

Yr 1= {1+ [(Y1 + YO)ul/(4AYelym)}

The voltage gain of an amplifier can be expressed as

Av= —=—= ZtJ’m,

where Y, is the effective load admittance and Z, is the transfer
impedance of the amplifier. Thus,

Vout = .Y Zia (7.20)
Ye 1 —{1 + [(Yy + Y&)/yil/Z. YF}
ZF Din .
= —— ———- if n»Y +Y- 7-21
Z, [l — (ZF/Zt)] (if y; 1 - ( )
ExAMPLE. Let Z, = —1 MQ. The negative sign indicates

that a current flowing into the amplifier causes a negative output
voltage. For this transfer impedance, an input current of 1 uA
produces an output voltage of —1V.
If
Rp =100kQ, r,=1kQ and R, = 10kQ,
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using eqn. (7.21),
G= Lot = 10— =901
Vin 1+011

The error in expressing the gain as — Z/Z, is approximately
(Z./Zy) . 1007;.

For high accuracy it is required that Z, > Zp and ry
< Z\Ze)(Z, + Zp).

Because the loop gain of the low input impedance amplifier
is largely independent of Z, this type of amplifier has advan-
tages over the high input impedance amplifier where the loop

Zr IMQ

——AAM——

Z, IMQ Amplifier

z
——0 e
Voo Z{1=1/K) i

Vout

% o

Fig. 7.12. Effect of input resistors on computing amplifier per-

formance. For a high input impedance amplifier, having voltage

gain A, K = A[Yg/(Yz + ZY1)]. The effect of Z; and Zj is to

reduce the loop gain from 4/2 to A/4. For a low input impedance

amplifier, K = Z; Yy, which is indepedent of 2Y;, the parallel
combination of the input impedors.

gainis AZ,/(Z, + Z,). In the latter case, if the amplifier is to be
used to provide voltage gain, the loop gain, and consequently
the accuracy of computation, are reduced together with the
bandwidth. In the former case, for a given Z, the bandwidth and
accuracy of computation are ideally constant. (See Fig. 7.12.)

Some simple operations using computing amplifiers are
shown in Fig. 7.13.

For further applications, reference should be made to standard
works on analogue computing. Figure 7.14 illustrates the input
and output waveforms of a computing amplifier when used as
an integrator.
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MAA———

R;
Yo
Ry
o— * o
v ——lcl———-
RI(AI
b o
Vz Vo
Rie)
o 0

(a) Single inverter

vo ___ Rz (For AB>I
Vi R jor Z;» R,

vo= —v; for Rz2= R

(b) Adder
= - V4 V2 g
v2® ~Re an+ Rug +R.(.,,]
== {vtv, - +v,)
For Rz= RyarRug = = Ry

(c) Integrator

Y2
vols) = sCRya,  SCRym)

t

+
P JUp
volt)= cn.(.,f‘" dt- R-mf"zd'
0 [+

FiG. 7.13. Applications of computing amplifiers. The input to the
A amplifier is frequently referred to as the summing point.

Voltage step input

-2V

Sinusoidal input

V2V, sin wt

w=4

o gl oo -]
& on w1

w=l tor CR=1sec

Fic. 7.14. Response of an integrator to a step function and sine
wave input.
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7.3. APPLICATION OF NEGATIVE FEEDBACK
TO STABILIZE TRANSISTOR OPERATION

Because of the wide spread of transistor parameters, it is
necessary in some applications to use local feedback loops within
the over-all feedback system.

—o0+30V
%IO kQ 100Q
20 kQ
—&
iir\
e —
[
;\ 27kQ
AN Vout
%56 kR
o ® O
Current amplifier 2:2kQ
WW—O0 =30V

Internat feedback resistor

FiG. 7.15. Amplifier with transfer resistance of —250 M. The

common base stage gives high voltage gain and allows the output

voltage to swing positively and negatively. Stabilizing elements
are not included.

ExampLE. Computing amplifier with defined internal transfer
impedance of —250 MQ.

The amplifier consists of a current amplifier (type b in
Fig. 7.2) with a defined gain of 500, and a shunt-shunt stage
(type ¢) with 0-5 MQ feedback resistor.

The over-all transfer impedance is

Z, = 500 x —0-5MQ = —250 MQ.

When used in a computing system with a feedback resistor
RF = 100 kQ,
—Rr

Vout = ——————" "l

= —Ryi
I—RF/Z, Ftin



NEGATIVE FEEDBACK AMPLIFIERS 237

to an accuracy of 0:025%. Such an amplifier is illustrated in
Fig. 7.15.

Apart from standardizing the gain, the local feedback has the
following features.

(a) The shunt feedback across the input stage gives a low
input impedance which is desirable for computing purposes.
(See §7.2.)

(b) Similarly, the input impedance to the second feedback
loop is low. This allows efficient current transfer from the
first loop to the second.

(c) The voltage or shunt feedback from the output reduces the
amplifier output impedance below that of the emitter
follower. In computing systems a low output impedance is

necessary.
o

7.4. STABILITY OF AMPLIFIERS WITH NEGATIVE
FEEDBACK

Although at signal frequencies an amplifier may be operating
with negative feedback applied, at frequencies above the oper-
ating range (and below the operating range in the case of a
capacitor or transformer coupled amplifier) the feedback may
become positive due to phase change in the loop gain.

The gain with feedback, G = x4/(1 — Af) [from eqn. (7.2)],
where the loop gain 4B is negative for negative feedback. If 48
becomes positive and equal to or greater than unity, G will tend
to infinity and the amplifier will oscillate. (See Chapter 9.)

Thus, a condition for stability is that the loop gain (a vector
quantity) should always be less than unity, or 48 < 1. (4B isa
phasor having magnitude |4f| and angle ¥ 6 as in Fig. 7.16.)

Consider an amplifier with gain 4, of —1000 and a feedback
fraction # equal to 0-01. The loop gain, 4of = —10. If § is
independent of frequency, and the amplifier is a zero frequency
type, the loop gain locus follows the 4 locus asshown in Fig. 7.16.
The amplifier shown is stable, since (1 — Ap) is always greater
than zero as the phasor moves around the locus.
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1ke/s I4kc/s

250¢/s ake/s

rd
Zero frequency Agor A8 axis Xm’%?" 350
1 1 1 1
~i000 -900 -800 -700 -600 -500 -400 -300 -200 -I H 6-8kc/s
A, Z.F. amplifier gain ke/8L/ | Gain margi
rgin
L L ] ] 1 | ] ] I | Jae—
-0 -9 -8 -7 -6 -5 -4 -3 -2 =i 0+

ApB loop gain (8 =100)

FiG. 7.16. Polar plot of a three-stage z.f. amplifier modified to

show the loop gain locus. The 8 network is independent of fre-

quency. The amplifier is stable as A4f is always less than unity,

since it never encloses or passes through the point +1 on the
AP axis.

Phase and Gain Margin

An indication of the stability of an amplifier is the phase
angle between the input signal and the 4B phasor at the fre-
quency where A = 1. This is the phase margin. A typical value
is of the order of 45° to ensure stability under all conditions. If
the locus passes through the point +1 on the Aof axis, the
phase margin is zero and the amplifier will oscillate at the fre-
quency indicated on the locus. If the locus encloses the point + 1
on the Ayf axis, the amplifier will in general be unstable and
will oscillate at approximately the frequency at which the 48locus
intersects the 4of axis (i.e. the frequency at which the angle of
AP is 180° with respect to Ayp).

Alternatively, the degree of stability can be specified by the
8ain margin. This is 1 — A48 when the phase shift of 48 is 180°.
The gain margin will be zero if the locus passes through +1 on
the Aof axis, or negative if the 48 locus encircles the point. In
Fig. 7.16, the loop gain |4B| is 0-55 and 1 — 4B is 0-45 when
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6 = 180°. This is the gain margin and is positive for a stable
system.
Gain margin can be given in logarithmic form as G.M.

(dB) = 201log;o where AB (180°) is the loop gain

1
|A5(180°)
at the frequency at which the Af locus intersects the Aof axis.
In the above example the gain margin is +5 dB. For an un-
stable system the gain margin will be zero or negative.

Closed Loop Performance

A

G= ——= -91
1 - 48
at zero frequency.
The amplitude and phase response of the above amplifier can
be obtained from consideration of the A8 locus. If & = 1, Gis the
ratio of the phasors 4 and 1 — 4B.

Figure 7.17 is constructed by measuring the magnitude of A

and 1 — AP at various frequencies and determining G = e

Bandwidth Extension

The bandwidth is increased by approximately 1 — 4,8, but
there is an increase in gain above G, as the locus passes near the
point + 1 on the 4o axis. If the loop gain Af is increased, the
peak is increased and will go off to infinity when the locus passes
through +1 on the axis.

Logarithmic Representation

This is a very useful approach for feedback amplifier design
as the frequency response of the 4 amplifier can be readily ob-
tained from straight line asymptote approximation (§ 3.3). The
ordinate is calibrated in relative gain. A horizontal line can be
drawn corresponding to the loop gain.In Fig. 7.18, Aof = 10
(or 20 dB), and the gain margin and phase margin can be read
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off immediately. If the loop gain is increased to 40 dB, the unity
loop gain line will be at —40 dB, giving a negative phase margin
of 60° and a negative gain margin of 15 dB. The system will os-
cillate at a frequency of approximately 7 kc/s.

Slo 1008

odB

Relative gain -20 log
1
o

| 1 1 ] !
lke/s — 2kefs  akc/s I0ke/s  20kc/s

Fi1c. 7.17. Amplitude-frequency plot for closed loop performance
of the amplifier of Fig. 7.16. Note the peak in response as the
AP locus approaches the point —1 on the 4yf axis.

Stabilization of Feedback Amplifiers.

Amplifiers incorporating one valve or transistor will usually
be stable, but will possibly have peaks in the amplitude response.
Multistage amplifiers involving three or more amplifying devices
will be unstable in most cases, when feedback is applied. The
example of Fig. 7.18 is only stable with a relatively low degree
of feedback (21 dB). If the degree of feedback is increased to
26 dB the system will oscillate.

gain without feedback
gain with feedback

= 20log;o(1 — Aof). (1.22)

Degree of feedback =

Control of Attenuation {

Instability is caused by the phase shift becoming 180° before
the loop gain has become unity. Each breakpoint introduces 45°
phase shift at the break frequency tending to 90° at infinite fre-
quency, as is shown in Fig. 3.7. If there is only one breakpoint
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04dB
|al=1000
-10 AoB=20dB
Relative R "
g . Unity loop gain ‘ R
o ?:;T * A=t N Cammagn [47100
| ol ]
[
B Loy
45° Lo
Phase | 90°T ] .
5';" :::._ Phase margin— — — — = K
+ O
o 1
270 kc/s ) k::/s IOkcl:/s 40 k:l:/s
FiG. 7.18. Loop gain plotted on logarithmic axes. |4o8| = 10

(or 20 dB).

w=1/T

w,=I/T|

ods

Relqtive
gain
-20log l%"'

-40 100¢/s 4OCI)c/s ] klc/s 4k::/s

1
10ke/s

]
40ke/s

FiG. 7.19. Control of attenuation out to the frequency at
which loop gain is unity. Bandwidth of 4 amplifier is reduced
from 1kc/s to 120c/s. Ty =0-16 X 10~3 sec is increased to

Tl =13 X 10'3 sec.

between the frequency at which the loop gain becomes unity
and the midband frequency, the phase shift will have a maximum
value of 135° and the system will be stable with a phase margin

of 45°.

The simplest way of accomplishing a controlled attenuation is
to have one time constant much larger than the others (see
Fig. 7.19). This controls the fall off in gain until further phase

F-G/E. 9
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shift, introduced by the other time constants, can be permitted.
To enable a loop gain of 30 dB to be used, the time constant T
can be increased so that the gain falls at 6 dB/octave to the
breakpoint at 4 kc/s. The phase shift at unity loop gain is 140°
giving a phase margin of 40°. The open loop bandwidth is re-
duced from 1 kc/s to 120 ¢/s.

7.5. PERFORMANCE OF AN AMPLIFIER WITH PARALLEL
FEEDBACK

ExaMpLE. The capacitor coupled amplifier of Fig. 3.26, using
a 6AU6 pentode and cathode follower output is employed. A
blocking capacitor is used to isolate the feedback network from
the cathode follower output.

F1G. 7.20. Amplifier of Fig. 3.26 with feedback applied.

Signal inverter. When used as a signal inverter as in Fig. 7.20,
R, = R, and
R,y

f=—t—=1,
R; + R,
— R, =1
K= —= .
Ry + R,
The loop gain
—220

A0ﬁ= —2—= _110, 1 - Aoﬁ = 111.
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Percentage error . 100

= 0:91%.

o]

The high loop gain produces a wide bandwidth, but additional
phase shift produced by the feedback network causes peaking at
the h.f. end (see Figs. 7.21 and 7.22).

R, |00 k@ Input grid

Fi1G. 7.21. Extra lag introduced by feedback network.

* R=lIRR,= 100k
Aﬁ--z 2
30 G=—68
RGI::W ) Ru‘lO&ﬁz’lOOkQ
qain 201 AB=-18
G=-9'5
10
Rz R,* 100kQ
o AB =-110
G=-I
- I
© 4 5 K’¢=/! zo 40:/; ;200400M IMc/s z'k/'

FI1G. 7.22. Amplitude response for the amplifier of Fig. 7.20. Note
the break in the frequency axis.

The peak at low frequency can be eliminated by increasing
C., the coupling capacitor, to 1 uF. This ensures that the gain
falls off steadily at 20 dB/decade.

R,

Resistance at summing point = — =450Q | yalues
° at mid-
Output resistance = A R T- 4z = 3Q | band
- 4]

The foregoing analysis assumes zero source and load impedance.
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Voltage amplifier. For a nominal gain of —10, R; = 10kQ
and R, = 100 kQ. The loop gain is reduced to —18 and the
error is increased to 5%.

7.6. HicH INPUT RESISTANCE AMPLIFIER

Series—series feedback enables a high input resistance to be
produced by reducing the voltage across the input to the 4 am-
plifier.

DEesiGN ExamMpLE 7.1

Required, a voltage amplifier with a gain of —40 and an input
resistance of 10 MQ, as in Fig. 7.23.

+300V
Ra
20k 100k
Lo
ol -
o——| - — ]
fin i 2uF|
Rg Rg T Vout
3RS o0 =50 :
Vin ?‘z HF
Rk
680
Q o

o—
FiG. 7.23. High input resistance amplifier.

The manufacturer gives the following information for the
6A UG valve. '

For
Vex = —1V,
VA =100V, IA=5mA,
Vs =100V, Ig=21mA,
gn = 39mA/V,
and

r, =05MQ.
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The total cathode current operating under the above condi-
tionsis I, + Iy = T-1 mA.

The cathode bias residtor, to give a Vgg = —1V, is
. B = 1V = 141 Q.
7-1 mA
Let
RB = 150 Q .

Grid resistor. The maximum value for the grid leak is 3-3 MQ.
This is the figure usually quoted by the manufacturer as the
Jargest safe value because of grid current effects.

Input resistance. To increase the input resistance from the
'3-3 MQ of the grid resistor to the required 10 MQ, the voltage

across R should be % v;, Since

Iin = 1?’“ = j‘_&ﬁ_ (where vy is the voltage across R
in (0 — vR) in Fig. 7.23)
= _Re where Ax = r ),
1 - AK Vin
Thus, )
Ay = Tw=Re _ 7.
T'in
Cathode resistor Rg.
Ag = HRx (from eqn. (1.13)]
. l'a+.RL+(/l+l)-RK
ngK . ngK

1 + (RL/ra) + ngK N 1 + ngK
(for Ry < rp).
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Rearranging,
AK 0'7
Ry = =
gm(l — Ax) 39 x 103 x 03

= 600 Q.

Let Ry be 680 Q to ensure that the required input resistance is
attained.

Screen resistors. For an anode supply of 300 V a screen re-
sistor of 100 kQ will provide a screen voltage of 100 V, if the
screen current is 2 mA.

The decoupling capacitor should be returned to the cathode
and not to the common terminal or the gain will be reduced by
the inverse of v, being applied to the screen grid.

Anode resistor.

A;‘—:&& (forRL <l>
1+ngK

ra
or,
R, = =AU+ 8uRD _ 400 +265 _ .. o
&m 3-9 x 10-2
Let
RL = 39 kQ.

7.7. HIGH INPUT RESISTANCE TRANSISTOR AMPLIFIER
AS AN IMPEDANCE CHANGER

A transistor amplifier, operating in common emitter, has an
input resistance of the order of 1 kQ. It has been shown that
this can be decreased by shunt feedback or increased by series
feedback.

The emitter follower uses series feedback, and, as shown
previously, has a high input resistance and low output resistance.
This enables it to be used for transformation from a high im-
pedance level to a low level. An example of such an application
is the computing amplifier of Fig. 7.15. The high impedance
level of the output of a common base stage is transformed to the



Fig. 7.24. Common collector amplifier (or emitter follower).
For V= —10V, Vg =94V for a silicon transistor and
VEB # 0'6 V.

low impedance required for the output of the computing ampli-
fier, which should approximate to a voltage source.
From Fig. 7.24 it is apparent that the input voltage

Vi = Upe + Ve = U, (as v, is small).

EXAMPLE.
gm =40mA/V at I =2mA.

The emitter current,

IE=IC+IB$IC for hf>1.

For
v,=5V and Rg=5kQ, i.=1mA,
and
Upe = _l_€_=_1&_0.025v
gm 40mA/V

The input signal is thus
Vip = Upe + Ve = 5:025V.

The voltage difference between input and output is 0-025 V.
In Fig. 7.24, the equivalent network shows that the voltage
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difference is due to the input current i, flowing in h;, with the

term h,v,,, having little effect because of the smallness of h,.
The input resistance appears large because, for a current i,

flowing into the base, a current (1 + A r) i1a flows into (G + h,).
Neglecting 4,v,,

Fin = Yin _ h, + M = -h—f (for large A, and Gj)
iln GE + ho GE

= 100 x 5kQ = 500kQ  (for h, = 100).

The greater current gain provided by the Darlington con-
nection of Fig. 7.25 increases the input resistance.

‘EVcc

E

RE%
o— o

FiG. 7.25. Emitter follower using the Darlington connection. The
base-emitter voltage of the combination is of the order of 12 V
for silicon transistors.

Example of Direct Coupled Emitter Follower ( Darlington con-
nection)

The input current

_ Vin — Vae A . 2
Iy = R (where B % (hr5)?).

For ‘ '
V]N = 5 V, RE - 1 kQ and hEE = 50,
4V
IIN -

= —— = ]6pA.
2500 x 1kQ
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Such an amplifier will draw only a small current from the
previous stage, whereas a single transistor emitter follower would
require nearly 50 times the input current. T'; is operated at a
low current level and its current gain will be somewhat less than
its quoted value (see Fig. 7.26).

F1G. 7.26. Curves for a Darlington connected transistor (broken
line) and a single transistor (solid line), plotted for silicon planar
devices which provide current gain at low current levels. The
single transistor requires 80 A to supply 4 mA emitter current
compared with 2-7 #A required by the compound device.

Capacitor Coupled Emitter Follower (Fig. 7.27)

For capacitor coupling some bias arrangement is necessary.
The common forms of biasing will reduce the input resistance.

- oVee
% Iov

—o

t Vout

—oQV

Fi1G. 7.27. High input impedance emitter follower. The effective

value of R; is increased by the feedback connection.
F-G/E. 9%a
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By utilizing the small change in ¥ with collector current,
the external base~emitter impedance can be increased. Bias is
supplied to T, by the bias network R,, R, and R,. The latter
can be relatively large as the leakage current for the silicon
planar transistors is small.

At signal frequencies R; is effectively across B, E, .

The voltage across R;,

Upte2 = Vin — Uoyt-

The internal voltage gain,

A, = Dout .
Up1e2
iR = Up1e2 = Uin — Uout — Vin — [Auln/(l + A)]
R, R, Rs
= Um
(1 + A) R,

The effective value of R; = (1 + A4) R;, where A4 is several
hundred. Thus the effect of R, will be small and the input im-
pedance will be principally determined by A%Rj.

7.8. DIReCT COUPLED AMPLIFIER WITH FEEDBACK

The zero frequency amplifier of Design Example 6.4 is
intended for use as a feedback amplifier for computing purposes.
There are two main breakpoints due to the pentode and longtail
pair stages. Two further breakpoints are due to (a) the cathode
follower output stage, and (b) the capacitance at the summing
point.

The capacitances Cop and Csp in Fig. 7.28 can be consider-
able, and vary with different applications. A small capacitor C
is sometimes employed to reduce the effect of Csp in the same
way as capacitance is introduced in resistive coupling networks
(see §6.3). This additional capacitor, however, reduces the
overall closed loop bandwidth (see Fig. 7.30).
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From the above considerations it is apparent that the ampli-
fier will be unstable when feedback is applied, as the effective
input and output capacitances will introduce phase shift addi-
tional to the maximum internal phase shift of 180°.

With 100 kQ input and feedback resistors the amplifier os-
cillates at 140 kc/s producing a large amplitude sawtooth wave-
form. This indicates that a phase shift of 180° is produced at

r=—k-n {a) Breakpoint at
Dt w & gy = 5x1077/s
Rz (Cog* I00pF, g = 5mA/V)

(b) Breakpoint ot |

. [} 6
w & ————— = 2xI10 r/s
ov' A 1/9m [Cos Csp RiRa/(Ri*R2)
n Cspip A" ERY - .
o T o | (Cs= 10pF, R = R2= I00kQ

+—0

FiG. 7.28. Introduction of two lags at high frequency by capa-
citance at the output and summing points.

approximately 140 kc/s where the loop gain is considerably in
excess of unity, i.e. the large non-linear waveform is caused by a
large negative gain margin.

Stabilization

In the absence of any special considerations, a reasonable
approach is to ensure that there is only one breakpoint above the
unity gain line (when # = 1), and that the second breakpoint
lies on the unity gain line. This implies that the internal phase
shift is 135° at unity gain when all the output signal is fed back
to the input. In most cases this will be sufficient for stability.
If it is not, the second breakpoint can be made to occur below
unity gain. On the other hand, if § is always to be small, it may
be possible to introduce the second breakpoint above unity
gain.

Two simple methods of stabilization will be considered. Both
involve the reduction of open loop bandwidth which is always
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inevitable in the stabilization of multistage amplifiers. The gain
asymptote is controlled by modifying the breakpoint of one or
more stages. In the interest of maximum bandwidth it is de-
sirable to modify the stage with the lowest breakpoint (in the
example this is the pentode stage), but if large signals are re-
quired to be handled at high frequencies, the final voltage ampli-
fier stage should not be modified. This is because the stage can
only accept a relatively small amplitude signal (of the order of
1'V) between the conditions of grid cut-off and anode bottoming.
At high frequencies, the gain of this stage is reduced but the
amplifier, in feedback connection, still demands the same am-
plitude output signal. Consequently, the stage is supplied with
a larger input signal and this will cause overloading at some
frequency. The output waveform will thus be distorted, unless
the amplitude of the input signal is reduced.

In this example, signal handling will be better if the input stage
is modified, as it has to produce only a small output signal.
However, the overall bandwidth will be greater if the pentode
stage is modified. The latter course will be adopted.

Dominant Lag Stabilization

The lag introduced by the pentode is increased so that the
gain falls to unity before the breakpoint of the longtail pair
occurs. The required breakpoint for the pentode can be found
by projecting back from the intercept of the unity gain line and
Jf2 (the frequency of the L.T.P. breakpoint), at a slope of 20 dB/
decade. The frequency at which this projection meets the 0 dB
relative gain line is the required breakpoint f;. From Fig. 7.29,
fiis 20 ¢fs,

and

1

(where C,R is the required dominant lag, and R is the effective
shunt resistance = 0-8 MQ).
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Dominant lag Pentode breakpoint
w = I/T LwF ‘/TI
] ; Y L.T.R ;reukpoint
1 1210-5ke/s w2z /T2
fi=20¢/s t275ke/s 4
-20} 0
71dB
=40 Fall of
d8 20dB /decade
-60|- !
Unity gain
=-80~ I
1
Ll 1 1 11 1 111 1 11 1.1 11 1
) 10¢c/s 100¢/s tke/s 10ke/s 100ke/s iMc/s
Fi6. 7.29. Determination of required dominant lag. Note that the
open loop bandwidth has been drastically reduced by increasing
the shunt capacitance of the pentode stage from 20 pF to
001 uF.
(uog ———————— —— Rl R,= 100k
~— _AgB=-39
=~ ~
~
~
301 . ~
R, =10k, R,= 100kQ
20— — — e —— -
x10)| BB =-364 ~—~a
\\
~
~
ol
R,= Rp= 100kQ —
0 ~
x| AoB = - 2000 N
Peak reduced by SN
shunting Rz with20 S
1 1 H ! 1 1 1
Ike/s 2 4 1Oke/s 20 40 160 ke/s zc'.\o 400 IM’c/s

Log frequency

FiG. 7.30. Closed loop frequency response_ for (a) dominant lag

stabilization (solid line) and (b) transitional lag stabilization. The

A gain is measured as —4000. The open loop bandwidth in the

transitional lag case is 500 c/s and is 40 c/s in the dominant lag
case.
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Thus,
1 10-¢

C, = =
2nf,R 2 x 20 x 0-8

= 001 yF.

The closed loop performance obtained is shown in Fig. 7.30.

Transitional Lag Stabilization

This is a method that does not reduce the open loop band-
width to the same degree as does dominant lag stabilization.
Consider the network of Fig. 7.31 and its high and low frequency

approximations.
Ry CA]- R Re
C, R
O w O O =
c
9mv .{ 'I- Q¥ gmv
(a) Network (b) L.F opproximation (¢) H.F. approximation
R«Ry, C»Cy 1/wC»R 1/wC <R

FiG. 7.31. Anode lag network with C and R added.

The impedance of the network for Fig. 7.31a is

1 + sCR
Z(S) = RL
1+ S(C.R + CARL + CRL)+ SZCRCARL
(1.23)
=R, 1 + sCR (7.24)
1 + sCR,

(f C> C, and R < R, and if the frequencies considered are
below w = 1/C,R).
The output voltage,
1 + sCR

Vout(8) = — @Ry ~—————— v;,(5), 7.25
() g T3 sCR, in(5) (7.25)
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or

AG) = A 5K (1.26)
1 + sCR;,
(where 4o = —gmRy)-
If this network is combined with another which involves a
simple lag, the latter can be made to cancel with the numerator

of the above expression.

ESTIEER:

R (1+sCR)
1+sR'Ca 1+sCaR

FiG. 7.32. Two-stage amplifier with second stage modified by the
series C-R circuit.

As shown in Fig. 7.32 the transfer function of the two-stage
amplifier can be written as

A(s) = A} 1+ sT ,
(1 + sT,) (1 + sTy)

(1.27)

where T = CR, T, = CR;, T, = C4Ry and A, equals the
over-all gain at zero frequency.

If
T=T,
then
A(s) = —4',—’—— (7.28)
1 + 5Ty

The two-stage amplifier has been reduced from a two-lag
system to a single lag, although there will be another lag at h.f.
produced by the network shown in Fig. 7.31c.
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The price paid for the controlled attenuation is a reduction
in open loop bandwidth. If the stage with the lowest f; is the
modified stage, the open loop bandwidth will fall from

to o) = —1
C.R, CR,

[y

and since C > C, the reduction will be considerable.

DESIGN EXAMPLE 7.2

Required, to stabilize the amplifier of Design Example 6.4
using a transitional lag.

It is required that the second breakpoint should lie on the
unity gain line. In Fig. 7.33 a line is projected back from the
intercept of the open loop gain asymptote and the unity gain

[o]

-
2® ThRL

Original approximation
slope 40 dB /decade

dB  -40f .
Desired location
of second break
point

-60} ws* CaR
Unity gain Ap= 72 dB
-80 1 1 L1 1 1 1 1 L 1 1 1 1 1 1 1
Oc/s 100¢/s Tke/s 10ke/s 100ke/s I Me/s

F1G. 7.33. Determination of transitional lag network. (a) Locate

position of required breakpoint on original asymptote. (b) Pro-

ject back at 20 dB/decade to find w, . (c) Calculate C = 1/(cw4 R)
and R = 1/(w,C).

line, at a slope of 20 dB/decade. The interception with the 0 dB
relative gain axis is at f; = 500 ¢/s, so @y = 31401/s = 1/CR;.
Thus,

oo L 1

= = = 400 pF.
Riw; 08 x 10° x 3:14 x 103
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For the cancellation of (1 + sT) with (1 + sT3) it is required
that T = Tz: X
1

= 213 psec.
2
Thus,

The values for C and R can be checked by finding f3 = 1/22C R
which coincides with the point of intersection on the unity gain
line.

7.9. THE DRIFT PROBLEM IN FEEDBACK
AMPLIFIERS

It has been mentioned in § 6.1 that although a d.c. amplifier
has been zeroed, after a certain time, an output signal will be
developed even though the input signal is zero. This is the drift
signal.

Let the drift signal produced by an amplifier after a specified
time be v,,. If feedback is applied, this quantity will be reduced
to some value v,,,. This implies a signal at the summing point
Bvout» as in Fig. 7.34.

Thus the output voltage, due to drift,

Udo
Vout = Ugp + APUgyy = ———— 71.29
= v+ A = (129)

= - :’;ﬁ Gf A8 > 1),

or

Voue = i’éi_ (7.30)

where v, is the input referred drift voltage, i.e. vg; = V4o/A4,.

Thus the output drift is the equivalent input drift signal di-
vided by the feedback fraction . If R, = R,, f# = % and for
vy = 100 mV, vy, = 200 mV.



258 ELECTRONICS FROM THEORY INTO PRACTICE

The voltage v, is fictitious and does not exist physically at
the input of the amplifier since, by definition, the input terminals
are short circuited (see § 6.1). However, with feedback applied,
there is a voltage Bv,,; at the summing point and from the above
equation this is v, which can be measured. This signal, when

Rz
ANVA
.
R |> B* 7 R,
B "h‘ Vgo + ApBViur

]

Fic. 7.34. Relationship between output drift voltage and voltage
at the summing point.

amplified, opposes the output drift signal and, if 4B is large
enough, almost cancels it. It should be noted that the gain is
reduced to G = x4/(1 — AB) while the drift voltage is reduced
t0 v4,/(1 — AB). The drift voltage to signal ratio will be worsened
by the factor & for an amplifier with feedback.

Automatic Drift Correction

The drift signal will give rise to error in a zero frequency
amplifier system, unless the amplifiers are frequently zeroed.
This would be tedious in a large computer. Some means of re-
ducing the drift signal is thus desirable.

From eqn. (7.22), the output drift voltage vou = va/(1 — 4f),
where v,, is the drift voltage of the amplifier without feedback.

Assuming that v,, has been made as small as possible, and
that g is fixed by the feedback configuration, the only way of
reducing vg, is by increasing 4. If A is increased by an extra
stage of amplification, vy, Will also be increased in proportion
and the drift voltage will be approximately the same.

If the main amplifier, such as the three-valve d.c. amplifier
previously considered, is preceded by an extremely low drift
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amplifier which adds negligible drift, v, is reduced in the same
proportion as A is increased (see Fig. 7.35).

An amplifier with very low drift is the modulator type de-
scribed in § 6.1. Such an amplifier has, however, a very narrow

Ac A| —-0
¥ 1 VaiT ["«o‘ Ag
o— -0

Fi1G. 7.35. Reduction of effective input-referred-drift by the
addition of a driftless pre-amplifier.

>

Q

_ b Vi
“’“‘37:2
O

FiG. 7.36. Use of auxiliary amplifier to provide automatic zeroing.
Drift voltage of A4, is reduced by the gain of 4.

bandwidth and is quite inadequate for high speed computing. It
can be bypassed for high frequency signals by a capacitor as in
Fig. 7.36, thereby providing a gain, at computing frequencies, of
A;.

The zero frequency gain 4, = 4.4,.
Equivalent input drift = —UA—"L.
Output drift = L 28 = 2 x 198V _ 500 v,
B A, 1000

(for vy, = 100 mV and 4. = 1000)
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The capacitor C may be undesirable in some applications as,
in conditions of overload, it can be charged by grid current.
Because of the normally high input impedance to 4,, the dis-
charge time can be excessive. With valve systems, the grid of the

e _ —0

Fic. 7.37. Auxiliary amplifier connection for main amplifier with
longtail pair dual input. The auxiliary amplifier has signal
inversion.

second valve of the longtail pair can be used as the input from
the auxiliary amplifier.

Referring to Fig. 7.37 the zero frequency gain = 4, + 4,4,
=A4,(1 + 4).

If the drift of the main amplifier is v, and the auxiliary
amplifier drift is negligible, the output drift with feedback,

poy = e =L[_ﬁaﬁl_] - L[ va_ |
Aoﬁ ﬂ Al(l + Ac) /3 1 + Ac

7.10. A SHUNT-SHUNT AMPLIFIER WITH DEFINED
TRANSFER RESISTANCE

DESIGN EXAMPLE 7.3

Required, a d.c. amplifier with a transfer resistance of — 100k
and output voltage swing +5 V.

The three-stage amplifier of Design Example 6.4 has an inter-
nal transfer resistance of —60 MQ. The required overall transfer
—Ry

resistance is —100kQ. Ry = ———M——.
T 1+ (Re/Z)
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The loop gain is

Zo _ _60x10° _ 0.
Ry 100 x 103

Thus the overall transfer resistance is defined to an error of
R
13

The phase shift provided by the three stages will be sufficient
to produce oscillation and some form of stabilization is ne-
cessary. A very convenient method is to provide a lag by in-
creasing the “Miller” capacitance of one of the transistors. This
has the advantage of requiring a relatively small capacitor.

.100% = 0-16% (see § 7.2¢).

Method of stabilization. As shown in Fig. 7.38, insert a suffi-
ciently large capacitor between collector and base of the first
stage to stop oscillation. This will be of the order of 0-1 pF. Now
reduce its value in steps until a value is found that ensures sta-
bility without an excessive reduction of bandwidth. The band-

+8VOo—MWW—
Rz
AV O
Feedbock resistor T
Vot
0cas o
s [Foisv) z
l ©o-ev} =
O AA—
Tv"‘ oc4a
00l 220
‘*‘:] b e 0CI39
= C R
100uF 3 560k2
— 8-2kQ 47k
r' 10kQ
AV~ 0

-L Zero control -8V

Frc. 7.38. D.C. amplifier with transfer resistance Ry = 100k,
and internal transfer impedance of —60 M. C and R are
stabilization elements.
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width can be further extended by inserting resistance in series
with the capacitor. This should be of the order of 10 Q to be-
gin with, and be increased until a satisfactory compromise be-
tween stability and bandwidth is obtained. With this amplifier
R = 220Q and C = 0-01 pF are suitable values, and its perform-
ance under various conditions of feedback is shown in Fig. 7.39.

20

R,= I0K2,R,= 100kQ

R=100kQ
101 R= IMQ

R;= Rz= I00kQ

daB

R,=I00K, R 7 10k

- ! ) 1 I I 1 1 1 j
3Oezs 2 3 10kc/s 20 40 100kc/s 200 400 TMc/s

FiG. 7.39. Amplitude-frequency response of an amplifier with

internal transfer impedance of —60 M. Bandwidth is a function

of R; and is independent of gain. The two curves for R, = Ry

= 100 k&2 show the same bandwidth, although one is for 10 times
the gain of the other.

7.11. CURRENT AMPLIFIER WITH DEFINED
GAIN

Such an amplifier has been described in § 7.2 (type b).

DEsiGN ExampLE 7.4

Required, a d.c. amplifier with current gain of 100, nominal
input resistance 100 Q and providing an output current of 2 mA
into a 4 kQ load.

With such an amplifier the requirement is to make the per-
formance largely independent of the transistor parameters,
principally the current gain h,,. This requires the loop gain
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|4oB| to be much greater than unity. Then the gain,

A

>

1
1-48 B

Transistors. General purpose alloy type OC44 transistors are
suitable.

Power supply. The maximum voltage to be developed across
RL is
VL(max) = 2mA X 4kQ = 8V.

A 10V supply will be satisfactory as it allows a minimum of
2 V across R, and T,, in Fig. 7.40.

Feedback resistors R, and R,. For |A,f8| > 1 the gain of the
amplifier is 1/8, where 8 = R,/(R, + R;),i.e. the fraction of the
output current fed back to the input.

- Re
R,10k2 1002
— WW———@
i 1 8=
ot AR
T ::I>0C a4 T, | 0C44 . ‘%,g
— = 100
150k Re "
20kQ L
4kQ
10kR2
é VA —o0 Vce

Set zero

 F16. 7.40. Current amplifier with current gain defined by R,/R,.

Input resistance. This is approximately ri, = Rp/(1 — AoB)
where R, is the input resistance to the 4 amplifier without feed-
back. :
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Collector resistor Rc. T, is run at 0-5mA, and for a 10V
supply,

Estimation of R, of T,. The value of the short circuit current
gain of T is estimated, from the collector characteristic, as 60
under the selected operating conditions.

Input resistance of Ty, R,y = h,R,.

The forward characteristic of the junction as shown in Fig. 2.1b
can be expressed as

from which
AL _ (kT
dv e )
But the forward resistance R, = d¥/dI where V is the forward

voltage. Therefore
R, = (E-T-) I.
e

At normal temperature kT/e = 25 mV. Therefore

25
I (mA)

=60 x 50 = 3kQ.

Estimation of R, of T,. Ry, = hy(R, + R,), where R,
= 25/(1-25 mA) = 20Q, and, Iis for V¢, = —5 V. The short
circuit current gain, /, from the collector characteristics under
the selected operating conditions, is 90.

Therefore

R,, = 11kQ.
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[ i=0-8ij, ip==34j; i0°83iz
O
R2¢  Rin Ro Rc$ Rinz Ro R_
10kSt] 3-5kR| 50k2| 20k 1k X 50k 4
hyiy hyip

Fic. 7.41. Equivalent network for estimation of 4 gain. R is taken
to the common line to eliminate feedback.

A gain. From the equivalent network of Fig. 7.41 the estimated
current gain,

Zoue — 2260,

lin
thus the loop gain for g = 100,
Ao = —23.
Also, the input resistance, with feedback,

R}, = 3k 1250.
1+23

The open and closed loop amplitude response for the amplifier
is shown in Fig. 7.42.

0dB’

Relative
current
gain

-5dBj-
| Closed loop

-20 log |ﬁ Open loop

- 1 1 1 1 1 1 1 .|
IOdBIORC/s 20 40 60 100kc/s 200 300 600  IMc/s

F1G. 7.42. Open and closed loop amplitude response for the feed-
back current amplifier. Nominal loop gain 4,8 = —23.



CHAPTERS

Power Supplies

Introduction

The most convenient source of power to operate electronic
equipment is the supply mains. This has the advantage of
cheapness and constancy, when compared with batteries, but a
disadvantage is the inevitable introduction of mains frequency
noise. The conversion from a.c. to unidirectional current can
be most efficiently carried out by semiconductor diodes. These
have low forward resistance, require no auxiliary power and can
be used in applications where it would be difficult to supply the
heater power to thermionic valves.

8.1. THE BAsic RECTIFIER

In the circuit of Fig. 8.1 the diode conducts on alternate half-
cycles and the average (or d.c.) value of output voltage is Vy/n.

7 A
NE T [ '\
w4 S

f

F1G. 8.1. The half wave rectifier.

The voltage applied across the diode during negative half-cycles
is known as the inverse voltage, and if this exceeds the inverse
voltage rating of the component, breakdown may occur. The

266
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maximum inverse voltage rating varies from a few volts for
small components to several thousand volts for "high voltage
diodes.

8.2. FuLL WAVE RECTIFIER

To increase the average value of the output voltage from
Vr/7 to 2Vg/n two diodes can be used in a full wave system.
One diode ‘conducts on the positive half-cycle of alternating

Vo ‘ Voltage
~3 Vauasraw?
Vin / \ to D|
tvi,. VR f
NS Mo\ voltage
~§ ” \‘I\.vi" N applied to
e A A §
W il
———— k4
Vo2 f

FIG. 8.2. The full wave rectifier.

voltage, and the other during the negative half-cycle. Such an
arrangement, shown in Fig. 8.2, requires a transformer having a

centre tapped secondary winding.
Full wave rectification may also be obtained without a centre
tapped secondary by making use of the bridge circuit of Fig. 8.3.

A i

VRr g <vl
A
7 .,,%»f-)

Fi1G. 8.3. The bridge rectifier. The manner in which pairs of
diodes operate during alternate balf-cycles is illustrated.

3
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While thermionic diodes cannot be conveniently used in this
configuration, semiconductor diodes, because of their small
physical size and no heater requirements, are eminently suitable.

8.3. EFFECT OF LOAD CAPACITANCE

Referring to Fig. 8.4, the load capacitor charges when v,, is
greater than v, and during the remainder of the cycle supplies the
load current i, . If the time constant CR is much greater than the

F1G. 8.4. Effect of reservoir capacitor on the output of a rectifier
circuit.

period T, the output voltage will not change appreciably over
the period. It should be noted that the peak current passed by
the diode can be many times the load current.

Output Ripple

The output voltage changes during the period and this change
constitutes the ripple output. Provided that the CR time constant
is much greater than the period T, = 1/f, and consequently
diode current only flows for a short time, the ripple approx-
imates to a sawtooth waveform as shown in Fig. 8.5.

The change in charge on the capacitor,

AQ = AVC = I,T,,

where I, is the average load current.
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» Thus,

av (since I, = V,,[R). 8.1

_ LT, _ VT,
CR

The average value of output voltage,

Vav = Vl - Ml— # V1 1 - —z"l— (Sillce Vav % Vl)'
2RC 2RC
Therefore .
Ve =V |1 — —1——— . 8.2
2fRC

v —— a
— Cd — ] — 2
Vw - ——AV T
& =i
" RC
T/t

Fi1G. 8.5. Output ripple. Provided that the CR time constant is
much greater than 7= 1/f, output ripple approximates to a
sawtooth waveform.

mains frequency, i.e. T, = 1/2f. In this case the peak to peak
ripple voltage,
Vi

ExaMmpLE. A full wave rectifier supplied from a mains source
of f = 50¢/s and having a peak value V; = 100 V. If C = 100 u.F
and the load current I; = 10 mA,

Vi 100

V= = =1V.
2fRC 2 x50x%10*x 10~

Percentage ripple = AV/V, x 100 = 1%.
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Output filter for ripple reduction. The ripple voltage may be
reduced by using a low pass filter which, in its simplest form, is
the series resistor and shunt capacitor of Fig. 8.6. This is a
voltage dividing network in which the output ripple is developed
across the capacitor, which is selected to have a much lower
impedance than R.

R I
. I AV
[V +AV c _[ [ Stk
o . -©

FiG. 8.6. Output filter for reduction of ripple. Ripple reduction
factor y = 1/wCR.

A disadvantage of the system is that the load current flows
through R, increasing the power supply resistance. The output
voltage will therefore fall as the load current is increased. For
R-C smoothing, the ripple reduction factor,

y = 1/wCR. (8.4)

8.4. L-C SMOOTHING FILTER

If an inductance is used in place of the resistance, asin Fig. 8.7,
two advantages result. Firstly, the d.c. voltage drop is greatly
reduced because of the low resistance of the choke. Secondly,

[V+AV C]-I 'é—"m
[ ® —0

Fi1G. 8.7. L-C smoothing filter. Ripple reduction factor,
py = 1/w3LC.

the impedance of the choke is proportional to frequency. Thus,
the output ripple is reduced from AV to AV/w?LC, where w, is
27 times the ripple frequency.
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For L-C smoothing, the ripple reduction factor,
y = 1Jw?LC. 8.5)

Referring to the previous example, if the percentage ripple
is to be reduced from 1 to 0-1%,

w?LC =10, or L = 10/w?C.
Thus, for a ripple frequency of 100 ¢/sand C = 10 uF,L = 2-5H.

8.5. CuokE INPUT FILTER

When the filter of Fig. 8.7 is used directly with the full wave
rectifier of Fig. 8.2 the power supply is known as a choke (or
inductance) input type. The filter selects the average component
of the rectifier output but removes the ripple.

From Fourier analysis, the series expression for the rectifier
output voltage is

- 4 1, cos2or  cos 4wt + |, 86
n |2 3 15

where w = 27 times the supply frequency.

The average, or d.c. component, is 2v,/x = 0-64 V.

The lowest frequency ripple component has an amplitude of
4V,/3n and is twice the supply frequency. This is the major
component of the ripple.

The load current,

Ve 2V, :
Ip = —=% = _"_", 8.7
k=T 3.7

If it is assumed that the capacitor has a very low impedance

at the ripple frequency, the principal ripple component,

L==1 - (8.8)

This analysis is only valid if the load current I is always greater
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than 7, so that one or other of the rectifiers is conducting at all
times, producing the current and voltage waveforms of Fig. 8.8.

. I, vV,
Output ripple voltage = —£— = from eqn. (8.8
put ripp = T e [ qn. (3.8)]
0-1¥,
=____, 8.9
w?lC ®.9)

The ripple is thus independent of the load current which is not
the case when a reservoir capacitor is used.

ip L R

Tvi,, o c RE% I ! : [
Al
iDT_ \J ~ </ ~ " w*R

Ripple current

Fic. 8.8. Full wave rectifier with choke input filter. Provides good
regulation, low rectifier peak currents but relatively low output
voltages.

v 2v
AV

ExampLE. For, o = 2250r/s, L = 2-5H, C = 100 uF and
Vi = 100 V, the output ripple voltage is 0-8 V peak-to-peak.
The minimum current for correct operation is Iz > I. Thus, to
determine the maximum value of R, equate eqns. (8.7) and
(8.8),

2V, _ 4V, 1

aR 3 @ 2wL’

from which, R = 3wL = 2-4kQ. If R is more than this value,
the inductor is unable to store sufficient energy to ensure that
one rectifier is conducting at all times.

In general, choke input filters have good voltage regulation
and low rectifier peak currents but give relatively low output
voltages. The use of a reservoir capacitor, asin Fig. 8.9, provides
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12H 20082

Fic. 8.9. Full wave rectifier with capacitor input filter. Provides
high output voltages, but has high rectifier peak currents and
relatively poor regulation.

a capacitor input filter, which has high output voltages but poor
regulation and high rectifier peak currents. Capacitor input
filters are used where the load is relatively constant as, for in-
stance, in radio receivers. Comparison of the two types of filter
circuits is made in the graph of Fig. 8.10.

Load Reservoir capacitor
voltage | Peak voitage(V) 350 V only
sook ——%%:—-N—: Capacitor
L.C.filter input
rms Vg';g's(%’ D.C.voltage drop
_______ 9-9'2”— :—:—'— - «{} Choke
200 ) input
Peak to peak
tipple across CR
100 x load resistance for C input
Ripple for L input \
0 10 I, 20 30 40 50

Load current, mA

Fic. 8.10. Comparison of the performance of the two types of out-

put filter circuits. The output voltage is the same for both systems,

under zero load conditions, but in the case of the chokeinput filter

it falls rapidly until the effective load resistance is 15 k€. There-
after it remains constant.

F-G/E. 10
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8.6. VOLTAGE MULTIPLIERS

Two rectifiers of the type shown in Fig. 8.4 may be used with
the same transformer winding. If the diodes are connected in
opposite manner, as in Fig. 8.11, the two d.c. outputs are

- ——V——

\ / \

L A L [y

AV=V,T7RC
szf 7N N

FIG. 8.11. The voltage doubler. If the load current is small, the
- output voltage is twice the peak value of input voltage.

effectively added giving an output voltage approaching twice the
peak input voltage.

An alternative form of voltage multiplier is given in Fig. 8.12.
This has a common connection between input and output, which

T"cz

Fi1G. 8.12, Alternative form of voltage doubler.

can be a desirable feature in some applications. On negative
half-cycles of ¥, C, charges up to the peak value of ¥, through
D, . On positive half-cycles D, is non-conducting and the anode
of D, is raised to twice the peak value of V,. After a number of
cycles C, charges to 2V;.

Any number of stages may be employed in this circuit arrange-
ment, enabling very large voltages to be developed from low volt-
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age sources. In Fig. 8.13, C, will charge to V,, through D; and
then will be raised 2V, by the charge on C,. The voltage across
C, will charge C, through D,. Similarly, Cs will charge to the
voltage across C, through Ds and then be raised 2¥, by Cj.
Each of the output capacitors is charged to 2V, thus providing
an output voltage 6 times the peak input voltage.

FiG. 8.13. The voltage multiplier. The circuit is a development
of Fig. 8.12 and may be extended to provide very large voltages.

8.7. VOLTAGE STABILIZATION

The power supplies so far described have output voltages
determined by two main factors: (a) the supply voltage, and (b)
the load current drawn. Changes in either of these will cause the
output voltage to change. In order to make the output voltage
relatively insensitive to variations in supply voltage, or load
current, some form of voltage stabilization is necessary.

Gas Discharge Tube

A simple way of ensuring that the output voltage is stable is
to use the constant voltage developed across a gas discharge, asin
Fig. 8.14.

DEsiGN ExaMpLE 8.1

Required, a nominal 100 V supply for a 25 mA load current
derived from a 200 V source.
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A suitable discharge tube is the 108 C1 (the 108 indicates the
operating voltage), having an operating current range of
5-30 mA and requiring a striking voltage of 140 V.

In order to accommodate changes in load current it is
desirable to operate the tube near the middle of its current range.
Let Iy be 20 mA. From Fig. 8.14, the input current, I = Iy + I,
= 20 + 25 = 45 mA.

Current
Ay L g working
8 60 range
\
L )
}
Operating \Scrikinq
voltage voltage

FIG. 8.14. Use of a gas discharge tube to provide voltage stabili-
zation.

The value of the series resistor R, necessary to drop the
voltage from Vs to ¥, is given by:
Vs - Vo 92V

Iy + I, 45mA

As I, is reduced the current through the tube increases. Thus the
load current can vary from 25 to 40 mA without an appreciable
change in the output voltage.

Differential resistance. This is the change in tube voltage for
a given change in tube current and is of the order of 100 Q.
Thus a change of SmA will change the output voltage by approx-
imately 0-5 V.

Striking voltage. As shown in Fig. 8.14, a higher voltage than
the operating voltage is required to initiate the discharge, and
Vs must be sufficient for this purpose. Some discharge tubes have
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an auxiliary trigger electrode which is used for striking the
discharge.

The range of discharge tube stabilizers is from 50 to 150 V,
but higher voltages can be stabilized by using two tubes in series.
In this case provision must be made for striking one tube in-
dependently of the other. A method is shown in Fig. 8.15 in

o
RS
Rs$ 100V
220k2%
v.
» LSOV v,|250V
O O

F1c. 8.15. Voltage stabilization using two gas discharge tubes in
series. The resistor R, provides a path for striking the lower
regulator.

which Rg provides a path for striking the lower regulator. The
upper tube strikes subsequently due to the source voltage.

Voltage reference tubes. The discharge tube, by operating at
a specified current, gives a defined voltage that can be used as a
reference voltage source. Special tubes are available for this pur-
pose and a common reference voltage is 85 V. (See Design Ex-
ample 8.5.)

High voltage stabilizers. The corona discharge at high voltage
can be used to stabilize voltages of the order of 1000 V. Opera-
tion is in a manner similar to that described for gas discharge
tubes but operating current levels are much lower.

8.8. SEMICONDUCTOR STABILIZER DIODES

Junction diodes can be produced with a well-defined break-
down voltage when operated with reverse voltage applied. A
typical characteristic for a silicon breakdown diode is given in
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Fig. 8.16. The usual range of operation is from 3 to 20 V. The
manner of application is similar to that of gas discharge tubes
but no striking voltage is required. Large currents can be passed
by breakdown diodes but, since the device maintains a constant
voltage across itself, the maximum safe current is determined by
the power dissipation of the device. This is from 200 mW for a
small free mounted device to several watts for a stud mounted
diode.

The breakdown voltage is a function of temperature with a
typical variation of from —2 to +8 mV/°C. Diodes with tem-
perature coefficients of the order of 10 uV/°C can be obtained
for use as voltage reference sources. When used for this purpose
the diode should be operated from a constant current supply.

DEesSIGN EXAMPLE 8.2

Required, from a 20 V source, a stabilized voltage supply
having a nominal voltage of 6:8 V and providing a load current
of 15mA + 10 mA.

1}
VBD

f

-
Reverse
voltage

Breakdown tv —=V
. F

resistance
sV

B

F1G. 8.16. Typical characteristic of a silicon breakdown diode.

The circuit arrangement is as shown in Fig. 8.17a while in
Fig. 8.17b is drawn an approximation of the supply output.

A 157068 A diode has a nominal breakdown voltage of 68 V
andan incremental resistance, §V/6I = 2 Q at a currentof 15mA.

The maximum load current will flow when the diode current
is 2 minimum. If the minimum diode current is 15 mA, then the
current drawn from the source is

I'=1 +1Ip=25mA + 15mA = 40 mA.
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The voltage to be dropped across the series resistor is

Ve=Vs— Vgp =20V — 68V = 132V.

The output voltage falls approximately 4V, = R,,AI; as
the load current increases from its minimum to its maximum
value.

(a) (b)

Fi1G. 8.17.(a) Circuit arrangement of Design Example 8.2, with (b)
an approximate representation of the supply output.

Thus, 4V, = 2x20x 1073 = 0-04 V.

Under these conditions the maximum possible dissipation in
the diode is IV, = 300 mW, which is well within the stated
dissipation of the device.

8.9. CATHODE FOLLOWER AS VOLTAGE
STABILIZER

It was shown in Fig. 1.24 that the output voltage of a cathode
follower closely follows the grid voltage. If the grid voltage is
held at some constant value, the cathode will be at nearly the
same value, and largely independent of the current through, or
the voltage across, the valve.

A circuit diagram of a cathode follower voltage stabilizer is
giveninFig. 8.18a, in which R, the unregulated supplyresistance,
will normally be less than the r, of the valve. In the equivalent
network of the output (Fig. 8.18b), R,,, is the effective incre-
mental resistance.
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The output voltage,
Vo=Vs— Vex, (8.10)
where Vg is the grid—cathode voltage necessary to provide the
load current. Change in output voltage, as the load is varied,

is due to the change in V¢ necessary to maintain the current.
For instance, with 4 = 50 and r, = 10 kQ, a change of 10 mA

L

R+1,

(a) (b)

Fic. 8.18. The cathode follower voltage stabilizer and its
equivalent output network.

in load current will cause an output voltage change of approx-
imately 2 V. For this application a valve with a high g, is
desirable.

DEsSIGN EXAMPLE 8.3

Required, a stabilized 150 V supply to provide a maximum
load current of 75 mA.

Series valve. Referring to Fig. 8.18a, V,k is the difference
between the unregulated and regulated voltages. The series valve
passes the load current I, and has this excess voltage dropped
across it. It must therefore be capable of dissipating the power
V I watts. Using the system of Fig. 8.9 with a choke input
filter, the excess voltage will be about 65 V which, at a current
of 75 mA, produces a power of approximately 5W. Let the valve
chosen be an A 2293 triode having a maximum dissipation of
15W,an r, of 700Q and a y of 6. (Note the very low amplifica-
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tion factor for this type of valve.) From the anode character-
istics, plotted in Fig. 8.19a, it is apparent that, with an anode
voltage of about 60 V, the required load current can be passed
with Vg still several volts negative.

Reference supply. A 150 V stabilizer tube is used as the grid
voltage reference, and operated at a nominal current of 10 mA.
The resistor R, supplies the striking voltage, and its value is such
that when carrying 10 mA it provides approximately 150 V to
' the stabilizer tube.

‘ 150
V60 -5 -10 -I5

(b)

Fi6. 8.19. Circuit diagram for Design Example 8.3, and the
characteristics of the A2293 triode.

220
\
Mol Vin
v,, 200" so% ~——_
501 \ T~
180} Vak
Vox
30 -
Vnuf
160} | 201 Vo VGK
o T ~—e
- 1 1 1 1 1 1 —l iyt
140 2640 80 80

——Load, mA

F1G. 8.20. Performance of the circuit of Design Example 8.3.
Cathode follower voltages are plotted against load current.

F-GJ/E. 10a
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The circuit diagram of the cathode follower stabilizer is given
in Fig. 8.19b with conditions for an output current of 75 mA.
The capacitor ensures a low supply impedance at high frequency.

Performance. In Fig. 8.20 the cathode follower voltages are
plotted against load current. The source resistance, that is the
resistance of the unstabilized supply, is given by the slope of
Vin and is approximately 400 Q. The output resistance can be
obtained from the expression of Fig. 8.18b,

7.+ R 700 + 400 °

Rowe = =160Q.
u+1 6+ 1

8.10. EMITTER FOLLOWER AS VOLTAGE
STABILIZER

The output voltage from an emitter follower is the base volt-
age less the base—emitter voltage required to maintain the emitter
current. Since Vyg is usually small, the emitter voltage closely
follows the base voltage and the system is comparable with the
cathode follower stabilizer of the previous example. The load
current is effectively the emitter current, which equals the base
current times the current gain of the output transistor. The input
current to the stabilizer can be reduced by using a compound
emitter follower.

DEsiGN EXAMPLE 8.4

Required, a current variable over the range 10-60 mA at
—10-5 V from a regulated —20 V supply.

The circuit diagram of a compound emitter follower stabilizer
is given in Fig. 8.21.

Current gain. The current gain should be sufficient to ensure
that the base current of the input transistor is negligible com-
pared with the current drawn by the resistance chain. The latter
is 1 mA and, for a current gain of 2000 the maximum base
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current,

I; = =28 30 pA.
77 2000 ¢

The change in voltage at the base of T, as the load current

changes from minimum to maximum, will be approximately

0-25 V.
OVo—g

FiG. 8.21. Compound emitter follower stabilizing circuit of Design
Example 8.4.

Output transistor. A current of 60 mA is required. An OC206
transistor is capable of passing such a current and its collector
dissipation is 400 mW. However, with the full excess voltage of
9-5V, and at the maximum load current, the dissipation is
570 mW. A resistor is therefore included in the collector circuit
to reduce the voltage dropped across the transistor. In this case

At Vgeofsilicon) Vee
-10-8}- ~1-0-8
-10-6 v, 06
-10-4}- -0-4
-102|- . 4-0-2

2 Vig, (germanium)
I N O NS E— T

(2] 50

. 40
Load current, mA

FiG. 8.22. Changes in Vg required to maintain the load current,
plotted for the two transistors of Fig. 8.21. Total Vge =
VBEI + VBEZ .
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a 56 Q resistor will reduce the maximum dissipation of the out-
put transistor to 360 mW. This resistor also serves as protection
for the transistor when excess load current is drawn.

Output impedance. An electrolytic capacitor across the output
terminals ensures that the supply has low impedance at high
frequency. At low frequency the high current gain ensures that
the output impedance is low. The main change in output voltage,
as the load current varies, is due to the change in ¥, required
to maintain the load current. This is illustrated in the graph of
Fig. 8.22.

8.11. CLOSED LOOP VOLTAGE REGULATOR

The two previous stabilizers perform as simple closed loop
systems. Referring to the cathode follower circuit (Fig. 8.18),
as I, is increased Vg is increased (i.e. becomes less negative)
to supply the demand, thus reducing the voltage across the valve
and offsetting the increased voltage across R.

Vg=
=A{KkV- VR)+V
Vin

— -

rvﬂEF

FiG. 8.23.
Closed loop voltage regulator. The symbol k = R,/R; + R,.

Since, from eqn. (8.10), V, = V¢ — Vek, an increase in Vg,
will cause the output voltage to fall. This fall can be counter-
acted by increasing V. The output voltage Vo is compared with
a reference voltage and any change is inverted, amplified and fed
to the grid. Such a system is illustrated in Fig. 8.23. The grid
voltage,

Vo= —AkVy — Vg) + ¥, (8.11)
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~where V is the voltage at the amplifier output when kVy = Vg.

The load voltage, ¥, = I R, = IR, where I is the current from
the rectifier. From eqn. (8.10), IR, = V¢ — Ve and, sub-
stituting eqn. (8.11) for Vg,

IRL = —A(kVL - VR) + vV — VGK

= —A(kIRL - VR) + V— VGK'

Therefore
I(RL + AkRL) + AVR = V - VGK:
or
IRL = AVR + V"' VGK
(1 + 4k)
and
VL = VR + [(V - VGK)/A] . (8.12)
114 + k ‘
It is seen that changes in Vg are reduced by 1/4.
If the gain A is sufficiently large,
Ve
V= —. 8.13
P (8.13)

The output voltage can be set by varying either Vg, the reference
voltage, or k, the proportion of the output voltage applied to the
difference amplifier.

Incremental Representation

The output resistance, ripple voltage and stabilization against
input voltage changes can be determined from the incremental
equivalent network of Fig. 8.24:

Vg + UV

=z —— (8.14)
Rin+ 1.+ R
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Since R; + R, is much greater than R,, these resistors may
be neglected:
P pdk + Doy _ b — w(Ak + 1) iR, (8.15)
R+ ra+ Ry Ro+rg+ Ry

from which,
Uin

i= :
Rin + 74 + Ry + pR(dk + 1)

FiG. 8.24. Equivalent network of the closed loop voltage
regulator, to investigate output resistance, ripple voltage and
stabilization.

Therefore
R,
Rip + 1y + RL[1 + u(4k + D]

Uy, = iRL =

If A is large,
L = [vin/(1 + pAK)] R, )
[(Ry + r)/(1 + p4k)] + R,

(8.16)

From this equation an equivalent circuit (Fig. 8.25) can be
drawn-as the incremental representation of the power supply.

DESIGN EXAMPLE 8.5

Required, a 150 V, 75 mA supply with nominal output resis-
tance of 20 Q. The ripple voltage must be less than 10 mV peak-
to-peak at full load current.
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Output resistance

Fic. 8.25. Incremental representation of the closed loop voltage
regulator output circuit.

To achieve the low output resistance a closed loop system is
necessary and this takes the form of Fig. 8.26.

Difference amplifier. A cathode coupled amplifier is desirable
for this purpose as it has inherent low drift.

Referring to Fig. 8.10, the output impedance of the capacitor
input type of power supply is estimated as 800 Q. The output
resistance of the regulated supply is, from Fig. 8.25,

— Rin+ra
1+,uAk.

out

For an anode working voltage of approximately 125V, an
A 2293 has r, = 7OOQ and 12 = 4. AISO, k = VREF/VO = 05
if an 85 V reference source is used.

Vak

FiG. 8.26. Circuit arrangement of Design Example 8.5.
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Thus,
800 + 700
1+4xA4x%x05
From this, since R,y is required to be 20 Q, 4 = 1500/40; let
it be made a minimum of 40.

The gain for a cathode coupled amplifier of the type shown in
Fig. 8.26 is given by

out —

MRy
A= ———— (see 6.4). 8.17
T ( ) (8.17)

To achieve a gain of 40 a large value of R; is required and the
valve will necessarily be operated at a low current level. A valve
which is suitable for operation under such conditions is the
ECC83 high u triode. If 4 is assumed to be a signless quantity,
then, from eqn. (8.17),

' 2r,A

R; = .
L,u_A

Estimated values for r, and u, over the working range, are
100 kQ and 80 respectively.
Thus,

RL=2_Xl_O_OM=2()OkQ_
80 — 40

Let R, be the preferred value of 220 kQ.

Cathode resistor. A value of 220 kQ provides a low common
mode gain while allowing a reasonable cathode current of
0-36 mA.

Reference supply. The 85 A 2 reference tube requires an operat-
ing current of 6 mA for optimum performance. This can be
provided from the 150 V supply through a 10 kQ resistor.

Ripple voltage. The 100 c/s ripple voltage has an estimated
value of 1 V peak-to-peak at the output of the L-C filter. This
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is reduced by the factor 1/udk to 12:5mV by the action of the
regulator. At the ripple frequency, k can be made equal to
unity by using a capacitor Cj to bypass the voltage dividing
chain. The magnitude of the ripple voltage is thus of the order
of 6 mV at full load.

In Fig. 8.27 the output voltage of the regulator is plotted
against load current. The broken line indicates the series valve
grid—cathode voltage required to maintain the load current.

150V
VL] 1a9v}- VL
148V-\
~
aovi TS~
L =~V
= Ve | 30V *3'2\
=~ -~
20v| ~—d
1 "l 1 1 I

L Il
10 20 30 40 50 60 70

— I, mA

FiG. 8.27. Performance of Design Example 8.5. Output voltage is

plotted against load current. The broken line indicates the series

valve grid—cathode voltage V;x required to maintain the load
current.

8.12. TRANSISTOR SERIES REGULATOR

It is a frequent requirement, particularly with transistor sys-
tems, to derive several low impedance voltage sources from the
main supply rail.

DESIGN EXAMPLE 8.6

Required, a transistor series regulator to provide 60 mA at
—5V from a —15V stabilized supply. The nominal output
impedance should be 0-1 Q.

The excess voltage is developed across a compound emitter
follower. Referring to Figs. 8.21 and 8.22, it is seen that the
main change in output voltage from such a circuit, as the load
current is varied, is due to the change in ¥ 5z required to maintain
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the load current. In the circuit of Fig. 8.28 the output voltage is
compared with a reference voltage, using a longtail pair. The
difference voltage is amplified and applied to the series element
so as to offset changes in Vpg.

O

ov

15V " Longtail pair Series element
Fic. 8.28. Circuit diagram of Design Example 8.6.

Series element. The output transistor must be capable of
dissipating 10 V x 60 mA = 600 mW. The maximum collector
dissipation of an OC84 transistor with a cooling clip, and at
35°C, is 350 mW. A series resistor in the collector will reduce the
collector dissipation and also limit the current under short circuit
conditions. A suitable value is 100 Q which will drop 6 V of the
10 V excess voltage when the load current is 60 mA. This reduces
the collector dissipation to 240 mW at full load.

If an OC44 is used to drive the output transistor, the overall
current gain of the pair is 5000. As the input base current re-
quired for full load current is then only 12 pA, loading on the
difference amplifier will be small. The output resistance R, of
the series element is approximately 5, due to the change in Vg
with load current.

Difference amplifier. The output resistance of the closed loop
system is R

T 1t Ak

out
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where R, is the output resistance of the series element alone,
and k is the fraction of the output voltage fed back.
A suitable value for k is 0-8, making Vg = 08V, = 4V.
For R, = 5Q, the voltage gain required to make Roue = 0-1Qis
A, = Rj/Ryy k = 63.

For a long tail pair,
A, = _g-"lZIiL- [from eqn. (6.23)],

or,
Ry = 24,/ = 31kQ (for g, = 40 mA/V).

Collector resistors of 3-3 kQ ensure that the necessary gain is
attained.

Emitter resistor. As the reference voltage is —4 V the emitter
voltage will be slightly less negative at —3-9 V. A 1kQ emitter
resistor fixes the total collector current at 4 mA. Transistor T,

-5-00

-4-998[-

Vi
-4-996|

-4-994}-
0 20 40 60
I, mA

FiG. 8.29. Closed loop series stabilizer output voltage plotted
against load current.

passes 3 mA to give a collector voltage of approximately —5V
required for the input of the compound emitter follower stage.
The 1 mA in the other collector resistor produces a voltage of
—11 V at the collector of T, . Thus, both transistors are operat-
ing in the linear range. '
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In Fig. 8.29 output voltage is plotted against load current for
the closed loop series stabilizer. It indicates a nominal output
resistance of 0-09 Q at the full load current of 60 mA.

8.13. OUTPUT TRANSISTOR PROTECTION

If the output of a series stabilizer is short circuited, unless the
current is limited, the output transistor can be destroyed by
excessive dissipation. In the previous example, the collector

FIG. 8.30. Shunt stabilizing circuit. The output voltage controls
the excess current drawn through the shunt element, such that
under all load conditions I is constant.

resistors protect the compound emitter follower stage, under
overload conditions, by dropping the collector voltage and bot-
toming the transistors.

Another form of protection, commonly in use, employs a net-
work that is switched by excessive current and reduces the input
voltage of the series element to zero. The output transistor is
reverse biased eliminating possibility of damage.

Shunt Stabilizers

This family of regulators maintains the output voltage con-
stant, by drawing a constant current from the supply. Referrin g
to Fig. 8.30 the excess current, Igy = I — I, is taken from the
- shunt element in a manner similar to a discharge tube supply.
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The shunt element can be either a valve or a transistor. The
excess voltage is dropped across R which may be a separate
resistor or the inherent resistance of the unregulated supply.

8.14. CoNSTANT CURRENT SUPPLIES

Just as a constant voltage supply can be obtained from an
amplifier with voltage (shunt) feedback, aconstant current supply
can be obtained from an amplifier with current (series) operated
feedback. This is discussed in Chapter 7. The constant current
devices of Chapter 5 are elementary forms of such supplies.



CHAPTER Y

Oscillators

Introduction

An electronic oscillator may be described as a device which,
whilst obtaining its power from a d.c. source, provides an
alternating output without changing its circuit configuration by
means of mechanical switching. Such a definition thus excludes
rotating machinery and vibrators, etc.

Oscillators fall into two classes; firstly, those which provide a
sinusoidal output, and secondly, “relaxation” types whose out-
puts have a large harmonic content. This latter class is dealt
with in Chapter 10 on waveform generators.

9.1. SINUSOIDAL OSCILLATORS—BASIC
CONSIDERATIONS

Figure 9.1 represents a current source having resistance Rs,
feeding a parallel circuit of R,, C and L. The current i(s) need
not be a specific input but could be noise signals due to thermal
agitation or switching transients, etc.

o(s) = Z . i(s) ©.1)

= its) . ©.2)
Gs + G + sC + (1/sL)

Multiplying through by s/C,

os) = — 1) 6/©) : 9.3)
) 52 + [s(Gs + G)/C] + (1/LC)

294
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The denominator of eqn. (9.3) is the characteristic equation
of the circuit, and the performance of the circuit is principally
determined by its roots. Thus, let

52 4 5Gs 'CF G IIE -o. ©.4)

Solving this equation,

S=_(GS+GL ij\/_l__(Gs+GL 1
2c LC 2C

-
' L]
! I
‘ >
! its) f R | RS C-[ L
| L
I i
I Ll
|

r

——dan e ——

Fic. 9.1. A current source of resistance R, feeding a parallel
circuit of R, Cand L.

There are therefore two roots of the form
§1 = —a +jo and s, = —x — jo, 9.6)
and the solution is
() = Aexp (=« + jw)t + Bexp (—x — jw)t. (9.7)

The nature of s, and s, is largely determined by the term
(Gs + Gy). Thus, if (Gs + G) = 0, s = j/(1/LC) and denot-
ing 1/LC by wp,

$; = +jw, and s, = —jw,.
Hence, for Gs = Gy,
v(t) = A exp (jwot) + Bexp (—jwol), 9.8)

and the solution represents an oscillation of w, radians per
second, of constant amplitude.
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More generally, where (Gs + G.) does not equal 0, given a
disturbing signal, oscillations will commence if the roots s, and
s, have imaginary parts, i.e. if in eqn. (9.5), 1/LC is greater than
[(Gs + GL)/2C}. Furthermore, the amplitude of oscillation will
increase with time if (Gs + G) is less than 0, which implies that
Gy, is negative. The concept of a negative value of G, means that
energy is supplied to overcome the loss resistance that is always
associated with a tuned circuit.

. Sustained
Build up oscillation
Gs+6G <0 Gs= -G

w sL’—c -(5%&)] “’o’/'l.l—c

Fi1G. 9.2. Build-up of an oscillation. The condition for commence-
ment of oscillation is that G¢ 4+ Gy, is negative, and the amplitude
stabilizes when G; = —Gy.

From these considerations, the requirements for a build-up
of oscillation, as shown in Fig. 9.2, are as follows:

(a) A negative resistance component to compensate for tuned
circuit losses and provide a divergent oscillation.

(b) A variable resistance component which reduces the real
part of the roots to zero when the required amplitude is
reached.

(¢) A frequency determining element.

(d) An initiating signal.

9.2. NEGATIVE RESISTANCE

Defining a negative resistance as an element through which
current decreases as the voltage across it increases, it may be
represented on a current-voltage characteristic. Thus, in Fig. 9.3,
the part of the curve lying between 4 and B is a negative resis-
tance region having a slope of —G.

Any device whose current-voltage characteristics include such
a region, possesses one of the requirements for oscillation, and
by suitable circuit arrangement may be used as an oscillator.
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As examples of such devices there are:

(a) Dynatron Oscillator using the tetrode negative resistance
characteristic.

(b) The Transitron Oscillator using a pentode with screen and
suppressor grids connected.

(c) Solid state devices such as point-contact transistors, ther-
mistors and tunnel diodes.

The Dynatron and Transitron oscillators are now mostly of
historical interest, but the tunnel diode is becoming widely used
for high frequency oscillators in the range 100 Mc/s to 10kMc/s.

1

v

Fi1c. 9.3. Current-voltage curve showing a negative resistance
region AB, where, as the voltage increases-the current decreases.

Alternatively, a negative fesistance can be obtained by feed-
back connection of an amplifier. From eqn. (7.6), the output
impedance of an amplifier with feedback is written as:

ZOA

=% ©.9)

out =

which is negative for a loop gain Af greater than unity. It is this
method of obtaining negative resistance which is now most
commonly used in the design of oscillators.

Sinusoidal oscillators of the feedback type fall into two classes,
inductance—capacitance types, and resistance—capacitance (phase-
shift) types. These are considered in detail later in this chapter.
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9.3. AMPLITUDE STABILIZATION

It was shown in § 9.1 that for oscillations to build up it is
necessary that G should be negative and greater than Gs. In
other words, the damping term of egn. (9.4) should be negative.
In addition the value of Gy must decrease with increasing ampli-
tude of oscillation until, at the required amplitude, G5 = —G,,
making the damping term zero.

Alternatively, referring to eqn. (9.9) for feedback amplifiers,
for the build-up condition the loop gain Af should be greater
than unity, and decrease until it reaches unity when the correct
amplitude of oscillation is reached. Given a constant feedback
factor B, this implies that the amplifier gain must decrease as the
signal amplitude increases, and to achieve this some non-linear
element is necessary.

Grid Leak Stabilization

In tuned L-C oscillators, a common method of varying gain
with signal amplitude, and thus providing oscillator limitation,
is by the use of a grid leak. The required non-linearity is provided

Vaa
Cs
M| Rs
Re$ c.l. L
* Cq
2 3

FiG. 9.4. Circuit diagram of a tuned grid oscillator employing grid
leak amplitude stabilization. Ry and Cp, are decoupling elements.

by the bottom bend of the valve I,/V; characteristic. In Fig. 9.4
which represents a tuned grid oscillator, C and Rg form the
grid leak combination, the time constant of which is chosen tobe
much greater than the period of oscillation 1/f. It should not,
however, be so great that changes in operating conditions cannot
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be accepted without affecting circuit performance. In this ex-
ample, which is typical of a local oscillator for a superheterodyne
receiver at medium frequency, say 1 Mc/s, suitable values would
be Rg = 1 MQ, and C; = 100 pF, with a time constant of
'10~* sec. This is sufficiently long compared with the oscillatory
period of 0-68 x 10~ sec for a local frequency of 1-45 Mc/s.

—V; i ———-Time

FIG. 9.5. Build up of oscillation with grid leak amplitude stabili-
zation, after the oscillator is switched on at time ¢z = 0.

The amplitude stabilizing effect of the grid leak may best be
explained with reference to Fig. 9.5 showing a typical build up
of oscillation. The effective g,, is given by the slope of the I,/V
curve, which is high at ¥ = 0 and becomes progressively lower
as the grid bias is carried more negative. The grid bias is deter-
mined by the charge on C. Grid current flows on positive peaks
of grid signal voltage and charges the capacitor. Due to the CR
time constant the charge is additive, and the bias is carried
negative thus reducing the gain of the amplifier. The process
continues until the g, is just sufficient to maintain oscillation
when the amplitude stabilizes. Should now the gain become
reduced, instantaneously the positive signal peaks would cease
to carry the grid positive with respect to the cathode, and no
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grid current would flow. Some part of the charge on Cg would
then leak away, and the effective grid bias would be reduced until
the positive peaks again caused grid current to flow. Operation
would then stabilize at a smaller amplitude of oscillation.

This form of operation is under class C conditions with the
operating grid bias beyond cut-off. It causes a discontinuous
anode current to flow, but a tuned circuit having a reasonably
high Q ensures that the anode voltage is sinusoidal, by providing
a low impedance path for harmonic frequencies.

Squegging

At the point of amplitude-stable-oscillation, the time constant
is such that, the amount of charge leaking away from the capa-
citor between positive signal peaks is just equal to the amount
that is restored when grid current flows. If the time constant
is too great, and signal amplitude is excessive, more charge is
supplied by grid current than is allowed to leak away between
peaks, and the valve is quickly biased to a negative voltage much
greater than the cut-off point. Anode current then ceases and
oscillations cannot be maintained. The capacitor gradually dis-
charges through the grid leak resistor, until the bias is low enough
to allow anode current to flow and oscillations to recommence.
The cycle repeats itself and results in intermittent bursts of
oscillations known as squegging. This condition can normally be
prevented by careful choice of grid leak values. When the oscil-
lator is used in a radio receiver, a large h.t. decoupling resistor
also helps to prevent it. Such a resistor causes the oscillator an-
ode voltage to rise with a decrease in anode current, thus moving
the cut-off voltage to a higher negative value.

9.4. SURVEY OF FEEDBACK L-C OSCILLATORS

The most general type of oscillator is the tuned anode-tuned
grid arrangement shown in Fig. 9.6. Only the signal paths are
drawn, and feedback is seen to be via the anode to grid capaci-
tance. Figure 9.7 similarly represents four commonly encoun-
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r——dF—-

FIG. 9.6. Tuned anode—tuned grid oscillator. Feedback is present
through C,, the anode to grid capacitance.

| 1

2. GG,
W/l ey

gm= gaC2/ C;

(a) Colpitts

L2 L IC
w=1/[Lc 1-A)]
__J.LA CR
M= [I-‘“'A) m ]
Where R is the effective series
primary resistance,and A=L,R/L 7

(¢) Tuned grid

SN | E——
5 _ 1
Wt C-2mic

g LM/ (LM

(b) Hartley

HES

?=1/L,C

Gu® 3 (4= 6)

Where G is the shunt conductance
across the tuned circuit

(d) Tuned anode

FiG. 9.7. Four commonly encountered oscillator types.
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tered oscillators which are variations on this basic circuitarrange-
ment,

Associated with each circuit are the relevant equations defin-
ing the frequency and the conditions for maintenance of oscilla-
tion.

The tuned transformer types of oscillator are extensively used
as local oscillators in radio receivers. The tuned anode is more
stable to h.t. fluctuations than is the tuned grid and in addition
has less harmonic content and provides a greater amplitude
output. The tuned grid, however, has a more constant amplitude
when the oscillator frequency is varied over its tuning range. For
use at v.h.f. the Colpitts type is usually preferred, although the
Hartley oscillator may also be used at frequencies in excess of
40 Mc/s. Two common ways of obtaining the operating condi-
tions for these circuits are:

(a) to find the condition under which the loop gain is unity,

(b) to determine the nodal or circuital equations and equate
the determinant to zero. (A brief introduction to deter-
minants is given in Appendix A.)

Both methods are demonstrated in the two design examples
which follow.

9.5. THE TUNED ANODE OSCILLATOR

Two circuit arrangements of the tuned anode oscillator are
given in Fig. 9.8. They differ in the manner in which h.t. is fed to
the anode. In the parallel feed case the effect of R is to reduce

Vaa
Ce R

Re SE L2 LG

o
+t—

FiG. 9.8. Shunt and series fed tuned anode oscillators.
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amplitude variation, as the frequency is changed, but has the dis-
advantage that it damps the tuned circuit.

Design Considerations

To determine the operating conditions the circuit of Fig.9.7d
is redrawn as the small signal equivalent network of Fig.9.9, in

Vo

M
govs( ) 93 63 c]- L3 Ele Vo

I

FI1G. 9.9. Small signal equivalent network of Fig. 9.7d.

which G represents the effective shunt conductance across the
tuned circuit. The equations of this network are written as:

1
—8&mlyg = Vg (ga +sC+ G+ _),
sL
o =M __M,
out SLI a Ll a*
For unity loop gain, v, = v, and
M 1
— gm+ g+ 5C+ G+ —=0.
Ll SLI
Multiplying through by sL,,
sMgy, + sL.g, + s2L,C + sL,G + 1 =0,
and in terms of real frequency,
—w2L,C + 1 + jo(L1gs + LG + Mg,) = 0.
Equating real components,

w? = 1/L,C. (9.10)
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Equating imaginary components,

L, )
= ——— a+G' 9.11
g v; (& ) (o.11)

Thus, the circuit will oscillate at a frequency f = 1/[2% \/(LC)]
if the effective g,, of the valve is—(L,/M) (g, + G). In this latter
expression, the negative sign is associated with the mutual in-
ductance and indicates that oscillation will only occur for one
connection of the feedback winding.

Tight coupling and low values of M are helpful in maintaining
frequency stability. However, the tuned circuit should have a
high Q to reduce the harmonic content of the oscillation and
accordingly L, (in Fig. 9.9) is made large. Since M = k /(L,L,),
this implies a low value of L,. Another consideration which re-
quires that the grid inductance should be small is that, with the
stray capacitances associated with it, its resonant frequency
should be much greater than the highest frequency at which the
circuit is to oscillate. Methods have been suggested®*® for cal-
culating the inductance of the feedback winding but these in
general yield values somewhat smaller than required. In practice,
the number of turns of the feedback winding is initially made
one-third to one-half of the number of turns of the main wind-
ing. This usually gives an inductance greater than that actually
required and the final adjustments are made experimentally.

Choice of a Valve

The choice of a valve for use as a local oscillator in a radio
receiver is somewhat limited because composite valves are com-
monly employed. As an example the ECH 81 triode-heptode has
a triode section specifically designed to have the correct char-
acteristics for use as an oscillator, while the heptode section is
used for frequency changing purposes. The valve manufacturer’s
data sheets usually indicate the correct electrode voltages, leak
resistance and grid current required when such a valve is to be
used as an oscillator. Where a separate valve is to be used, one
should be chosen having a high value of g,, and r,. A high r,
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tends to make the frequency of oscillation more independent of
valve parameters, and hence more stable, while a high value of
gn provides greater ease of oscillation.

Design Steps

1. Calculate the inductance which, with the selected variable
capacitor, will resonate over the required frequency range.

2. Make the grid winding have one-half the turns of the
primary winding. Since inductance is proportional to the
square of the turns, L, is thus L,/4.

3. Determine the value of G, the effective shunt conductance
across the tuned circuit, and with a knowledge of the
effective g,, and r, of the valve, from eqn. (9.11) evaluate M.

4. Knowing M, L, and L,, calculate the coupling coefficient k.

5. Choose C¢ which with the recommended grid leak resistor
will have a time constant 4 or 5 times 1//fmia.

6. Select an anode resistor to give the correct operating anode
voltage and decouple it.

DEsIGN EXAMPLE 9.1

Required, a series fed, tuned anode oscillator using the triode
section of an ECH81, covering the frequency range 1-2 Mc/s.
The supply voltage is 250 V.

From the valve data sheets, with ¥V, = 100 V, recommended
operating conditions are obtained with I¢ = 200 pA and
Rg = 47 kQ. The effective g,, is given as 650 pA/V, r, = 6 k0,
and the mean anode current I, = 4-5 mA.

Let the selected variable capacitor, with strays, tune over the
range 50-450 pF. With an inductance of 100 pH, a frequency
range of approximately 760 kc/s to 2:2 Mcfs is obtainable, which
meets the specification. Thus, L; = 100 pH and initially make
L, = L,/4 =25 uH.

For a Q of 100 at the top frequency of 2 Mc/s, the resistance
of L, is r = wL/Q = 12:5Q. The effective shunt conductance
across the tuned circuit is Cr/L, which is 6:25 pmhos at
C = 50 pF and 5625 ymhos at C = 450 pF.

F-G/E. 11
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From eqn. (9.11) for maintenance of oscillation, M should
equal or be greater than (g, + G)L/g,. If the condition is
satisfied for the larger value of G'it will be satisfied over the whole
tuning range. Thus, since r, = 6 kQ, g, = 166 umhos,

(166 + 56) x 10~ x 100 x 10~
650 x 10~6

M = 34 yH.

The coefficient of coupling

M dx100 o
J@L) 100 x 25 x 10-12 )

Grid leak. At the lowest frequency of 1 Mc/s, 1/f = 1 psec.
From the data sheet, the recommended value for Ry is 47 kQ.

F16. 9.10. Completed circuit diagram of Design Example 9.1.

If this is used with a capacitor of 100 pF a time constant of
4-7 usec is obtained which is sufficiently long.

Anode decoupling. For a V, of 100 V from an h.t. of 250 V
the anode resistor must drop 150 V at the mean anode current
of 45 mA.

Thus,

: R = 150/4-5 = 33 kQ.

A 01 pF capacitor is suitable for decoupling and the completed
circuit is given in Fig. 9.10.
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This treatment has been simplified in order to show the basic
approach to oscillator design. No attempt has been made to
obtain constant amplitude over the tuning range, nor has pro-
vision been made for the “tracking” which would be necessary
in a radio receiver local oscillator. An excellent treatment lead-
ing to the design of the more sophisticated circuit to meet these
requirements is given by Sturley.(*®

9.6. COLPITTS OSCILLATOR (TRANSISTOR)

In the case of the valve oscillator it was shown that some non-
linearity was required to limit the amplitude of oscillation after
the build-up period, and the bottom bend of the 1,/V¢ char-
acteristic served this purpose. In a similar manner, when using
a transistor, a non-linearity is introduced by allowing the transis-
tor to bottom.

The basic circuit arrangement is given in Fig. 9.11, and the
frequency of oscillation is determined by the combination of L,

Lﬂﬂ—lk«i

Re !
3Re
Cs
——
EERc 3: Rl
—0 V)

Fic. 9.11. Colpitts transistor oscillator.

C, and C,. L is provided with an iron dust core to permit ac-
curate frequency adjustment. Ry, R, and Rg give the correct bias
conditions, and the variable part of R is adjusted to obtain an
acceptable waveform.
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Design Considerations

In this example the conditions for oscillation are determined
using method (b) of § 9.4. An approximate equivalent network
is drawn in Fig. 9.12 in which G, is the conductance of the collec-
tor resistor and Ry represents the effective parallel combination
of R, and R,.

v, Ve B.
Rs

c ‘——I sUEY I—~ -
L Cs iy
1§i| ?é Gi I cl -|- Cz é SBRB

FiG. 9.12. Approximate equivalent network of the Colpitts trans-
istor oscillator. The coupling capacitor C; isolates the collector
d.c. voltage from the base and is ignored in analysis.

To a first approximation r;, may be considered as being sup-
plied from a constant voltage source ¥,. The effective g,, of the
transistor is then

gh = Blra = BIBRe = 1/Rg [from eqn. 2.35)]. (9.12)

If C, is very large it may be neglected and, writing G, for the
conductance of the parallel combination of Rp and r,, the
equations of the network are:

1 1
Gy +5Cy + — vy — — v, = —gula,
<1 1 sL)l T 2 8ml2

1
- +<—+SC2+G2) v, =0.
sL

The determinant is:
$*LC,C; + s*(LC,G, + LC,Gy) + S(LG,G, + C, + Cy)
+ G, Gy + gm=0.
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Writing this expression in terms of real frequency and equating
imaginary terms to zero,
w? = [LG,G,/(C, + C))] + 1 - 1
LC,C,/(Cy + C3) LC,C,/[(Cy + Cy)

1
= —— i 1 = 2] -1
( IIC if C C) (9.13)

Equating real terms to zero and substituting for o,

& = Q%ch%-ci( Gi+G, if Ci=0C).
9.14)
As ry, is much greater than Rg, G, = 1/Rp.
Hence for the case where C; = C,,

grln = I/RB + l/Rc.
But, from eqn. (9.12),

= 1 / .R Es
Therefore

Choice of Transistor

The main consideration is that of the cut-off frequency of the
transistor. Commonly, r.f. transistors are used in fixed frequency
oscillator circuits up to 1-25 times the cut-off frequency, while
in variable frequency oscillators the limit is usually about 0-8
times f,.

Design Steps

1. Using expression (9.13), select values for L, C, and Cz to
obtain the desired frequency of oscillation.
2. Set up the correct bias conditions by suitable choice of R;
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and R, which, with R, will determine the mean collector
current. :
3. Select the value of R and using eqn. (9.15) calculate Rg.

DESIGN E;(AMPLE 9.2

Required, a Colpitts oscillator operating at 500 kc/s, and using
an OC 44 transistor. A supply voltage of —9 V is available.

The tuned circuit. The collector capacitance is effectively across
the tuned circuit and is a function of collector voltage. To obtain
frequency stability independent of the collector capacitance the
tuned circuit capacitors should be relatively large. Let C; = C;
= 1000 pF.
. From eqn. (9.13),

L = 2/w>C = 200 pH.

D. C. biasing. This may be done using emitter resistor stabiliza-
tion as described in § 2.11. A voltage divider of R, = 10 kQ and
R, = 2-2kQ will provide a base voltage of —1:5V and ensures
a low d.c. resistance for the base supply. The collector current
is then a function of the emitter resistor, and the emitter voltage
is also about —1-5 V. Let the mean collector current be initially
chosen as 2 mA. With a collector resistor of 2-7 kQ, the mean
collector .voltage will be —4-6 V and will thus be able to swing
between —1-5 and —7-7 V without distortion.

R;R, 22 x 103
Ry = =
R] +.R2 122
From eqn. (9.15),
_ RpRc _ 18x27x10°
E" Ry + Re 45
Let R be made up of a 330 Q fixed resistor and a 1 kQ variable
resistor. Final adjustment of the circuit is made by varying this
resistor until oscillation is just taking place. This avoids the

distortion of the waveform which would otherwise occur if the
transistor was overdriven.

= 1-8 kQ.

= 1-08 kQ.
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9.7. RESISTANCE-CAPACITANCE OSCILLATORS -

Due to the size of high value inductances, R-C oscillators
have, in the past, been preferred to L-C types for operation at
low frequencies. In fact, the use of modern ferrite materials now
enables such inductances to be made physically small, so this
consideration is no longer of such importance.

» ]
L—ﬁ—aricﬁr—f IDS!
SR 3

SR 3R A

* L

FiG. 9.13. The arrangement of a phase shift oscillator. The C-R
network provides a phase shift of 180° and the required amplifier
gain is —29.

The two most common types of R-C oscillators are:

(a) Phase shift. This type of oscillator is illustrated in Fig.9.13.
The feedback network provides a phase shift of 180° at the
frequency of oscillation. It can be shown that in this cir-
cuit, for equal capacitors and resistors, infinite input im-
pedance and zero output impedance of the amplifier, the
condition for maintenance of oscillation is that the gain
should be —29. This is the gain required to compensate
for the attenuation of the phase shifting network. The
frequency of oscillation of the phase-shift oscillator set up
in this manner is f = 1/(2zRC,/6). Tapered networks using
different values of C and R and the addition of an extra
phase-shifting stage can reduce the attenuation of the feed-
back path. ‘

(b) Bridge type. The feedback network of the bridge type
oscillator provides zero phase shift at the frequency of
oscillation. A typical circuit is that of the Modified Wien
Bridge which is treated in detail in the next section.
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9.8. MoDIFIED WIEN BRIDGE OSCILLATOR

For wide range tuneable oscillators the Wien Bridge (or one
of its modifications) is frequently used for operation from 1 to
107 ¢/s. This type of oscillator provides a range of frequency

A 14
”
(o
A —o
R c ‘!‘ fv. WT
—0

FIG. 9.14. Arrangement of a Wien bridge oscillator.. The R-C
network provides zero phase shift at the frequency of operation
and the required amplifier gain is 3.

-variation which is much greater than can be obtained from L-C
type oscillators.

Design Considerations

'Figure 9.14 illustrates the basic circuit ai‘rangement. Writing
T = CR, the forward voltage transfer function for the feedback
network is:

Vin _ sT
Vowe (T)? +3sT+1°

which is the feedback factor 8.
The condition for maintenance of oscillation is that the loop
gain, Af should be unity. That is,

JoTA
(joT)* + 3joT + 1
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or
0?T? + (4 — 3)joT — 1 = 0.

Equating imaginary terms to zero,
A=3. (9.16)
Equating real terms to zero,
o = 1/CR. 9.17)

Thus if the amplifier has zero phase shift, infinite input re-
sistance and zero output resistance, it is required to have a gain
of 3 and the frequency of oscillation is given by w = 1/CR.
Since L-C oscillators have their frequency inversely propor-
tional to the square root of LC the Wien Bridge circuit can ob-
viously provide a wider frequency range, and it is for this reason
that it is generally preferred for use in laboratory type instru-
ments. By using a ganged variable resistor, a 10 to 1 variation in
frequency is readily obtained. In practice it is difficult to obtain
perfect matching of the resistors over the complete range, and
the amplifier will certainly have a finite output impedance. In
addition the gain of the amplifier is likely to vary with frequency,
so that it is probable that at some point in the tuning range the
conditions for maintenance of oscillation will not be met. To
ensure that this does not happen, thus causing oscillations to
cease, a non-linear element is usually included in the circuit,
acting in such a manner that the gain of the amplifier is always
maintained at a suitable level.

Design Steps

1. Design an amplifier having a gain of 3 and with nominally
zero phase shift through it.

2. From eqn. (9.17) calculate values of C and R to obtain the
correct frequency or range of frequencies.

3. Provide some non-linear element to stabilize the amplifier
gain and thus to maintain the conditions required for os-
cillation.

F-G/E. 11a
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DEesioN ExamMpLE 9.3
Required, a modified Wien bridge oscillator covering the fre-
quency range 1 to 10 kc/s.

The amplifier. A suitable amplifier to provide a gain of 3
without signal inversion is the common-cathode type described
in § 6.4, and illustrated in Fig. 9.15. The gain of such an amplifier

is:

A — IU'RL
[r,,(ra + RL)/(‘M -+ 1) RK] -+ 2ra + -RL
= PR (or large RY) (9.18)
2r, +
— et DRRy o small Re). ©.19)
ra(ra‘ + -RL)

Let the valve chosen be a 12AT7having r, = 10kQ and u = 50,
and make R, = 20 kQ.
oVaa

/
7/ [

FiG. 9.15. The modified Wien bridge circuit of Design Example 9.3.

Substituting these values in eqn. (9.19) yields that 0-12Rg = 3.

Thus, for initiation of oscillation, Rx = 25 Q. An increase in
this value initially causes the oscillator to be overdriven and a
distorted waveform results.

However, a further increase in Rx causes a reductlon in gain
due to the increase in cathode bias voltage, Vx = IxRg, and in
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practice Ry is increased from its minimum value until a satis-
factory waveform is obtained.

Frequency. Let the selected ganged potentiometer have a
maximum value of 50 kQ. R will be maximum at the lowest fre-
quency, 1kc/s. Thus, C = 1/wR = 3184 pF; make it 3300 pF.

Gain stabilization. In the completed circuit of Fig. 9.16 gain
stabilization is achieved by applying negative feedback to the

0200V
<
!om:‘; 1uF
50k —— i—
e 3|TH.
( 3300pF 40— Sleske
f — 3
]
! 322k
50kg].33009F "

F16. 9.16. Completed circuit of Design Example 9.3.

second half of the valve via a thermistor. C, serves as a blocking
capacitor, keeping the anode voltage off the grid.

A thermistor is a non-linear device having a high negative
temperature coefficient of resistance, and in this circuit its
stabilizing action is as follows. An increase in amplifier gain
causes the anode voltage to rise, leading to an increase in current
through the thermistor. The resulting increase in temperature
reduces the thermistor resistance, which increases negative
feedback thus tending to restore the original gain.

9.9. MULTI-RANGE MODIFIED WIEN BRIDGE USING
' TRANSISTORS

Design Considerations.

As transistors are essentially current operated devices condi-
tions for the maintenance of oscillation may most conveniently
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be established by consideration of current flow, instead of volt-
age as was done in the previous example. Thus, drawing the
feedback network as in Fig. 9.17, the current transfer function
may be written as:

i R/(1 + sCR)
i, [RI(1 + sCR)] + [(I + sCR)/sC]"
Denoting CR by T,
i_1 sT

i» 1+ 3sT + (sT)?

This is of the same form as the basic equation developed for the
valve circuit. If i is the input current and i, is the output cur-
rent of an amplifier of gain 3, the system will oscillate at a

F1G. 9.17. Current, zero phase shift network. For w = 1/CR, i,
and 7, are in phase.

frequency of w = 1/CR radians per second. The design steps for
this circuit are thus the same as those of the previous example.

DEsiGN ExaMpLE 9.4

Required, a modified Wien bridge transistor oscillator
covering the frequency range 30 c/s to 30 kc/s.

Current amplifier. A suitable arrangement is a two-stage tran-
sistor amplifier with current feedback. This has the required pro-
perties of low input resistance and high output resistance, and is
illustrated in Fig. 9.18. It is desirable that the input resistance
should be much less than R and the output resistance much
greater than R. Under these conditions i, is assumed to be pro-
vided from a constant current source.
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The gain of the amplifier with feedback is 4/(1 — 4f), and if
A is sufficiently high this equals 1/8. Thus, for maintenance of
oscillation, B = 1/3. The feedback factor B, in this circuit is
R,/(R; + R,) so that R, must be made equal to twice R,. For

o0V
$1-8kQ
PR
L) 7
TH-1I0kQ35
[ Output
R L
. c

CAAAA
W
ﬁ

o-10V

F1G. 9.18. Circuit diagram of Design Example 9.4.

this application 2 G306 alloy type transistors are suitable and
these can be directly coupled as shown. For a supply voltage of
—9V, a nominal current of 2 mA is reasonable for T . A larger
current would require a lower value collector resistor, and this
would cause an appreciable reduction in gain because of the
high input resistance of 7. In order to provide an output volt-
age of 1V peak-to-peak, a relatively high value for R, is re-
quired.

Frequency determining components. Let the frequency require-
ment be provided by three ranges, 30-300 c/s, 300 c/s to 3 kc/s
and 3-30 kc/s, and consider firstly the low frequency range. Make
C = 0-5 uF, so that at 300 ¢/s, R = 1/wC = 106 kQ. Similarly,
at 30c/s, R = 10-6 kQ. The resistance component of the net-
work may therefore be made up of a fixed resistor of 1 kQ2 and a
variable 10 kQ resistor in series, as shown in Fig. 9.19. The two
variable resistors are ganged, as are the two rotary switches
which select the capacitors to be used. By making C = 0-05 pF
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the oscillator will tune over the range 300 c/s to 3 kc/s, while for
the range 3-30 kc/s a 0-005 pF is required.

Gain stabilization. Gain stabilization is achieved by the use
of a non-linear feedback circuit as was done in Design Example
9.3. R, is a 10 kQ thermistor and, being twice the nominal value

Vee

'[2-5 c)—‘I'OOO.'S'O"
T

TO°05 L
>————

F16.9.19. Frequency determining network of Design Example 9.4.

of R,, fulfils the condition for the maintenance of oscillation.
The variable part of R, permits final circuit adjustments to be
made.

9.10. FREQUENCY STABILITY

If the loop gain A of an oscillator is unity the circuit will
oscillate, and the frequency of oscillation will be that at which
the phase shift round the loop is zero. Should any change take
place in the phase angle of A8 then the frequency of oscillation
will automatically take up a new value at which the loop phase
shift is again zero. Thus for good frequency stability a network
should be used which, for a small change in frequency, provides
a large change in phase angle. A resonant L-C circuit has this
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feature which improves as Q is increased. Figure 9.20 represents
the equivalent network of a quartz crystal, and such a device
might typically have a Q one thousand times as great as an L-C
tuned circuit operating under the same conditions. It is for this
reason that quartz crystals are used where a fixed frequency
is required with very good frequency stability.

L R Cs

Ce
1t

FiG. 9.20. Equivalent network of a quartz crystal.

The Series Resonant Oscillator

A crystél, as represented by Fig. 9.20, has two main resonant
frequencies.

(a) Series resonance with'L and C;.
(b) Parallel resonance with L and C,.

For maximum stability the series resonant condition is nor-
mally preferred for both crystal and L-C circuits. This is be-
cause at series resonance the circuit has low impedance and is
consequently less affected by external loading than is the high
impedance parallel circuit. In the circuit of Fig. 9.21 representing

Series circuit

/ or crystal
-1

r

kY

4
(2]

F———————
L e =

L———A.G.C.

FIG. 9.21. Series resonant oscillator. The values of C; and C, are
much greater than C.
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a series resonant oscillator, the frequency determining elements
may be either a series tuned circuit or a crystal. Other special
steps, taken to improve frequency stability are

(a) the use of cathode feedback to eliminate Miller capacitance,
and

(b) the use of low reactances across the valve input and output,
to mask changes in valve capacitances.

Sandeman®*!> has shown that the input impedance of the valve
circuit, looking into the series combination of C, and C,, is:

Zin = —jX, — jX, — X1 X28m>

the third term of which represents a negative resistance. Thus, as
established in § 9.1, for oscillations to build up, this negative
resistance should be greater than R, the resistance of the series
tuned circuit (or crystal). The condition for maintenance of
constant amplitude oscillation is that it should equal R, and the
frequency of oscillation is given by:

1 C C
f= m\/(l + EI— + -a:) (9.20)

ExAMPLE. Let the series tuned circuit be made up of a capa-
citor C = 250 pF and an inductance L = 100 wH having re-
sistance R = 5Q. The resonant frequency of the circuit is thus
1 Mc/s. If C; = 3000 pF, and C, = 10,000 pF, then from
eqn. (9.20),

f=1Mcfs x /(1 + 0:083 + 0:025) = 1-053 Mc}s.

At this frequency, C, has a reactance of approximately 50 Q, and
the reactance of C, is 15Q.

Equating the negative resistance to the resistance of the tuned
circuit,

X, X:gm =R; 750g,=5 and g, =66mA/V.

Thus a valve is required having an effective g,, of 6:6 mA/V, and
the frequency of oscillation is 1-053 Mc/s.
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If a crystal is used instead of the series L~C circuit, the value
of R might typically have a value of 100 Q as compared to the
5Q of the inductance in this example. Different values of C,
and C, are then required; these capacitors being given values as
Jarge as possible consistent with the conditions for maintenance
of oscillation. The cathode inductance L, is chosen having a low
d.c. resistance and a reactance high compared with the reactance
of C,.

Automatic Gain Control

As in previous examples it is necessary that the valve g,
should be large enough to satisfy the condition for build-up of
oscillation, falling to a lower value for constant-amplitude-
operation. The use of automatic gain control with a variable-mu
pentode meets this requirement, and enables the valve to be
operated under Class A conditions. Automatic gain control is
used in all cases where an extremely low harmonic content of the
output waveform is required, another factor contributing to
frequency stability. To provide the automatic gain control, the
output signal is amplified and rectified, in some auxiliary circuit,
and then fed back as a d.c. voltage which controls the bias, and
hence the g, of the valve.

9.11. THE TUNNEL DIODE OSCILLATOR

Figure 9.22 represents the voltage—current characteristic of a
typical tunnel diode, the region between P and V displaying the
properties of negative resistance. Provided that the diode is
operated in this region it may be used as the active element of an
oscillator, and, due to its very low inherent capacitance, fre-
quencies in the range 100 Mc/s to 10 kMc/s are possible. The
small signal equivalent network of a tunnel diode, when suitably
biased to operate in its negative resistance region, is given in
Fig. 9.23. The effective negative resistance shunts the junction
capacitance ¢, and this parallel combination is in series with r,
the series resistance of the diode and /, the lead inductance. At
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the frequencies to be used, the inductance of the leads is signi-
ficant and must be taken into account when deciding what total
inductance is required to obtain the desired frequency of os-

I4 P .
Negative
| resistance
| region
|
|
I
| | \J
| !
| | I
1 | !
Ve Vo W —V

F1G. 9.22. Voltage—current characteristic of a typical tunnel diode.
¥V, is the peak voltage and ¥, the valley voltage.

cillation. With the extra inductance added, the equivalent net-
work may be redrawn as in Fig. 9.24 which is similar to the net-
work of Fig. 9.2 from which the conditions for oscillation were

FrG. 9.23. Small signal equivalent network of a tunnel diode.

[ 3

Fi1G. 9.24. Equivalent network of a tunnel diode, with external
inductance, for the determination of the conditions for oscillation.

derived. G, is the effective shunt conductance across the tuned
circuit; G; = 1/R,; = Cr/L. By the same considerations as before,

oscillations will build up if G, is less thanh —G.
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Design Considerations

If the condition for build-up is satisfied, in the absence of an
external load, the amplitude of oscillation will increase until the
voltage peaks are carried into the region of positive resistance of
the characteristic. In this condition the waveform will be highly
distorted and a relatively low frequency of oscillation will result.
If L is decreased in value, the dynamic resistance of the tuned

RN
c -Rg R
Ts I 1

FIG. 9.25. Tunnel diode equivalent network with external load.

circuit is reduced and the load on the diode increased. This has
the effect of reducing the amplitude of oscillation thus con-
fining it to the negative resistance region. At the same time, the
frequency increases as L is further reduced until, when L has a
value which makes G, equal to —G, the maximum frequency of
oscillation is obtained. This frequency, the cut-off frequency, is

given by:
1 R
= [[— -1}, 9.21

% 2aRC (rs ) ©.20)

where R is the effective negative resistance, and C and r, are the
diode capacitance and series resistance. Instead of reducing L,
the amplitude of oscillation may be restricted by an external load
across the parallel tuned circuit which reduces the shunt con-
ductance G,. This may be represented by the approximate equiv-
alent network of Fig. 9.25 provided that R, is much greater
than r.

In practice, oscillations are confined to the negative resistance
region by the adjustment of such a load and also by adjusting
the d.c. bias across the diode.

Since as loading is increased, the amplitude of oscillation and
the frequency decrease, the available output power may be
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expressed as a function of frequency. This is done in the follow-
ing equations given by McCann.(3%
Frequency of oscillation

1

=—8 (f R>»r). 9.22
S 27 dIC ( ) .22
Load resistance ‘
R, = Vo . (9.23)
mli,
Power into load
P, =0k W (9.24)

where V, and I, are peak-to-peak values of voltage and current
in millivolts and milliamps respectively. The symbol m denotes
the fraction of output appearing in R, and is given by:

m=1-23Vs (—f:)z. (9.25)
300 \f.

These expressions are not exact since they are based on an
approximation for the negative resistance of the tunnel diode.
They do, however, provide a useful first approach to the design
of an oscillator which may be finally adjusted experimentally.

For germanium tunnel diodes, the maximum peak to peak
voltage swing within the negative resistance region is V,, — V,
equals about 300 mV, and this can only be supplied to a load
at frequencies less than 0-63f,. At frequencies greater than this,
but less than f,, the output voltage is reduced.

For gallium arsenide diodes, the maximum voltage swing is
somewhat greater than 300 mV. Since for a given type the volt-
age swing differs little from one component to another, choice
of diodes is limited to their available peak current, and hence the
oscillatory power which they are capable of providing.

ExaMPLE. Consider an S.T.C. JK 30 A germanium tunnel diode
for operation as a sinusoidal oscillator at 500 Mc/s. From the
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manufacturer’s data sheets, for a typical unit:

Minimum lead inductance /[, = 1-0 mpH.

Junction capacitance ¢ = 40 pF.
Peak current I, = 50mA.
Valley current I, = 0-6 mA.
Peak voltage V, = 60mV.
Valley voltage V, = 320 mV.
Cut-off frequency f. = 1100 Mc/s.

For maximum output power, the oscillatory voltage should
extend over the full negative resistance region, giving a peak-to-

o—
L Decoupling
b copacitor
/ 1 e ———— = ——— 1
Constant } 1 " _
voltage M t
source ! Ly s 5 ]_ 1l
b4 I -RE CF¥ ;| 3 org
1 | > .[ 1 1» RL
o - * { —+

FIG. 9.26. Equivalent network of the tunnel diode oscillator. The
variable resistor is used to set the operating bias point.

peak swing of 260 mV. The bias point should therefore be set at
about 190 mV and made adjustable, as shown in Fig. 9.26.
From eqn. (9.25),

m=1-50 2 _gss.
300 121
From eqn. (9.23),
R, = —20 _ —107.

T 055x 44
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From eqn. (9.24),
_ 0-55x 260 x 44

Py =79 uW.

An increase in the value of the load resistance would reduce
loading on the diode and cause the voltage to swing into the
positive resistance region. Oscillation would then take place in a
relaxation mode. A decrease in the load resistance would result
in a reduced output voltage, and hence a reduction in oscillatory
power.



CHAPTER 10

Waveform Generators

Introduction

When the loop gain of an oscillator is very much greater than
unity, the output waveform is not sinusoidal, but varies between
two limits. Such non-linear oscillators have been examined by
Van der Pol®*® and are known as relaxation oscillators.

OVaa

Ry E: Ri2

OVGG

FiG. 10.1. Two-stage amplifier with output connected to input,

thus forming a positive feedback system. The form taken by the

coupling impedances, Z,, and Z,,, determine the class of
multivibrator.

The most important class of relaxation oscillators is the
multivibrator family which may be divided into three main groups
as follows:

(a) Astable multivibrators (A.M.V.), having no stable state.
(b) Monestable multivibrators (M.M.V. or flip-flop), having
. one stable. state.

(c) Bistable multivibrators (B.M.V. or binary), having two
stable states.

327
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Each of these types can be considered as a two-stage amplifier
with output connected to input, as shown in the circuit diagram
of Fig. 10.1.

10.1. GENERAL SURVEY OF THE THREE TYPES

AMYV.
If the coupling impedances Z;, and Z, are capacitors and
Vee = O the device is an astable multivibrator. Because of the

°f % oo

Astable AMYV. —l_m—u— O/P
2
o ILILTom

Monostable
LML L o7
Trigger
U .

T 7
Bistable _ . BMV | — I o/e
Trigger | Trigger 2 ] } } T
]

o LI o

Binary bistoble

o Trigger

Fic. 10.2. Basic types of multivibrator.

a.c. coupling it has no stable state and will provide an output
voltage of rectangular form, the duration of which is controlled
by the time constants of the grid circuits.**> Applications of the
AM.V. include:3%

(a) Timing oscillator. The symmetrical A.M.V. can be used as
a “clock generator” producing X and Y pulses, each anode
providing one output. (See Fig. 10.2.)
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(b) Variable frequency oscillator. The frequency of oscillation
may be controlled electronically by varying Ve oOr
mechanically, by changing component values in the grid
network. \

(c) Frequency divider. The A.M.V. can be readily synchronized
to an input signal and used for counting down.

(d) Harmonic generation. Because of the rapid transitions of the
waveform high order harmonics are generated.

BM.V.

If the coupling impedances of Fig. 10.1 are resistive and V¢
is taken to a negative value so that either valve may be held
cut-off, the bistable conditions can be obtained.®*® It can be
arranged that either valve is conducting, holding the other valve
beyond cut-off, and such a stable state can be maintained in-
definitely. To change the state of the device a trigger signal must
be introduced. The B.M.V. is the most widely used type of
multivibrator, and among its many applications there are:*®

(a) Counting. As two successive input signals are necessary to
restore the circuit to its original state, it may be used for
counting by two.

(b) Memory element. The two alternative states of the B.M.V.
may be designated “no” (or “0”’) and “yes” (or “1”) and
this facility is used in shift register circuits.

- MMYV.

If one coupling impedance is resistive and the other is capa-
citive the device will have one stable state. The valve with
capacitive coupling is held “on”, while the other valve is held
“off”” by the resistive coupling and negative V¢s. When trig-
gered, a single output pulse is obtained, of duration determined
by the grid time constant. The M.M.V. is commonly used for:

() Pulse forming. An input pulse can be transformed into a
pulse of controlled duration and amplitude.
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(b) Counting. The M.M.V., having once :béen triggered, is
insensitive to further pulses until it reverts to its former
state. This property makes the device useful as a counter.

(c) Delay. The trailing edge of the output waveform may be
used to provide a pulse delayed from the input pulse.
Since the duration of the output waveform can be con-
trolled, as in the A.M.V., a variable delay is obtainable.

Although valves were the active elements originally employed
in multivibrators, the transistor has proved to be more suitable
in nearly all applications. Several hundred transistors may be
operated for the same dissipation as one valve, and since both
npr and pnp types are available, and direct coupling may be

~ used, the transistor is more versatile than the valve. Most of the
examples of this chapter are therefore devoted to the use of
transistors.

10.2. TRANSISTOR SWITCHING
Direct Coupling

In Fig. 10.3a T; and T, are transistors having the typical
characteristics of Fig. 10.3b. When T, is conducting T, is “off”,
because the bottoming voltage of T is less than the conducting
voltage of T',.

Ic ‘ . Bqﬁoming
{mA) "/“e Transfer

ol / fharocrerisﬁc
c/Vee

700 1A

40|

o B =200 17400 \e(mV)
1 Vee (miny™~ Vg (max)
(a) (b)

Fic. 10.3. Direct coupled transistors. When T is conductmg T,
is off and vice-versa.
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If the base of T, is supplied with a current of 1 mA, and if
Vec/R: = 10 mA, then T; will bottom at approximately 30 mV,
which is less than the conducting value of Ve for T,. If Iy
becomes zero, the collector voltage of T; will try to approach
Ve, but the base of T, will hold the voltage to approximately
0-4 V. The major part of the current previously flowing into the
collector of T, will now be flowing into the base of T,. Thus,

mput B[ Liima
current
o
I X
vcsfv“;f |o-4v \ r

FIG. 10.4. Switching waveforms obtained from the transis:.tors
arranged as in Fig. 10.3.

although there is a transfer of current from T, to T, the voltage
at the collector of T changes by less than 0-4 V. This has been
considered previously with respect to direct coupled amplifiers.
The waveforms obtained are shown in Fig. 10.4.

Resistor Coupling

If a greater collector voltage swing is required, than is possible
with direct coupling, the collector of 7; may be connected to
the base of T, by a resistor. Such a resistor reduces the base
current I, to a value that is sufficient to switch T,, but does
not cause excessive voltage drop in R;. Thus, if Vpgs and
I, . R, are neglected,

Ip, % Vec/Rp  (see Fig. 10.5). (10.1)

Normally, Ry is selected such that the transistor will just bottom.
This gives a defined switching level of the order of 50 mV and
ensures low power dissipation in the device. Referring to the
characteristic curves of Fig. 10.6, if R¢ is 1 kQ the drive current
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required to bottom the transistor is approximately 120 pA. The
value of base current required is a function of the collector
current. If a larger collector resistor is used, the base current
necessary for bottoming will be reduced.

Rg

I
B2 Re

VVWA-

Vee o

FiG. 10.5. Use of coupling resistor to allow a greater voltage
swing at the collector of the first transistor.

Saturated Operation

The maximum current that can flow in the collector is the
saturation current, and this occurs when V. is a minimum
(= 0V). Thus, I;ay = Vec/Rc. For saturated operation, the

Fi1G. 10.6. Determination of the base current necessary to turn a
transistor “on”.

limits of the output waveform are: (Vg =0V, Ic = Lay)
and (Vg = Ve, Ic = Icgo = 0). The power dissipation,
Pc = I-Vcg is small in either condition since in the first case
I. = 0, and in the second case V¢z = 0.
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Collector current
Ic = Icgo + hrg - I, (10.2)

where Az is the large signal s/c current gain. Thus, Iy = Isat/hre
gives the required value of base current for saturation. To ensure
that saturation is attained the minimum value of Az should be
used.

10.3. SPEED OF TRANSISTOR SWITCHING
(Fig. 10.7)

When a transistor is switched on, for saturated operation it
must pass through three different conditions:

(a) Transistor ““off”. The base—emitter junction is reverse
biased and only leakage current flows in the collector cir-
cuit. Ic = ICEO'

(b) Transistor in active region of operation. Ic = Icgo
+ hFE . IB-

(c) Transistor in saturated condition. Ic = Isar.

lnput'signul
Murn on Turn off
ltime! | time!
fa—sl le—sl
1 |
)i P
A ERAN
I 1
J-1 —l , }e
Delay Y1 1 Storag\e/ P
time lewi  time
Rise all
time time

FiG. 10.7. Transistor switching sequence for a rectangular pulse -
input.

When the transistor is switched off the sequence is reversed,
and the time taken to pass through these three conditions is the
switching time.

The switching on sequence requires that a charge be put into
the base, while when switching off the charge must be removed,
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and the speed of operation is related to the time required to
accomplish this. The increase in base current to provide such a
charge, above that necessary for saturation, is called the over-
drive current. Overdrive will decrease the turn-on time, but in
general, will increase the turn-off time because of carrier storage.
The use of overdrive makes provision for the spread in character-
istics and ensures that transistors with the lowest current gain
are bottomed.

To assist in charging and discharging the base, it is usual to
shunt the coupling resistor with a speed up capacitor. This should
be large enough to supply the required charge, but not so large
as to slow down the switching time by requiring a large recharging
period.

10.4. TRANSISTOR BISTABLE MULTIVIBRATOR

Figure 10.8 represents the basic arrangement of a symmetri-
cal, collector-to-base coupled circuit. It is required that, as a
stable condition, when T is conducting T, should be cut off.

Ves
+1-5Vv
Raag !(;Ra"

o0V

!l Res Ra |
kné Ra Rez:akﬂ
<

-6VoVee

. Fic. 10.8. Basic arrangement of a symmetrical collector-to-base
coupled circuit.

The application of a positive trigger pulse to the base of T
drives it to cut off, and the resulting negative voltage transmitted
from its collector to the base of T, causes that transistor to
conduct. This state (T, conducting and 7' cut off) is maintained
until another trigger pulse is applied to the base of T,.
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Design Considerations

The choice of component values is to some extent a matter of
compromise. Since the transistors are saturated when “on”, the
amplitude of the output voltage waveform is independent of the
value of the collector resistor. The selection of this resistor is
therefore a compromise between economy of current and speed
of operation.

The speed-up capacitors are not essential for operation of the
circuit, but should be used where small rise times are required.
They should be chosen such that, with the coupling resistors,
they form time constants equal to the transistor input circuit time
constant, ry.. Cia. A capacitor greater than this will decrease
the rise time further, but tend to give an overshoot.

The use of a positive base supply Vs reduces the switching
time out of the saturation condition. If the bias chain is of much
greater resistance than the collector resistor, the collector volt-
age may be considered as being either at V¢ or at 0 V, depend-
ing on whether the transistor is “off” or “on”. Thus, when T
is conducting, ¥¢; = 0, and the base voltage of T,

o Re
(Rs +.Ry) '

which should be sufficient to hold T, cut off. When T, is cut off,
Vei = Vec and Vg, will be approximately —0-3 V, causing T
to conduct.

Vb2 = Vss (10-3)

Choice of Transistor

This is largely determined by the required speed of operation;
iff, is the cut-off frequency of the transistor, thena speed of opera-
tion of the order of f;/10 is possible.

Design Steps

1. Select values for the collector resistors, to provide the re-
quired saturation current.
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2. Construct a load line on the characteristic curves, and
determine the base current for saturation. Allow for 100%
overdrive.

3. Calculate values for the coupling and bias resistors, and
choose a suitable speed up capacitor.

DEesiGN ExaMpLE 10.1

Required, a bistable multivibrator capable of operation up to
250kc/s. A suitable transistor is the 2 G 301 having a cut-off
frequency of 3-6 Mc/s. Let Vec be —6V and Vyp = +1:5V.

Make R¢y; = Ry = 1kQ giving a saturation current of
VeclRe = 6 mA. If the load line is drawn in Fig. 10.6 it will be
seen that a base current Iy of 100 ©A is required for saturation.
Let the design figure be 200 pA to allow for transistors having
low current gain (100 % overdrive). .

FiG. 10.9. Calculation of coupling resistance for Design
Example 10.1.

Bias resistors. The positive bias supply must provide the leak-
age current Icpo(maxy (= 60 pA, from the manufacturer’s data).

Thus,
Rpy = Rpy = Vs = ISV = 25K.
ICBO(max) 60 V‘A

Let them have the preferred value of 22 kQQ.

Coupling resistors. When the base is forward biased, Rp,
passes current:
I, = 0-08 mA (see Fig. 10.9).
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But
U L =1I,+ I, =028mA.
Therefore
Rpy = Vee . _8V . 51k,
I 0-28 mA

This is a maximum value for Rz, and Rz; which may, with
advantage be reduced to accommodate variations in voltage
supply and resistor tolerances. Let the design value be 18 kQ.

Positive trigger

A Vel +1-5V B8
Cs 22 22kQ Ca
kR

18kQ

—4 5
¢ g ¥TOPF 47O
Voc9-6v 3%

F1G. 10.10. Completed circuit of Design Example 10.1. The trig-
gering arrangement provides binary operation.

Speed-up capacitors. The optimum value for speed-up capa-
citors can be calculated, but for the transistors chosen a value of
470 pF is indicated.

In Fig. 10.10 the completed circuit is drawn together with a
suitable triggering arrangement.

10.5. TRIGGERING

To change the bistable from one state to'the other, diode gating
is usually employed. The ‘“on” transistor forward biases the
diode connected to its base, while the “‘off”” transistor reverse
biases its base diode. The former base will thus accept a positive
pulse which switches it “off”” and changes the state of the circuit.

F-G/E. 12
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1 I I I | I | I Trigger pulses

. ot A and B
ov
Waveform at G
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(b)

Fi1G 10.11.(a) Waveforms obtained when thecircuit of Fig.10.10is

operated as a binary element. (b) Connection of binary elements

to form a four stage counter, This is basically a binary counter

but application of feedback as shown transforms it into a decade
counter.
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In some applications, for instance shift registers, gating is
controlled from another stage in which case the network is
opened at C and D. Other applications require two channels for
input pulses. If the network is opened at 4 and B, only the first
pulse of a series on one channel will switch the device, unless the
other channel is triggered. A series of waveforms obtained when
the circuit is operated as a binary counter is drawn in Fig. 10.11a.

Input Capacitors C; and C,

These are required to switch off a transistor with a positive
going trigger pulse. The selection of values is a compromise
between ensuring operation and avoiding limitation of the re-
petition rate. They should be large enough to remove the base
charge in the switching off sequence, but not so large that they
are unable to discharge sufficiently before the arrival of the next
triggering pulse.

'10.6. ALTERNATIVE GATING METHODS

Collector Triggering

Referring to Fig. 10.12, with T, conducting, D, is reverse
biased. Trigger pulses are therefore routed to the collector of

F16. 10.12. Collector triggering for binary operation.

T, and from there to the base of T, via the cross-coupling net-
work. This method has the advantage of only requiring one in-
put capacitor, but a larger trigger pulse is necessary.
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Collector Triggering using a Transistor

This method is frequently used for (DCTL) direct coupled
logic circuits, and has the basic arrangement of Fig. 10.13. A
negative voltage applied to the base of T3 or 7, will switch on the
non-conducting transistor of the B.M.V. It will not, however,
have any effect on the conducting transistor. The circuit may
be modified to that of Fig. 10.14. Assume an initial condition of

o—¢ $——¢9——o0V

T T T2
&

Ra :; % Rcz2
Vcc -3V

Fi1G. 10.13. Collector triggering using transistors. The trigger
transistors are 75 and 7.

Trigger in

470
C|I4p7FO Ts Ta| pF=C2
1-5kQ

_I | I r;:: Collector
ov
| I | I I I I Trigger

Fic. 10.14. Modification to the circuit of Fig. 10.13 to provide
binary operation.
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T, conducting and T, “off””. Since T’ is normally non-conducting,
C, will only be charged to the bottoming voltage, but C, will be
charged to the maximum collector voltage of —0-4V. The
application of a trigger to the base of T, causing it to conduct,
effectively connects the emitters of 7 and T, to 0 V. Thus, the
voltage on C, is applied between base and emitter of T, causing
it to conduct, and this in turn switches off T; (and switches on
T. 2).

ov
Rz

Cz

Vec

{

F1G. 10.15. Provision of base bias using emitter resistor Rj.

10.7. EMITTER COUPLED BISTABLE
MULTIVIBRATOR

The positive base bias supply may be obtained by using a
common emitter resistor, bypassed by a capacitor for high fre-
quency currents, as shown in Fig. 10.15. To maintain the same
conditions as in the previous example, V. is increased by —6
to —7-5V. As the collector current is 6 mA,

The switching time is of the order of 1 psec, and the time con-
stant CgRg should be made at least 10 times greater than this.
Let CgRg = 10 psec. Then

Cg = 1075/250 = 4 x 107°. Let it be 0047 p.

If the emitter resistor is not bypassed, emitter coupling can be
~ used and one of the collector-to-base coupling networks removed.
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The circuit then becomes that of Fig. 10.16. The regenerative
loop consists of a common collector stage driving a common base
stage, which is coupled back to the former by Rp; and Rp,. The
collector of T, is “free” since it does not enter directly into the
feedback loop, and R, can have any value provided that it is
less than Rc;.

o0V
:LR Re < S R
$Rez 270695 322kQ
-1-5V(-3V)]
T T2
] -0-8V |
(-33v)
(-72’\\; [ -7sv
) T iR iBkg T
Re 2 Lo $
1 Rc.]_lka‘ Rcf 4702
Veco=7-8V

FiG. 10.16. Emitter coupled multivibrator. The voltages in
brackets refer to the condition of 7, conducting.

When T, is “on”, T, is “off”, because its base is positive with
respect to the emitter voltage. When 7, conducts it draws an
increased current through Ry cutting T, ““off”. The base voltage
of T, will become more negative when T, is “off””, because it will
only be drawing leakage current. If it becomes —2 V, then its
emitter should be approximately —3V, to ensure that the
emitter—base junction is reverse biased. Thus,

With Rg, = 470Q, the output voltage will vary between
—7-5and —3 V. Such an arrangement has a loop gain less than
unity at zero frequency and will not switch from one state to
another. It will, in fact, perform as an amplifier with the output
limiting at —7-5V (cut-off) or —3 V (conducting).

If C is made sufficiently large, the circuit will have a gain which
is greater than unity at high frequency, and will be switched by



WAVEFORM GENERATORS 343

relatively fast moving waveforms. The gain may also be in-
creased by the use of a larger R¢y or Rg. If C is made 0-01 uF
the device will perform effectively as a trigger circuit. Typical
waveforms for the “switching” and “non-switching” states of
this circuit are given in Fig. 10.17.

Not smtchmq Switching
V..,{applied to B, via 20kQ’ +5 5V

Q QI45V

-3-5Vv -2V
=7V V¢,

-~ 5V
Ve

Flattening due to -3V,
decreasing Vge ~7.5V c2

Vai

iE

5

FiG. 10.17. Typical waveforms for the circuit of Fig. 10.16.

10.8. SYMMETRICAL TRIGGER B.M.V.

The symmetrical B.M.V. can also be used as a trigger device.
To switch a transistor “on”, the input voltage must be raised to a
value that will produce conduction, and the reverse process is
required for switching the transistor “off”. The circuit of Fig.
10.18a can be triggered by the appropriate voltage at either

+1iv
m@fgw
voltage )
o \ 4 -V

S v v
T O
Vo -V

ov

we LA Ltoav

(b)

Fic. 10.18. Use of a symmetrical B.M.V. as a trigger device. The
waveforms show the circuit being used to square a sine wave input.
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base, i.e. —0-3 V to bring a transistor “on” and 0V to switch
“off”. The waveforms obtained with a sinusoidal input are given
in Fig. 10.18b.

10.9. COMPLEMENTARY BISTABLE NETWORKS

If the npn and pmp transistors of Fig. 10.19 are biased cor-
rectly, the combination will have a current gain greater than
unity with no signal inversion. It therefore has properties similar

Fi1G. 10.19. Complementary pair to provide current gain without
signal inversion.

to a point contact transistor, and is able to exhibit a negative
resistance across its input terminals. The combination may be
used in the form of Fig. 10.20. When T is “off”, V¢ = =V

F1G. 10.20. Coupling of complementary device to provide a re-
generative loop.

and Vg, is too small to turn 7, “on”. Both transistors are
therefore “off”, With T| “on”, V¢y = + ¥V and transistor T,
also conducts.
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A circuit employing this combination of transistors is given
in Fig. 10.21. When the input voltage exceeds the reference
voltage Vg, both transistors are switched on regeneratively. The
emitter resistor Rg draws current and ¥, falls to approximately
3 V. A further fall in V¢, will cause T, to start cutting off, which
regeneratively switches off both transistors.

ov

Fic. 10.21. Complementary bistable network. A square wave
output is obtained from a sinusoidal input.

With such a network, a relatively large current pulse can be
obtained from the emitter of T',. Since the input circuit demands
an increasing current as the voltage falls, it exhibits a negative
resistance. The use of too large a value for Rg can reduce the gain
so much that the network will not switch.

10.10. THERMIONIC VALVE B.M.V.

Design Considerations

The basic circuit is given in Fig. 10.22. For high frequency
operation, the anode load resistors should be as small as possible,
since when a valve is cut off the anode voltage rises on a time
constant C,R; where C, is the total anode capacitance. The
cross-coupling networks must be so designed that each valve is
held cut off when the other is conducting. Speed-up capacitors
assist the switching action, as they do in the transistor circuit,
and are usually in the range of 22-100 pF.

F-GJ/E. 12a
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i+200V
Ru 3»!0 I0SR2

ShQ KO3

FiG. 10.22. Basic circuit of a thermionic valve B.M.V.

Design Steps

1. Plot a load line for the selected anode resistor, and deter-
mine the maximum and minimum voltages to which the
anode is carried.

2. Calculate values for the coupling resistance chain such
that, at the lower anode voltage (when one valve is con-
ducting), the grid of the other valve is held well beyond the
cut off voltage. Similarly, at the higher anode voltage
(when the valve is cut off), the grid ‘of the other valve is
taken sufficiently positive to ensure full conduction.

3. Select a suitable speed-up capacitor.

Choice of a Valve

It is convenient to use a double triode for this application, and
of the three mentioned in Chapter 1 the ECC82 (12AU7) is
suitable. The high g,, of an ECC81 could lead to instability, due
to parasitic oscillation, whereas the low g,, of an ECC 83 is in-
sufficient for this application.

DEsiGN ExXAMPLE 10.2

- Required, a symmetrical bistable multivibrator, using an
ECCB82 valve from a +200 V supply.

- The load line for a 10kQ anode resistor is plotted on the
characteristic curves drawn in Fig. 10.23. With the valve cut off the
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anode voltage is at full h.t. When conducting, the valve draws
grid current, holding the grid at 0 V, and the anode voltage is
+90V. Thus, the anode voltage swing is 110 V. In the “on”
condition, the anode dissipation is 1-21 W which is well within
the valve rating (2:5 W).

(] 100 200 300 v,
!

Yon" “off"

FiG. 10.23. Characteristic curves for an ECC82 with a 10 kQ
load line. The anode voltage swings through 110 V between
cut-off and VGK =0.

Coupling chain. This is made of large value resistors, compared
with R, so as not to limit the voltage swing of the anode. To
ensure that the valve is cut off the grid voltage should be more
negative than —20 V. The grid must be taken positive to ensure

' ’ +—o0+ 200V
10kQ -omg '°'@§ ; +200

100pF I A | I

. -200

LA o
U . 330k,

Negative ov

trigger VG_I-_L -65

~200V

FIG. 10.24. Completed circuit of Design Example 10.2 with a
suitable triggering arrangement.
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that the valve is brought fully on. These conditions determine
the ratio of R; and R,, and are satisfied by R, = 330 kQ and
R, = 390 kQ. Using these values the grid is carried to + 10 and
~—43 V in its two alternative states. The completed circuit, with
a suitable triggering arrangement, given is in Fig. 10.24.

Triggering. Due to the connection between the cathodes and
h.t., via the 10 kQ resistor, the two diodes are so biased that
only the one connected to the anode of the non-conducting valve
passes the trigger signal. This is then routed to the grid of the
“on” valve via the anode-grid coupling network.

Alternative triggering and biasing. The circuit diagram of
Fig. 10.25 is an alternative arrangement in which a common ca-
thode resistor is used to provide the necessary bias for the double

o0V

F16. 10.25. Use of cathode bias to eliminate the need for a
negative voltage supply, in a B.M.V. The triggering arrangement
is suitable for a binary counter.

triode. This eliminates the need of a negative voltage supply. The
common 18 kQ anode resistor enables the binary to be triggered.
The negative pulse is routed, via the anode of the “off” valve,
to the grid of the “on” valve and causes it to switch off.
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10.11. CATHODE COUPLED B.M.V.“4®

It is sometimes required that a voltage step (or a pulse) be
generated when a voltage reaches a predetermined level. Such a
facility is provided by the circuit of Fig. 10.26 which gives an
output step of 30 V when the input voltage reaches 150 V. The
valve used is an ECC81 operating from a supply voltage of
+300 V.

lHa2v  38v 150v
Vo T VL W%

Fic. 10.26. Cathode coupled B.M.V. (Schmitt Trigger), switching
at an input of 150 V.

Voltage at the Cathode

It is required that ¥;, which is initially cut off, should start
conducting when Vyy = 150 V. Thus, to make Vgg, = =2V,
the voltage at the cathode must be 152 V, and with this cathode
voltage ¥, must be conducting. Let Rx be 20 k€. Then, I,,
= 152 V/20 kQ = 7-6 mA which is the change in current which
will occur when V¥, is switched “off”. For an output voltage
change greater than 30 V, R;, must be made 5kQ. The total
load is therefore 25 kQ and a load line for this value is plotted
on the characteristic curves.

Voltage Divider R, R,

The voltage divider R, R, determines the cathode voltage of
¥, by cathode follower action. From the load line, for an I,
of 76 mA, Vgx, = —0-5V, and thus Vg, = 151:5V. Since
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V1 is cut off, its anode voltage is +300 V, and R, should be
approximately equal to R, to provide the required grid voltage.
Let -Rl = .R2 = 1 MQ.

V1 Anode Resistor

When ¥, conducts, the fall in anode voltage carries G, beyond
cut off:
Ver = ¥Vk + Vaxi). (10.4)

¥V, will start to conduct again when V¢, = Vi, or, fromeqn. (10.4),
when Vg = Vi g,.

As Vi falls, V ,k, increases until Vg, comes within the grid
base. If R, is made 5 kQ, an input voltage of 150 V will switch
Vy “on”, and the grid of ¥, will be carried to 131 V. This will
cause 7, to cut off. To bring ¥, back into conduction, Vin must
be reduced to approximately 135V, i.e. a “backlash” of 15V

Vaz
300 _——D-'—V|“on"
-Vz"off"
250,
— -
Backlash
200!
L !
o 100 200 " Vin

FiG. 10.27. Representation of “backlash” as a function of input
voltage. .

(see Fig. 10.27). If, however, R;; = 10kQ, V;x must bereduced
to 120 V to produce the changeover, and the backlash is 30 V.
The choice of R, is seen to be determined by the amount of
backlash acceptable.

Reduction of Backlash

“Backlash may be reduced by using a smaller value for Ry,.
If it is made too small, it is possible for the loop gain to fall below
unity, and the switching action will cease. Alternatively, as
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shown in Fig. 10.28, backlash may be reduced by amplifying
the input signal. An amplifier of gain 4 before the B.M.V. will
~ reduce the backlash by the factor 1/4.

Fi1G. 10.28. Reduction of *“backlash” by the use of an auxiliary

amplifier. Backlash is reduced by the factor 1/4 if the amplifier

gain is 4. The variable resistor permits adjustment of the voltage
at which the device triggers.

10.12. MONOSTABLE MULTIVIBRATORS

Resistors and capacitors are the most common timing ele-
ments, although inductance-resistance timing is sometimes
employed. The M.M.V. is used principally for pulse forming and
delay generation.

Collector-to-Base Coupled M.M.V.

Referring to Fig. 10.29, the connection from the collector of
" T to the diode, via R, biases the diode such that it is ““open”
when T, is conducting, and “closed” when T, is conducting
(i.e. when T is cut off). Thus, a positive going waveform will be
accepted to switch off T'; . When triggered, the positive excursion
of the T, collector is transferred to the base of T, which is held
beyond cut off while Cp discharges through Rg,. When the
base voltage of T, is sufficiently reduced, 7'; again conducts and
T, is cut off until the arrival of the next trigger pulse. Timing is
thus effected by the time constant CpRp, and is largely in-
dependent of the supply voltages.
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Design Considerations

With the initial conditions of T, conducting and T, cut off, the
collector voltage of 7, = V¢ and the collector voltage of
T, = 0. If the value of Vg, for saturation is Vg, (= 0-:3 V), the
voltage on the capacitor, Cy = Vec — Vi, . When the circuit is
triggered, T, conducts and its collector voltage switches to the

Vg (+1:5V
[ResiOk® bs (+1:5V)
—oQV

330pF D "
o—‘"T Tz(normally“off")
Loy Re28:2k2

Vealmax—min) i Vee  SIOkR T—‘-‘l“ —0V

t TC#RgCq T l “
Vee

ov - ! pyped
Rez Rey Cs Recz t20-7RgiCe
03V Vou S~ ke 3 i 1k
= -9 & QVCC("GV)
(b) (a)

F1G. 10.29. Collector-to-base coupled M.M.V. A positive trigger
at the input causes the generation of a rectangular pulse at the
T, collector. )

bottoming voltage, Vimim2, i.6. @ voltage excursion of V¢
— Viminy2» and Ty cuts off. The voltage on Cjp is therefore in-
creased to:

Vamax = (Vec = Vae) — (Vee = Viminy2)
= 2Vee — Vae — Viminyz- (10.5)
Cg now discharges through Ry, according to the law:
v = Vs exp (—¢/T), (10.6)

where T'is the time constant CzRp, . Thisis plotted in Fig. 10.29b.
T, will start to conduct again when

v = Vec ~ Vaers (10.7)
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where Vpy, is a little less negative than Vg (= —0-25 V). Com-
bining these three equations,

Vee = Vagr = @Vee — Viminy2z — Vae) €xp (—¢/T).

(10.8)
Neglecting V(min)2, VI'JE and V;Eb
exp (—#/T) = 0-5.
Therefore
—t/T = log, 2,
and
t = 0:7CgxRpg,;. (10.9)

If Rp, is returned to Vg instead of to Vcc, by similar con-
siderations it may be shown that:

Vee + Vs

1T = log, (10.10)

cC

Thus, the pulse length can be changed electrically by varying
VI’ZB'

The choice of collector resistor R is a compromise. For
economy of collector current and low collector dissipation a
relatively large value is used. On the other hand a small value
of R is required, giving a small collector time constant for high
speed operation. The use of a small R, has the added advantages,
that it makes the circuit insensitive to external loading and also
causes only a small voltage drop due to leakage current.

The positive base bias provided by Rpzs and Vg is only
strictly necessary when operation over a wide temperature range
is required.

Design Steps

1. Select values for R and V¢ which will permit the ne-
cessary rise and fall times of the output pulse.

2. Calculate the saturation current, i.e. the current which will
cause V¢ volts to be dropped across Re.
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3. Assume the minimum Ay for the selected transistor and
determine the base current required for bottoming; choose
values of Ry, and Rp; to provide this current.

4. Using eqn. (10.9), calculate values of Cp and Rjp,, to
provide the required pulse length.

DEesIGN ExampLE 10.3

Required, a monostable multivibrator to provide an output
pulse of 5 usec duration.

For this pulse length, rise and fall times of the order of 1 psec
are necessary, and typical values for R; and V¢ are 1 kQ and
—-6V.

Base resistors Rgy, Rgs. Iy = Viee/Re = 6 mA. With a
minimum hgg of 20, Iy = L, /hrr = 300 pA.
(a) If positive base bias is not used

Rj, = 6 V/0-3mA = 20kQ.

This represents a maximum value. Make Rp, = 15 kQ toallow
for voltage variations.

-5-5V
(-0-tv) Rsz [03maA

-5mA 8-2kR
N
-0-3v 6mA
e (+0-6V) e
o Veo
-6v)

FiG. 10.30. Determination of the values of Rp, and Rp;.

(b) If positive bias is used and Vg = 1:5V, as shown in
Fig. 10.30, let Rp; = 10kQ. Then, when 7, is conducting the
current in Rg,,

L= 3V 03V oma.
10 kQ
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The current in Rp,,
I, =1z + I, =05mA.
Voltage across Rg,,
Vi= —Veec — LRc + Ve

=6—-05-03=5V.
Thus,

Again to allow for voltage variations, let Ry, have the preferred
value of 8-2kQ. When T, is conducting its collector voltage
V¢, = —01 V. Thus,

__ Res
Rg; + Rps

1’5V —-09V = +06V.

VBE2 = VBB (VBB - V(’Zl)

The base—emitter junction of T, is suitably reverse biased.

Timing network CgRy, . In small transistors the maximum base
current is of the order of 1 mA.

Thus, the minimum value of Rg; = Vic/Ipmaxy = 6 V/1 mA.
Let Rp, be the preferred value of 5:6 k2.

From eqn. (10.9),

_t ., 5x10°
0-7Rz,  4x103

Cs = 1250 pF.

10.13. THe DirecT CouprLED M.M.V. (Fig. 10.31)

Operation

In the stable state 7,, bottomed by the current in Rp, is
conducting. A negative trigger pulse on the base of T; causes a
reduction of the negative collector voltage of T; and T, . This
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change is transferred to the base of T, via Cj, which is charged
to VCC - V;E.

T, is thus cut off and held off for a period determined by the
time constant RzCjp.

FiG. 10.31. The direct coupled M.M.V.

The exponential discharge of Cpis terminated, and T, switches
“on” when Vi, = —0-25 V. As in the previous example, it can
be shown that

t = Tlog, EKCC—Z_VEE (10.11)
cc — VBE
and for Vee » Vi,
t = 0-7CyRp. (10.12)
Inpu'—L_—j—OV
—~-0-3V
Va ov

1 Ll-sv

Vez ___ | L’? ov
| 0-25v

Ve . ov
————— 0-3v

-

FiG. 10.32. Waveforms obtained from the circuit of Fig. 10.31.

ExampLE. Using an MA 240 transistor with Rz = 10 kQ and
Cp = 1000 pF, T = 107> sec.

The waveforms obtained from such an arrangement are given
in Fig. 10.32. Substituting values in eqn. (10.11) yields:

= 10-% x 0-78 = 8 usec.
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Collector saturation voltage. The specification for the MA240
requires that, for Ir = 2 mA and Iy = 0-3mA, the saturation
collector voltage should not exceed 70 mV. It is typically 40 mV.

Base bias resistor Rg. This should be small enough to allow
T, to bottom.

If Re, = 1kQ and VCC = —-15 V, IC(sat) = 1-5mA.
For a minimum kg = 15, Ipeay = 1'5mA/15 = 01 mA.

Making Ry = 10kQ gives Ip = 0-12mA. If ¢y, is in-
creased (by making R, = 500 Q, for instance), 10 kQ will be
too high a value for Ry, and the circuit will have no stable state,
but will oscillate. Thus, as with all transistor monostable multi-
vibrators, to provide large variations in pulse width Cy must be
varied and not Rg.

10.14. ASYMMETRICAL M.M.V,

The circuit of Fig. 10.33 represents an asymmetrical mono-
stable multivibrator. In its normal state T, is “on”, and Vi,
= +03V. The current I, = Vygz/Rg, is sufficient to ensure
that V¢, holds T, “off”.

WE (+Ve)

$Ru Rez ¢ .
I| CE : -V ch% (VEE- Vg;(;)éT
3
)———"___.41 /
9 T2 :
@ Vee !
9 1
£ 1
-Ve) $Re o
- ) Vee~ Ve
Ve t,=T log. —EE‘GQ“

Fic. 10.33. Asymmetrical M.M.V. Because of the emitter coup]mg
T, has a “free” collector.
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The application of a positive trigger causes a reduction in I,
and the resulting change in V¢, allows T, to start conducting.
The T, emitter therefore goes negative and, since Cg cannot
charge instantaneously, the emitter of T is also taken negative.
T, regeneratively switches off, and T, bottoms. In this fully
switched state the emitters of both transistors are at approx-
imately V¢ volts and the voltage across Rgq is Vgg — Ve (Where
Vcc is negative for pnp transistors).

Cy now starts to charge through Rg, and when the charge
reaches V¢ volts, T, starts to conduct. 7; then switches on
regeneratively and T, switches off again.

10.15. ASTABLE MULTIVIBRATORS

The A.M.V. is a free running multivibrator which produces
rectangular pulses at a predetermined repetition frequency. It
may therefore be used as the basic timing circuit for sweep
generators, counters, etc. Figure 10.34 represents a symmetrical

9

SR Re2$
:

ov

0 VCC

Fic. 10.34. Symmetrical A.M.V.

collector-to-base coupled circuit, having an operation as follows.
Assume an initial condition of 7T, conducting and 7, cut off.
Cj, now charges through Rp, carrying the base of 7', negative
until T, starts to conduct. The collector voltage of T, then begins
to rise, carrying the T; base positive; 7' regeneratively cuts off
and T, bottoms. Cg; now charges, the base of T; goes negative
until 7', conducts again and the cycle repeats.
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Design Considerations
The way base voltage varies with time isindicated in Fig.10.35,
vg = (—Vec — Vip + Vi) exp (—=#/T) + Vs,

where conduction takes place when ¥V falls to approximately
—0-3 V. If Vg is small compared with V¢c and Vyp, and this
is usually the case, then:

\
l Ve = —(Vec + Vis) exp (—1/T)
\

or
t = Tlog,_(l + VCC)
: - Vss

= CyRplog. 2 (if Vec = Vip).
| Therefore ’ '
| t = 0-7CyR5. (10.13)

The period for a symmetrical system is 2¢; = 14 CzR5.

-1
vg (- Ve Vegt Vae)e T

~Vecd \/’1‘ Vss
1

\ N,
bvee | OS(
(-0'3V’: | S~o
Vs ! -
Ves f

. F1G.10.35. Base waveform of the astable multivibrator.

Design Steps

1. Select suitable collector resistors and calculate the satura-
tion current which will flow.

2. Using the minimum value of /g for the type of transistor
to be used, determine the minimum base current which will
cause this saturation current.

3. Calculate the maximum value of Rp to provide the necessary
base current.

4. Using eqn. (10.13) evaluate Cp.
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DesiGN ExampLE 10.4

Required, an astable multivibrator having a period of 0-1 msec.
(i.e. aP.R.F. of 10 kc/s), using a —1-5 V supply voltage. Let the
transistor chosen be an MA 240 with a quoted minimum hgg
of 15. Make the collector resistors 2-2 k(2.

Collector saturation current

Ieary = — = — 1 = 068 mA.

Minimum base current

IC(sut) —- 0'68 mA

IB(mln) = = 45 (J.A.
'FE(min) 15
The transistor will conduct when Vgz = —0-3 V.
Thus,
Rogmany = 22— V0 15203V _»711@.

IB(min) 45 ‘.LA

This is the maximum value. Let the design value be 22 kQ, to
ensure saturation.

ov
VN /TC-RgCq
B IO
oF ov
Rc j\ I
TC=RLCp
E o 4

22k $2-2kQ

S0pu sec

FIG. 10.36. Completed circuit of Design Example 10.4.

Half period = 0-7CzRp = 50 psec.

Therefore
5% 10-3

= — ——— = 3300 pF.
07 x22x103 P

B

The completed circuit is given in Fig. 10.36.
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The collector waveform, obtained from this circuit, can be
made more rectangular by the use of smaller collector resistors,
thus reducing the time constant RcCp. Alternatively use may be
made of the Darlington connection shown in Fig. 10.37. This
connection gives a current gain of (hgg)?, Which, when substi-
tuted in the above calculations, leads to a bigger R and smaller
Cj. The R:Cy time constant is thus reduced.

ov

Ce——

Rs Re¢

-1-5v

Fic. 10.37. The use of the Darlington connection leads to a better
collector waveform than that obtained from the network of
Fig. 10.36. )

10.16. EMITTER COUPLED A.M.V.

The circuit has the form of Fig. 10.38 and is similar to the
previously described emitter coupled M.M.V. The output wave-
form can be obtained from a “free” collector, i.c. one which does
not enter directly into the feedback loop.

Operation

When T, starts conducting, the base of T is taken positive
by the full excursion of the T, collector voltage, i.e. 20 V. Since
the base of T, was originally held at 2V positive by the base
current in R,, V3, becomes +22V and the emitter voltage is
2V.

The emitter of T, is held at approximately 0V, because the
base is earthed, and the T emitter voltage rises on a time con-
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stant approximately C,R; as C, charges to +6V. The charging
current, which is drawn from the emitter of T,, falls off ex-
ponentially and consequently the collector current of T,, is
reduced causing the collector to become more negative.

This charge is transferred to the base of T, via C, (which has
‘no effect on the timing). Thus the T, base and emitter voltages
approach equality and when the base becomes sufficiently nega-
tive, with respect to the emitter, 7, conducts. The resulting volt-
age produced across R; is transferred to the emitter of T, mak-
ing Vg, = —3-5V, and T, is cut off,

The collector voltage of 7T, therefore changes to V¢ and this
change is applied to the base of 7, completing the regenerative
loop.

R —
315k
- )
+av — 1
ZOV.'£’C‘“'Wt s Ra Rez2
Tiot 22k 22105
—0-20V

Fic. 10.38. Emitter coupled A.M.V. The free collector of this net-
work provides a well-defined rectangular pulse.

The emitter voltage of 7T, now rises from —3-5V towards
+6 V on the time constant C,R,. When the emitter reaches a
slight positive voltage, T, conducts and the cycle repeats.

10.17. COMPLEMENTARY A.M.V.

The negative resistance arrangement of § 10.9 may be used
with an R-C network as an astable multivibrator, as shown in
Fig. 10.39.
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Operation

With both transistors “off” V, is at 10 V, and point A is held
at 0 V by the diode. Point B now rises towards 20 V on the time
constant C,; R, until it is sufficiently positive, with respect to V5,
to cause T to conduct. This in turn brings T, into conduction.
The current drawn by T, collector causes V, to fall, and this

020V 1ov
w’/l__/]_./]w
10V=Vk
LU
av

gt 13V
Vez ov
ov
“ L I sv
Ve~ Vsa V-V,
1= CR,log, V‘:F v ' 1= C\R, loge [ 8 o +|]

F1:.10.39. Complementary astable multivibrator. ¥, is the trans-
istor saturation voltage.

fall is transferred to point A4 via T, and C, . Point 4 is thus taken
negative, It now rises towards 20 V on the time constant C,R,,
but is caught at 0 V by the “catching” diode, and the transistors
are switched “off™.

10.18. DIFFERENTIATING AND INTEGRATING
NETWORKS

It is frequently required that the rectangular waveform ob-
tained from an A.M.V. be used to provide a narrow pulse at
either its leading or trailing edge, or both. This may be accom-
plished by the simple ‘‘differentiating” network of Fig. 10.40.
Since C,; cannot charge instantaneously the leading edge of the
input waveform appears across R,. The capacitor C, now
charges on the time constant R,C,, and the voltage across R,
falls exponentially on the same time constant. After a time
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4C,R,, the voltage across the resistor is approximately zero and
remains thus until the arrival of the trailing edge. The sequence
is then repeated in the opposite direction. The output from such
a network, in response to an input rectangular waveform of
duration D, is given in Fig. 10.41, and shows the effect of vary-
ing the time constant C;R;.

Cq Cq
o—d
Rs

TL " Ay 5 mig

(a) (b)

FI1G. 10.40. Simple “differentiating” network.

In practice, the driving circuit will have some resistance R, and
the resistor R, will be shunted by a capacitance C;, e.g. the input
capacitance of an amplifier to which the network is connected.
The effective circuit is therefore that of Fig. 10.40b. The leading
edge of the output waveform now rises on the time constant

Duration D

o-8v
0-6v
0-4v
0Q-2v

-=0-2v
-0-4v
—-06V
—-0-8V

-V

1 L N} A i
t=0 0-5D 2] 1-50 20
Time —

FIG. 10.41. Response of simple ‘““differentiating” network to a
rectangular waveform.

R,C;, but as this may be made very small, rise times of the order
of a fraction of a microsecond are possible, provided that the
rise time of the input waveform leading edge is faster than this.
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The presence of C; also causes a reduction in the amplitude of
the output signal. Thus,

Vout — Cd
Ve Co+ Ci

(10.14)

The output from a simple “differentiating” circuit is seen to
be a positive “spike”, synchronous with the positive-going lead-
ing edge of a rectangular input waveform, and a negative “spike”
synchronous with the negative going trailing edge. These spikes
may be squared-off and unwanted spikes removed by the use of
limiter circuits.

FiG. 10.42. Simple “integrating” network.

Even when limited, the pulse is not rectangular. However, it
can be made to approach the rectangular shape by the use of a
small value of inductance in series with R,;. If L is made equal to
1C,R3, then the resulting resonant effect will produce a pulse
which is broader at the top and which has a steeper trailing edge.

If, as in Fig. 10.42, the output is taken from across the capaci-
tor instead of from the resistor, the network acts as an “integra-
tor”. In fact a true integration of a rectangular waveform is a
triangular waveform, i.e. one in which the voltage rises and falis
linearly with time. In the simple network shown, however, both
rise and fall are exponential with a time constant R;C;.

10.19. LINEAR SWEEP GENERATORS

Figure 10.43 represents an ideal linear sweep waveform having
the law ¥ = at for ¢ greater than 0. Such a waveform is required
for time-bases and is also used in comparator circuits.

A simple way of providing a sweep voltage is to charge a capaci-
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tor through a large resistor. The charge is, of course, exponential,
as shown in Fig. 10.44, but if only the first part of the output
waveform is used, then a reasonably linear rise is obtained. For

V=atfort>0

Fic. 10.43. Ideal linear sweep waveform.
VII % |

R Vo V(I-6T)

I
{
1
i
c Ve :
1 | 1 L 1
0O T 2T 3T 4T ST

—Time

FiG. 10.44. Exponential rise in ¥ as a capacitor is charged
through a resistor.

instance, if v¢ is allowed to rise to only 109 of the full voltage,
the non-linearity is 5%:

ve = Vi[l — exp (—=#/T)].
2
Y - L 4 .
T 2T 672

t t? 7
at |1 - — + ee s
[ 2T  6T2 _I
where a = V{/T.

Thus, for small values of ¢, v = at (as in Fig. 10.43).

At the end of the required sweep, the capacitor must be dis-
charged, and this may be done by a transistor connected as in
Fig. 10.45.

Uc

It
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When non-conducting, i.e. during the sweep period, the tran-
sistor should be reverse biased. A silicon transistor is preferred
to a germanium type in this application because of its low leakage
current.

Vee(+100V)

R
M

o
10k

Fi16. 10.45. Use of a transistor to discharge the capacitor of an
R-C sweep network.

ve A 1 ov
h Y oV
bt
—— 1 1 _rjpv
[ol}

5
S
>
>

A

-0
Lo Vagl(=1-5V)

10.20. Use oF A CONSTANT CURRENT
GENERATOR (Fig. 10.46)

For a given supply voltage, the performance can be improved
by charging the capacitor from a constant current generator
instead of through a resistor. For a rise of 10 V in 10 msec,

FIG. 10.46. Linear sweep generator. T, provides a constant cur-
rent of approximately 1 mA.
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Let 7 be 1 mA, then C = 1 uF.

I=ol; = Vs2 .
E
Therefore
Ry = 10kQ.

If T, is a silicon transistor, the resistance of the current source
will be approximately rc, i.e. several megohms.

10.21. SAWTOOTH GENERATOR USING AVALANCHE
SWITCHING

If the characteristics of a transistor are plotted for collector
voltages greater than those normally used, they take the form of
Fig. 10.47. With increasing collector voltage a region is reached
where large collector currents result from very small changes in
V. This region is known as the avalanche region and occurs at
a collector voltage at which 4y, tends to unity. The effect of

‘Hj&

F1G. 10.47. Germanium alloy transistor characteristics showing
avalanche breakdown region.

reverse biasing the base of the transistor is to hold off the break-
down point to a considerably greater voltage. Once breakdown
is initiated, however, the voltage across the transistor falls to the
lower value if the base resistor is sufficiently large. Figure 10.47
represents the breakdown characteristic of an OC44 transistor,
and in Fig. 10.48 is drawn the circuit diagram of a sawtooth
generator making use of this breakdown phenomenon.
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Sweep Amplitude

The amplitude of the sweep obtained from such a circuit is
effectively determined by the emitter voltage swing. The approx-
imate range of this swing is between the breakdown voltages for
(a) the collector-base junction with emitter open circuit,
V(srycao> and (b) the collector—emitter with base open circuit,
Vsryceo- It is usually of the order of 20V, and in this example
is from 53 to 28 V.

‘:‘:) n..=om ) Vee 0 +I50V
/ RICEO
// '," 0-ImAy0 2.0 2 mA
s / ,/ ! Base reverse Ra+ 47K
4 Y/ / ! biosed by 6V an:E S
S w1 through 100K Iy .
3 Y /) (Viercaol S00Kk2 28¥/
2f -~ 7 y: G_I—‘—O
opbr Ccl05 ov
[ e [B:O/‘

= =) TV
Y. ) Rs -20V
(] 10 20 30 40 50 V¢ 089

(a) (b)

FiG. 10.48. Linear sawtooth generator using avalanche breakdown.

Operation

At the start of the sweep, the base of the transistor is held at
Vsrycso- The capacitor C charges through the emitter resistor
until the emitter—base junction becomes forward biased (i.e. the
emitter reaches ¥ prycpo)- The voltage across the transistor then
falls to V(grycEo-

This transition is extremely rapid because of the negative resis-
tance effect exhibited when the transistor current increases as
the voltage decreases.

Design Considerations

Supply voltage. To obtain a linear sawtooth waveform the
capacitor should be charged from a constant current source, and

F-G/E. 13
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the use of a high voltage and large series resistor is therefore
indicated. The supply voltage should be at least 5 times the saw-
tooth amplitude.

For a germanium alloy transistor, providing a sawtooth ampli-
tude of 20V, let Vzg be 150 V. The mean emitter voltage is
approximately 40 V, and the voltage across the emitter resistor
Vepis 110 V.

Sweep speed dV[dt. For a maximum sweep speed of 20 V in
5 msec,
v 20

TR = 4 x 10® V/sec,
% 10~

Q = CV, where Q is the charge on the capacitor,
0 _ v

i=—

dt dr’
where V is the voltage across C.
IfC=05uF,i=05x10%x4x10% =2mA.
This current is supplied through the emitterresistor.
Thus, 110V '
i= Vg/Rg and Ry=-—— = 55kQ.
xRz ET 2mA
Let Ry be a 47 kQ resistor in series with a 500 k(2 variable resis-
tor. This will enable the sweep duration to the varied over the
range 5-50 msec.

Base resistor Rg. This should be sufficiently large to limit the
collector dissipation P¢ = Iz . V(grycao- The dissipation is
limited to 5 mW if Ry = 1 MQ, so this is a suitable value.

Peak emitter current. A small value resistor Ry in series with
the capacitor serves to limit the peak emitter current which might
otherwise damage the transistor. In this example it is made 68 Q
and the peak emitter current is limited to about 0-3 mA. A large
negative-going pulse is obtainable across Rg, synchronous with
the start of the sweep waveform.
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10.22. MiILLER TIMEBASE GENERATOR

This widely used timebase generator is illustrated in Fig. 10.49
and makes use of an amplifier having signal inversion, to which
negative feedback is applied. It is in fact the integrating network
previously considered in Chapter 7.

1L
Lt
Cc
O AAAA o
R -A
o] | ——0

R
Itv ~&
FiG. 10.49. Schematic diagram of a Miller integrator. The ampli-
fier has signal inversion.
From eqn. (7.2),

Vour _ OA o 1

0w 1-4Af  f 1-14p’

where
= ——— and ﬂ = _ng__
1+ sCR 1 + sCR

Therefore

Vou(S) - 1 1

inls) SCR 1 — [(1 + sCR)[sCRA]’
Rearranging, and for a step input of amplitude V,,

A Vy

\ Vout(s) = - .
CR(1 — 4) s+ [1/CR(1 — A)]

vout(t) = AV, [1 — €Xp (EE(%,T))]' (1015)

The output voltage is thus the same as would be obtained from
an amplifier fed from a capacitor C(I — 4) in series with a resis-
tor R, as shown in Fig. 10.50.
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Determination of non-linearity

Expanding eqn. (10.15),

AVt
Vou(?) = m
[t -tatn)
2 CR(1—-4) 6 \CR(I — 4) -

(10.16)

1 t
Thus, fi 11 £ th is — ————.

us, for sma e error i 3 CRU—A)

After one time constant, ¢ = CR, the error is 50/(1 — 4)%,
so for an error less than 1 9 the amplifier gain A should be greater
than —49. Such a gain may readily be obtained from a single
pentode valve, as shown in Fig. 10.51.

R

O—AM ——o
va cli-A)= A

o o

CR charging
curve

| Curve for integrator

| with gain A

I

0 =T - Time

Fi1c. 10.50. Representation of Fig. 10.49 to show the effective
increase in capacitance due to the amplifier gain.

Operation

In the initial condition, the valve is cut off by the negative bias
on the suppressor grid. The control grid is slightly positive with
respect to the cathode, and grid current flows. The anode voltage
is at V4 so Cis charged to that value.
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The circuit is triggered by a positive going rectangular wave-
form applied to the suppressor grid, the leading edge of which
causes the anode to start conducting. The resulting fall in v, is
transferred to the grid, via C, carrying it negative with respect
to the cathode. This effect, which occurs at ¢ = 0, is self-adjust-
ing, the negative going excursions of v, being equal to that of ve.

oo VAA ]
kel v, __| |_
ov
Ra TC=(1-AJCR,
ov -
Vei RecoveryTC
=CR3
T
o— . - 0 Vout
ov gvss(‘ve) ov

Fic. 10.51. Miller integrator. The gating waveform is applied to
the suppressor grid, thus initiating “rundown”.

The grid voltage takes up the necessary value to provide the
required anode current. C now starts to discharge through the
resistor R, which demands a constant current,
Ve — Vg
Ip=—"——= VAA/R4-
R,

Since C is being discharged by this constant current the anode
voltage must fall linearly. Thus,

Q0=CV, so i= dog C,
dt

and the rate of change of anode voltage,

du, — _i _ Va4
dr C R,

% volts/sec, (10.17)

which is seen to be independent of the valve characteristics.
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The time base is terminated by the arrival of the trailing edge
of the gating waveform, which cuts the anode off. The anode
voltage v, immediately rises and this rise, transferred through C,
brings the grid voltage to zero where it is clamped by grid cur-
rent. C now charges on the recovery time constant CR;, restor-
ing the system to its initial state.

Alternatively, the circuit may be considered as an integrator
of the form of Fig. 10.50. Using eqn. (10.16),

o () = —aal | g _ 1t
4 CR.(1 — A) 2 CR(1L—4) [

(10.18) -

where A is the gain of the pentode, and will have a negative sign
to indicate signal inversion. For a large A the error terms
may be neglected, and when this expression is differentiated,
eqn. (10.17) is obtained.

10.23. TRANSISTOR MILLER TIMEBASE
GENERATOR

Consider an amplifier with low input resistance, and having
a transfer impedance Z, = gy /iia, connected as in Fig. 10.52.
From eqn. (7.21), the forward voltage transfer function,

Voul® _ _Zo 1
Uin(s) Zl 1- Zz/Zt
1 1

" SCR 1 - 1/s¢Z,

L r
CR s — 1/CZ,’

vout(t) - E,- _
V1al) R [1 —exp(¥/CZ)], (10.19)
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where Z, is a negative quantity for negative feedback. Expanding
eqn. (10.19) and for an input step of ¥, volts,

vt = — L2 [ L (L 2+l<——t >3+ :
out R CZt 2 CZt 6 CZt ces

Vit 1/.¢ 1 t \?
- 1+ —{—)+=(—) +--|
CR 2\ CZ, 6 \ CZ,

Thus, for an error less than 1% at t = CR, 50R/Z, < 1.

-
Z,

Z,
O—AAA - A

"

iin \(,,t

]

Fic. 10.52. Amplifier with transfer impedance Z, connected as a
Miller timebase generator.

[

Design Considerations

The operation of the basic circuit, drawn in Fig. 10.53, is
similar to that of the valve circuit. During the sweep period the
capacitor is charged through R and the recovery is on the time
constant CRc.

Constant Current

Ideally, it is required to maintain a constant current out of
the capacitor. Since Vg does not change by more than a frac-
tion of a volt the voltage across R, and hence the current
through it, is effectively constant.

Thus,

Iz = Vec/R. (10.20)

Not all this current is drawn from C, however, because of the
base current which flows, but the circuit is designed so that ig
forms only a small part of Ix.
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Output Voltage

The output waveform varies between 0V (transistor saturated),
and V¢ volts (transistor cut-off). Thus maximum current flows
through R, with the transistor saturated

Imax = VCC/RC (1021)
Using the values of Fig. 10.53,
Iax = 20 V/4kQ = 5 mA.

av _ i
oy Slopegy =<
Vee {where i=V/R)
is ’/ =V/CR=2mV/s
i C
Vel |
sR
> 20k

I"i Switch closed
-20V Vee at t=0

F1G. 10.53. Basic circuit of a transistor Miller timebase generator

While the time base is running C requires an additional 1 mA,
so the saturation current to be supplied from the transistor is
6 mA.

Base Current

The maximum base current

iy = Jeo _ OMA . s (10.22)
hes 80

At the end of the sweep i, is thus reduced by 75 pA, i.e. an error
of 75%.
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Design Steps

1. Using eqn. (10.21) select a value for R¢ to provide several
milliamps maximum current.

2. Calculate the base current required for saturation.

3. Make R of such value that the percentage of the current
through it, provided by iz, equals the acceptable percentage
error by which the current may deviate.

4. Select C to give the required sweep time constant and check
that the recovery time constant CRc is acceptable.

5. Arrange suitable switching circuitry.

DEesigN ExampeLE 10.5

Required, a timebase waveform of 20 V amplitude, 10 msec
duration, and 10 msec recovery. The waveform is to have a
linearity tolerance of 5%. Since the sweep amplitude is to be
20 V this value is chosen for Vec.

Collector resistor Rc. To ensure a current of several milli-
amps, so that the full current gain hgg of the transistor is used
and a low output resistance is obtained, let Rc = 4kQ.

Base current. For an hgg of 80,

. 20V 1
ipmany = ——— X — = 60 pA.

Resistor R. For 5% error, Iz should be 20 times ipmax
(= 1 mA). Therefore

.R = VCC/IR =v 120V = 20 kQ.
Capacitor.
de 10 msec : CR
c- v a __ 0V — 0'5 uF.
R dV  2x10%®x20x 10®

F-G/E. 13a
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Recovery time. The recovery time constant CR; = 0-5 x 10~6
x 4 x 10° = 2 msec. The capacitor will thus be able to charge
20 V in 10 msec and the specification is met. :

Gating. In the final circuit of Fig. 10.54, T, is used as a switch.
It acts as a common base stage and does not change the current
gain appreciably.

ov , Vin ‘
T'é ssv T L

TZ@ o Ve r—’\r—'\-o 25v

—I—o ov
< 05 ¢ chW
3 239k ; -20v

Vec(-20V)

A
n
(=]
=
Q

Fi16. 10.54. Completed circuit of Design Example 10 5. Gating is
effected by Tz :

10.24. REDUCTION OF RECOVERY TIME

The recovery time, which equals 5CR, can be reduced by
decreasmg either Rc or C. Reduction of R requires an increase
in base current which will reduce linearity. Alternatively, a reduc-

ov .
o1 ——bo Snd
—I— Output
3I00ke  33-9k2

~20V

Fi6. 10.55. Use of Darlington connection to reduce recovery time.
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tion in C necessitates a larger value for R and again linearity
is reduced. A solution is to make use of the Darlington connec-
tion which increases the current gain to approximately (fzg)>.
The base current is then reduced by (hrz ') permitting R to be
increased without a reduction in linearity. The circuit is drawn
in Fig. 10.55.

If R = 100 kQ for a 10 msec sweep duration C = 1 pF, and
the recovery time, SCR; = 2 msec. This arrangement will provide
a linearity at least 10 times better than in the previous example.



CHAPTER 11

Some General Design Considerations

IN THIS chapter consideration is given to some general aspects of
electronic design practice which are applicable to all the preced-
ing design chapters. Subjects dealt with include the factors in-
fluencing the choice of resistors and capacitors, and the design
centre rating system for thermionic valves. The chapter is con-
cluded with some notes on screening and earths.

11.1. RESISTORS®*?

The main characteristics to be considered in selecting a resis-
tor for a specific application are size, wattage rating, stability
and tolerance. There are in addition, noise, maximum operating
voltage, frequency range, and temperature and voltage coeffi-
cients, each of which may also be of importance in special cases.

Resistors may be divided into two groups, high stability and
general purpose. The high stability group includes cracked car-
bon, wirewound and metal film resistors, while the general pur-
pose component is usually of carbon composition construction.

Wattage Rating

This specifies the maximum amount of power which may be
dissipated in a component without excessive rise in temperature,
and is usually stated for operation in an ambient temperature up
to 40°C. Where the ambient temperature is in excess of this
figure, the component should be derated in accordance with the
manufacturers derating curves. Typically, a component rated at

380
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40°C might have its maximum permissible dissipation reduced
by 509, when used in an ambient of 70°C. It is good design
practice to operate carbon resistors at 609 of their rated value.

Stability

This is an indication of the ability of a resistor to retain its
stated value during a reasonable period of storage and also
throughout its useful life.

Tolerance

Stated as a percentage of the resistance of the component, this
indicates the maximum and minimum values which may be
expected of a component having a given nominal resistance. The
most common tolerances are +20, +10 and +5% and a de-
signer should anticipate that the majority of resistors will have
values which lie close to the two limits. Components having 5%
tolerance are normally only used in critical positions. In semi-
critical positions such as anode, screen and bias resistors 10%
tolerance may be used, while 209, components should only be
employed as grid resistors or in other non-critical positions.

Preferred Value

Resistors are manufactured in a range of preferred values such
that any resistor plus its tolerance is approximately equal in
value to the next larger resistor minus its tolerance. The pre-
ferred values given in Table 11.1 are in accordance with both
the American R.M.A. and British Standard specifications.

TABLE 11.1 PREFERRED RESISTOR VALUES

10** 16 27 43 68%*
11 18* 30 47+ 75
12#* 20 33+ 51 82*
13 224+ 36 56* 91

154 24 39* 62 100**
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Resistors are commonly available in multiples of ten of the
stated values, between 10Q and 10 MQ. The complete list of
Table 11.1 is available in 5% components. Those marked with
one asterisk are supplied in 5 and 109, tolerances, while those
with two asterisks are obtainable in 5, 10 and 20%.

11.2. RESISTOR TYPES

Carbon Composition

These are the cheapest resistors available and hence the most
widely used. American types are available in ratings of 4, 3, 1, 2,
4 and 5W, while British types include ratings of 4, 4,4, 1 and
23 W. Stability generally is poor and the resistance may change
several percent during lengthy periods of storage, and as much as
109 throughout the normal life of the resistor. In addition to
thermal agitation noise which is present in all resistive elements,
the composition resistor generates extra noise when current is
flowing through it. This fact is only of serious importance in
such specialized applications as are found, for instance, in the
medical-electronic field where requirements often couple high
gain with low noise.

Cracked Carbon

Where a resistor of greater stability is required the cracked
carbon type is employed. In normal use changes in resistance
rarely exceed 2%, and such resistors are extensively used in the
analogue computing field. Standard tolerances are +-1 and +59;
and wattage ratings are available from 5 up to 2 W.

Wirewound Resistors

These are manufactured with either ordinary or non-inductive
windings and are used where even greater stability is desired, or
where it is necessary to dissipate more power than is possible
with carbon resistors. The load of a cathode follower circuit is
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a typical application. Due to its type of construction the maxi-
mum value normally encountered is of the order of 50 kQ. Wire-
wound resistors operate with high surface temperatures and
should be sited so as to ensure adequate ventilation and to
avoid damage to adjacent components. |

11.3. CAPACITORS®®

Capacitors are characterized by their stability, tolerance, work-
ing voltage, dielectric absorption, leakage current, insulation
resistance and power factor. The first two of these character-
istics have the same significance, referred to the value of capaci-
tance, as was stated in § 11.1 for resistors.

Working Voltage

This indicates the maximum voltage to which the capacitor
should be subjected in normal use. It is commonly given for
both d.c. and a.c. conditions and is valid over a given range of
ambient temperatures. Where the stated ambient is exceeded, the
working voltage should be suitably derated. Both working vol-
tage and temperature influence the expected life of capacitor. In
some types, operation at a temperature 10°C higher than the
permitted maximum results in a reduction in life of 509;. Opera-
tion of capacitors at voltages much less than the stated maximum
extends the life of the component significantly; an important
consideration when designing equipment for which a high degree
of reliability is required.

Dielectric Absorption

If a fully charged capacitor is momentarily discharged, and
then left open circuited, a further charge will build up in the
component due to the energy absorbed by the dielectric during
the charging process. The phenomenon is known as dielectric
absorption and results in a reduction in capacitance as frequéncy
is increased. It also introduces undesirable time lags in pulse and
high speed switching circuits. :
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Leakage Resistance

‘When a capacitor is charged from a d.c. source and the source
is then removed, the charge will not be held indefinitely but will
leak away due to the flow of leakage currents. The effect is as
if the capacitor was shunted by a resistance, and the time a given
component takes to discharge to 36:8 % of its initial charge is
usually given as a CR time constant. Leakage currents increase
with temperature and are of significance where the capacitor is
used to couple two points of different d.c. potential.

Insulation Resistance

This is an indication of the effective series resistance of a
capacitor, and since it varies with capacitance, again a figure of
ohms-farads is quoted. Where a capacitor is to be shunted by a
high value resistance to provide a given time constant, the effect
of insulation resistance on the resulting time constant should be
considered. Such a requirement is often met in servomechanisms
when stabilization is to be achieved by the use of passive net-
works. «

Power Factor

When an alternatmg current flows in a capacitor the current
leads the voltage by an angle somewhat less than the ideal 90°.
The power factor of a component is the cosine of this phase
angle and for a perfect capacitor equals zero. The power factor
may also be defined as the ratio of power wasted per cycle to
useful power per cycle. It is a function of applied voltage and
determmes the capa01tor internal heating.

11.4. CarAacITOR TYPES

Capacitors are most conveniently grouped according to the
dielectric used. Only the more commonly encountered types are
here discussed.
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Ceramic

These may be divided into two groups according to their per-
mittivities and temperature coefficients. The first group having
low permittivity, low loss and precise temperature coefficients
find typical use in tuned circuits of radio receivers for tem-
perature compensating purposes. Those having permittivities in
excess of 500 generally provide less stability with changes in
temperature, having higher losses and lower d.c. working volt-
age than the low permittivity types. They are only suitable for
working with small a.c. voltages and are used mainly as r.f. by-
pass capacitors. Values up to 0-015 wF are commonly available
with tolerances of +20%. ‘

Mica

Mica is a dielectric which provides high stability and low loss,
and enables capacitors to be made with small capacitance toler-
ances. Working voltages are generally in excess of 300V and
insulation resistance is in the range 3000-6000 MQ. Where good
long-term stability is required silvered mica components may be
used. They exhibit very small changes in value at frequencies up
to several megacycles per second and are often used in v.h.f.
intermediate frequency transformers. Mica capacitors have very
low power factors and are available with 5, 10 and 209, toler-
ances and values ranging from 33 pF to 0-01 pF.

Polystyrene

The main advantages of the polystyrene capacitor are its low
dielectric absorption, excellent power factor and very high insula-
tion resistance which varies little with changes in temperature,
enabling it to be used in long time constant circuits. This type
of capacitor is extensively used in the analogue computing field.
Its main disadvantage is the maximum temperature at which it
should be used. This should not normally exceed 60°C.
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Polyester

These are low cost components with high insulation resistance,
but whose dielectric absorption is worse than that of polystyrene.

Impregnated Paper

These are relatively cheap general purpose capacitors provid-
ing high capacitance to volume ratios and capable of working
at reasonably high d.c. voltages. Single units in tubular form are
manufactured in values between 0-001 and 1-0 uF, generally
having $209; tolerance. For greater capacitance, a number of
units are enclosed in a metal case and connected in parallel.
Irrespective of the d.c. working voltages, the maximum a.c. work-
ing voltage for a single unit is normally about 300 V r.m.s. at
50 c/s. Insulation resistance varies according to the impregnant
used and decreases with increasing temperature. For use for
coupling between anode and grid, plastic impregnated capaci-
tors are preferred to the wax impregnated type because of their
higher resistance. The power factor of impregnated paper capaci-
tors is in the range 0-005-0-01 at 1 kc/s and increases with fre-
quency. Stability is normally of the order of 1-5 %.

Metallized Paper

The use of metallized paper results in a smaller component
for a given capacitance, and has the advantage that dielectric
punctures caused by the application of excessive voltages are
self-healing. Insulation resistance, however, is much less than
that of impregnated paper types and for this reason they are not
used for coupling purposes. They are, however, commonly used
for decoupling h.f. and i.f. circuits where the main requirement
is that of low impedance. The power factor of a metallized paper
capacitor is about 0-02 at 1kc/s and capacitance stability is
normally between 5 and 109%.
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Electrolytic Capacitors

These have a higher capacitance-volume ratio than any other
capacitor, particularly at low working voltages, but they may
only be used in circuit positions where they are subjected to sub-
stantially direct voltage. The capacitors must be connected cor-
rectly with regard to polarity and are extensively used as a.f.
bypass and smoothing components. When used for smoothing
in power supply circuits, care must be taken to ensure that not
only is the maximum ripple voltage not exceeded, but also that
the d.c. voltage plus peak ripple voltage is less than the voltage
rating of the component. The maximum rated voltage for elec-
trolytic capacitors rarely exceeds 500 V and is commonly made
much less; 6 and 12 V ratings are readily available. When oper-
ated at the stated working voltage, leakage current is fairly high
and increases with temperature. The operation of normal type
electrolytic capacitors in high ambient temperatures and in the
presence of large a.c. voltages tends to reduce their service life.
These conditions should therefore be avoided in the interests of
reliability. Where high ambient temperatures are expected tan-
talum electrolytic capacitors may be employed. These generally
have lower leakage current than the normal type and are ex-
tremely small. Ratings are available between 2-5and 25V which
makes them suitable for use in transistor circuits. Electrolytic
capacitors generally have very wide tolerances,—209% + 1009,
being typical.

11.5. VALVE RATING SYSTEMS

‘A thermionic valve has usually been designed for a specific
application, and the limiting conditions under which it may be
operated are stated in the maker’s data sheets. Such data is
provided to enable the equipment designer to obtain maximum
service life for the valve when used in the application for which it
is intended. There are various systems by which these limiting
conditions may be stated and the two most often used are
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the “absolute-maximum rating system” and the “design-centre
rating system”.

Absolute Maximum System

This system originated in the early days of the thermionic
valve, when all power supplies were obtained from batteries, so
that all supply voltages could only decrease with time and rarely
exceed their original values. The limitations imposed by this
system only take account of changes in operating conditions
caused by the anticipated spread in valve characteristics. As the
name implies, such limitations are absolute, and the designer
should ensure that they are not exceeded under the worst condi-
tions. He should therefore take account of possible supply volt-
age fluctuations, load changes, variations in environmental con-
ditions and tolerances in component values, and for each limita-
tion, establish some average design value which is less than the
stated absolute maximum.

Design Centre System

The three types of power supply systems now most commonly
in use are, a.c. and d.c. mains, storage battery with connected
charger, and dry batteries. To take account of the expected volt-
age fluctuations from these various systems, and because of the
danger of absolute ratings being treated as if they were design
ratings, valve data sheets now generally list limiting conditions
according to the design centre system. In this system, the valve
manufacturer has selected limiting values such that, providing
they are not exceeded, the normal variations in power supply
voltages, environmental conditions, component values and loads,
etc., will not cause the absolute ratings for that type of valve
to be exceeded. It is assumed that good design practice is fol-
lowed and that the valve is only used for the purpose for which
it has been manufactured. '

For both these systems the stated ratings are to some extent
interdependent and care should be taken to ensure that in work-
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ing at one maximum rating another rating is not automatically
exceeded. It is, in fact, quite common for a single rating to deter-
mine the operating conditions of a valve.

11.6. GENERAL RECOMMENDATIONS

The subjects of valve rating systems and recommendations for
the use of thermionic valves, have been treated in detail else-
where.®® A few of the more important considerations are set
out below.

Supply and Heater Voltages

Provided that design centre ratings have not been exceeded,
equipment may be operated from power supplies whose voltages
variations are limited to +109%. Where, however, such varia-
tions are encountered, and where mains transformer tappings
are provided, it is good practice to make suitable adjustment so
as to operate the valve heaters at a voltage or current as close
to the nominal value as possible. Operation at the rated voltage
or current leads to optimum valve life and performance. For
indirectly heated valves with heaters connected in parallel, the
heater voltage of individual valves should, in any case, be within
+79 of the rated voltage when the supply voltage is at its
nominal value.

Valve Electrodes

Valves should always be operated with a d.c. connection be-
tween each electrode and the cathode. For indirectly heated
valves the electrode voltages quoted in the maker’s data sheets
are given with respect to the cathode.

The Cathode

With the exception of certain rectifier valves, the voltage be-
tween cathode and heater should be kept low and generally
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should not exceed 100 V. Where this voltage cannot be kept low,
the resistance between heater and cathode should be kept as
high as possible, i.e. a high value cathode resistor is indicated.
However, from consideration of hum and heater-cathode leak-
age current, the cathode resistor should not normally be greater
than 20 kQ.

The Control Grid

The maximum permissible value of resistance between control
grid and cathode is usually given in the maker’s data sheets and
this value should not be exceeded. The limit is imposed to prevent
reverse grid current carrying the grid potential increasingly posi-
tive, thus causing increasing anode current and leading to the
possible destruction of the valve. It is good design practice to
keep the grid—cathode resistance aslow as possible, and generally,
with self-bias, 1 MQ should be the maximum value used.

The Screen Grid

As the onset of control grid current is often determined by the
screen grid voltage, in circuits where a low grid bias voltage is
used, low screen grid voltages should be avoided. In some power
output circuits it is common practice to connect the screen grid
direct to h.t. provided that the screen dissipation is not exceeded.
In the presence of large signals, however, the effect of a cathode
resistor is reduced and a screen resistor then becomes necessary;
one which drops the h.t. voltage by 20% is usually sufficient.

11.7. SCREENING®S

When an electric current flows in a conductor electromagnetic
energy is radiated, the magnitude of which is a function of the
amplitude and frequency of the current. Any conductor situated
within the radiated field will have some of this energy induced in
it, and thus undesirable coupling between different parts of a
circuit may result. It is sometimes possible to mitigate this effect
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by arranging that equal and opposite self-cancelling voltages are
induced. This is the principle which dictates that the conductors
providing the alternating filament current to a valve should be
twisted together, to avoid the pick up of hum voltages at mains
frequency. The method is effective up to 5 kc/s, and the effective-
ness depends to a large extent on the uniformness and tightness
of the twist employed. The adequate separation of the compo-
nent parts of a circuit from a radiating source will also reduce
pick up, since, at a distance, the flux density will be reduced.
Where however such methods are ineffective, an attempt must
be made to contain the radiated field by means of a conducting
screen, and the following notes are intended as a guidancetothis
end. '

Selection of Screening Materials

The effectiveness of a conducting screen in reducing the energy
of an electromagnetic wave is the result of two effects.

(a) Absorption loss as the wave passes through the conducting
- medium.
(b) Reflection loss occurring at each surface of discontinuity.

Both are frequency dependent and are also affected by the nature
of the material. The provision of a screen should aim at causing
the maximum overall loss to a radiated field, and the material
chosen depends on whether the field is largely electric or magnetic.

In general, magnetic materials provide greater absorption loss
to radiated electromagnetic energy, while good conductors, such
as copper or aluminium, give more reflection loss. These latter
materials make effective screens for electric fields, but their effi-
ciency falls as frequency is increased. Aluminium is nevertheless
commonly used for v.h.f. intermediate frequency transformer
screening cans. In the presence of an alternating magnetic field,
the screening efficiency of aluminium and copper falls as fre-
quency decreases. At low (audio) frequencies, therefore, it is
necessary to employ such high permeability metals as Mu-metal
or Permalloy to provide satisfactory screening of magnetic fields.
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Screening of Cables

This is mainly influenced by the impedance of the radiating
source and the pick-up cable.

High Impedance Radiators

These are conductors having large series impedance (greater
than 1kQ),in which h.f. voltages may be developed, with respect
to earth, with very little current flowing. The radiation field is
largely electric and can induce large h.f. voltages in adjacent high
impedance circuits, but little current in low impedance circuits.
A high impedance circuit is here intended to mean a circuit hav-
ing a high termination impedance. A lead connected to the con-
trol grid of a valve may therefore be considered to be a high
impedance circuit, and thus susceptible to such radiation. The
use of copper braid screening is effective in preventing pick up
from such a source, provided that the screen is at earth potential
along its entire length. For short leads earthing at one end is
usually sufficient, but at high frequencies and for long leads the
screening should normally be earthed at more than one point.

Low Impedance Radiators

These are metallic conductors making a closed loop, which
permits large currents to flow while developing little voltage.
The fields resulting from such a source are largely magnetic and
can induce large currents in low impedance circuits but little
voltage in high impedance circuits. Conventional copper braid-
ing is not effective in preventing magnetic coupling below 5kc/s,
but its effectiveness improves as frequency increases. -

Earths and Earth Loops

Where, in a piece of electronic equipment, connections are
made to earth at various points, currents may flow between such
points, through the earth path. If these currents are at high fre-



SOME GENERAL DESIGN CONSIDERATIONS 393

quency, the earth loops so formed can act as low impedance
radiators as defined above. The resulting fields, which are largely
magnetic, can induce currents in low impedance circuits, phys-
ically close to earth, which are difficult to remove. For this
reason, in high frequency equipment it is good practice to make
earth connections at a single point.

The need for care in the use of multiple earths is not restricted
to equipment operating at high frequencies. It is, for instance,
of extreme importance in zero frequency (d.c.) amplifiers, in
which requirements often couple high gain with low noise. In
order to meet the low noise requirements, three different earths
are commonly specified, signal earth, chassis earth and power
earth. The first of these provides a reference for signal voltages
and must therefore be kept “clean”. Where it is necessary to
make connection between the signal path and earth, for instance
through a series C—R network for stabilization purposes, it is to
signal earth that such connection is made. It is necessary that
the chassis of an amplifier be held at earth potential for safety
in handling, and also so that valve screening cans, which are con-
nected to chassis, shall be effective as screens. A separate lead
is therefore provided for earthing the chassis, and this too should
be kept relatively free from noise. Since most noise arises from
the power supplies, either in the form of h.t. ripple or in mains
hum, the return path of h.t. power supplies is via a separate
power earth connection. The three earths thus specified should
not be “commoned” at the amplifier, but should be connected
by separate leads to a single earth point at the power supply unit.
This ensures that noise currents do not flow in the signal and
chassis earths, giving rise to noise voltages at the amplifier
output.
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Solutions of Simple Network Problems

Basic Network Theorems46:47

(a) KircaHOFFP’Ss CURRENT LAW (KCL)

The algebraic sum of currents flowing into a point (or node) is zero. Thus,
in Fig. A1, it iy i =0, A

Fic. A.1. Kirchhoff’s current law. i; + i, 4 i3 = 0.

(b) KIRCHHOFF’S VOLTAGE LAw (KVL)
The sum of voltages around a closed loop is zero. Thus, in Fig. A.2,
Uy + Uy + vz = 0. (A2)

V2
D

ENZ2

Fi1G. A.2. Kirchhoff’s voltage law. The arrows indicate that
the instantaneous voltage is measured from head to end.
vy + v+ v3=0.

394 ’
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ExampLE A.1. It is required to find the voltage across R; of Fig. A.3.
By KCL, the current flowing into node A is equal to the current flowing
out of it

i=iy+ i; (A.3)
and for node B,
. i =i3. (A9
From Ohm’s law,
121 Uy — Uy U2
I =—, = s =—_
‘TR "7 TR PR

Using conductances in place of resistances, eqns. (A.3) and (A.4) can be
written as follows:

(G1 ~+ Gz) Uy — szz =i (node A), (A.S)
—Gyv1 + (G2 + G3)v, =0 (node B). (A.6)

These equations can be written down on inspection. The elements associated
with v; are G; and G, and the coupling element with node B is G,.

A
A, 877 B

Fic. A.3. Network for example A.1. The elements are drawn as
conductances for nodal analysis.

Similarly, for node B, at which the voltage is v,, the elements are G, and
G35, and the coupling element is again G,. In this case there is no current
generator and the right-hand side of the equation is zero.

From the above equations, the voltages v; and v, can be found as func-
tions of the input current. A simple method of solving these simultaneous
equations is as follows.

The coefficients of the left-hand sides of the equations are set out as an

array,
Gy + G2) —G;

—G; (G2+ Gy)
If the elements of this system are cross-multiplied, the determinant of the

equations is obtained, provided that the product of the upper right and
lower left terms is made negative.
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Thus, the determinant
4 = (Gy+ G2) (G2 + G3) — (—Gr)?,
= (G,G; + G2G3 + G3Gy). A7)

Replacing the left-hand column of the coefficient array with the right-hand-
sides of eqns. (A.5) and (A.6) the following array is obtained:

i —G,
0 (G, + Gj)
Cross-multiplying,
Ayy = (Gy+ G3)i. a.8)

Similarly, if the right-hand side of the coefficient array is replaced by the
right-hand sides of eqns. (A.5) and (A.6),

G+ Gy i
-G, 0|
and the determinant is,
Az = Gyi. (A.9)
Using eqns. (A.7), (A.8) and (A.9),
4,
v = Al
= G+ Go)i . (A10)
(G1G, + G2G;3 + G3Gy)
A4,
=
Gai (A.1D)

T (G162 + G2Ga + GaGy)

All the simultaneous equations in this book can be solved by this method
which may be extended to deal with more complicated systems.®> Since v,
and v, are the voltages at the nodal points, eqns. (A.5) and (A.6) are the
nodal equations and are formed by nodal analysis.

ExaMpLE A.2. Consider the network of Fig. A.4. If the dependent vari-
ables are assumed to be the loop or circuital currents #; and #,, these can
be determined by the application of KVL. The currents are drawn flowing
in a clockwise direction to assist in the formalization of the equatijons. Thus,

(R1 + Rz) il — Rziz =v, for loop 1, (A.IZ)
—Ryiy + (R, 4+ Rs+ Ry i, =0, forloop 2. (A.13)
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Voltage C) i iz g
source v l Rz Rs

Fic. A.4. Network for example A.2. Loop currents ; and i,
are drawn in a clockwise direction.

Proceeding as in the previous example, the coefficient array is
(Rl + RZ) _'RZ
—R, (R;+ Rs+ Ry)

and the determinant is

4= (Ry+ R2) (R + Rs + Rs) — (—Ry)?

= (RyR; + RiRs+ RiRs+ R;R3+ RyR.). (A1)
v —R,
0 (Rz+ R3+ Ry)
so that,
Ay =[R2+ R3+ Ry v, (A.15)
and,
i1=é1—= (Ry+ R3+ Ry)v )
4 Ry(R;+ R3 + Ru)+ R(R3+ Ry)
Also,
(Ri+ Rp) v
—R, O
so that,
A3 = vR,, (A.16)
and,
. Atz UR2
Iy =——=

4 RR,+ Ry+ R+ Ry(Rs+ Ra)’

Equations (A.12) and (A.13) are circuital equations and are formed by
circuital analysis.
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Application of the Laplace Transform

'WHEN a network contains reactive as well as resistive elements, the equations
are in integral-differential form. For the LCR circuit shown in Fig. B.1, the
equation resulting from the application of Kirchhoff’s voltage law is

v=Ri+ — f tdt-l—L-—. (B.1)

By using the Laplace Transformation it is possible to transform the equation
into an algebraic form, which can then be treated in same manner as the
equations of Appendix A.

Equation (B.1) after transformation becomes,

v(s) = Ri(s) + —le i(s) -+ sLi(s)

- (R s Ly sL) i(s), ®2)
sC

where v and { are functions of the Laplace variable s instead of time as is
implied in eqn. (B.1). Integration is indicated by an s in the denominator,
and differentiation by an s in the numerator. Thus in Fig. B.1 R, Cand L

-t

_;_:
. V(S’C) sL

R
oy

Fi1G. B.1. An L-C-R circuit with transformed impedance.

can be represented by the transformed impedances R, 1/sC and sL. (If be-
fore the application of the voltagé there is charge on the capacitor or current
in the inductance, the representation is a little more complex and reference
should be made to a standard work on network theory.(45-47

398
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Thus,
v(s)
R+ (i/sC)+ sL”

If v is a sinusoidal signal, which is the case for a frequency response meas-
urement, the Laplace variable s can be replaced by jw. The circuit current
as a function of frequency is then,

L v(jw)

i(jow) = - —. (B.9)

R+ (1/joC) + joL
If it is required to determine the form of the output for a given input

signal, the equation can be changed back into the time domain by using
the inverse transforms given in Table B.1. This method is employed in
§3.9 to find the time response of a capacitively coupled amplifier.

A sC G .
o 1 (
GmVgls) 9a Gy Gg 1v._,a( s)
o

FiG. B.2. Transformed network for nodal analysis of the low
frequency performance of a valve amplifier.

i(s) =

(B.3)

ExampLE B.1 Figure B.2 represents the anode network of a n amplifier
1t is required to find the frequency response and the output signal resulting
from the application of a rectangular step of voltage to the input terminals
of the amplifier.

The nodal equations are written down by inspection, using the method
given in Appendix A:

(8a+ GL+ SC) v(8) — 5Cya(s) = —gmbg1(s), (B.5)
—5C,(s5) + (G + 5C) v,2(s) = 0. (B.6)

- —&mSCr41(5) 7
ba2(s) (8a+ GL+5C) (Gg + sC) — (sC)? ®7

—&m 1
=t . g1(s)
(Ge+ g2+ Gr) 1+ [Gslga+ G/(Gg + g.+ Gr) sC]
or

052(8) 1 (.6)

va(s) 1+ (1/sTy)
if the substitutions of § 3.5 are used.
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TABLE B.1. LAPLACE TRANSFORM PAIRS

Function of time | Function of s
1 Step function of unit ampli-
1. 1¢>0 — P D
>0 s tude applied at time ¢ = 0
2. V>0 18 Step function of amplitude V
s
3 exp(—at) 1
) P s+a
1 1
. s 14 (a/s)
a
4, 1— —at [ —
exp(—af) s(s +a)
1 1
s 1+ (a/s)

If the frequency response expression is required, the Laplace variable
is replaced by jw.
Thus,
ng(iw) =A 1
—— = Ao - .
g1(jo) 1+ (lfjoT;)

Since the Laplace transform of a rectangular step input of amplitude V
is ¥/s (from Table B.1), the output as a function of s is

1 | 4

Uga(s) = Aom . 5 (B.8)

By using transform pair 3 from Table B.1 the output response as a function
of time can be obtained directly.
Thus,

vg2(t) = Ao exp (—t/T)) V. (B.9)

The form of the response is shown graphically in Fig. 3.18.
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Symbols used in this book

| British Standard Specification No. 3363, 1961, entitled “Letter
symbols for light-current semi-conductor devices”, makes re-
commendations for symbols to be used when describingtransis-
tor circuits. This system has been extended, in the same form,
for use with thermionic valve circuits and is stated briefly below.

Symbols

a or A, Anode

gor G, Grid

k or K, Cathode
~ sor S, Screen

Thermionic valve

c or C, Collector .
b or B, Base Transistor
e or E, Emitter

v or V, Voltage
i or I, Current
P, Power

. (4 a
l}with subscripts {b} or {g} represents the instantaneous
v e k R
value of a varying component.
; ; cy (4 ”
}with subscripts {B}or {G} represents the instantaneous
v E) |k
-total value.

F-G/E. 14
401
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c a
II/} with subscripts (b or g} represents the r.m.s. value of a
e k
varying component.
7 C 4
} with subscripts { B or G ) represents the d.c. or no-signal
4 E K

value. Maximum and minimum values are indicated by the use
of subscripts (max) and (min).

Electrical Parameters

Associated
Device Circuit

Resistance r R
Reactance b X
Impedance z VA
Admittance y Y
Conductance g G
Inductance ) L
Capacitance c C
Double Subscripts

‘Where capital ¥ has two capital subscripts, this represents a
voltage supply provided for the particular electrode of the de-
vice. For example V¢ refers to a transistor collector supply
voltage while Vg represents a voltage supply provided speci-
fically for the grid of a thermionic valve. Where the two sub-
scripts are different, the first subscript denotes the terminalat
which the voltage is measured and the second subscript denotes
the reference terminal. For example, V5 represents the d.c. or
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no-signal voltage measured at the base, with respect to the
emitter of a transistor. Other parameters may also be denoted
by the use of double subscripts, as with ¢, the capacitance
which exists between the grid and cathode of a valve, or ry
the resistance between the actual base point and the base
connector.

Matrix Notation

The first subscript in the matrix notation for semiconductor
devices identifies the element of the four-pole matrix. Thus,
i input
o output

f forward
r reverse

Asecond subscript is used to identify the circuit configuration:

e common emitter
b common base
¢ common collector

For example, using 4 parameters:
hy(hy)—The small signal value of the input impedance with
the output short circuited to alternating current.

h,»(h12)—The small signal value of the reverse voltage transfer
ratio with the output voltage held constant.

hep(hz21, tx)} The small signal forward current transfer ratio with
hye(h1, B)) the output short circuited to alternating current.

hop(hz2) } The small signal value of the output admittance

hoe(h22) with the input open circuited to alternating current.
Static values of parameters are indicated by capital subscripts,
e.g.,

heg The static value of the forward currenttransfer ratio

with the output voltage held constant.
F-G/E. 14a
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Ja
Js

f

Icpo
ICEO

Viery

V(BR) CBO
V(BR) CEO

VCE(sat)

VCE(knee)
P tot

Tamb

T;

Yes Tps I }
Ces Ce» ‘xnﬁ
Tpb s Tve> Coe
Tpes Coes Vee
Toc.8m
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Additional Symbols

The frequency at which the magnitude of the para-
meter indicated by the subscript is 0.707 of the low
frequency value.

The frequency at which the modulus of 4, is equal
to unity.

The collector current when the collector is biased
in the reverse (high resistance) direction with res-
pect to the reference terminal and the other terminal
is open circuited.

Breakdown voltage.

The breakdown voltage between the terminal indi-
cated by the first subscript when it is biased in the
reverse (high resistance) direction with respect to
the reference terminal and the other terminal is
short circuited.

Collector-to-emitter saturation voltage.

Collector knee voltage.

Total power dissipated within a device.

Ambient temperature.

Junction temperature.

Components of the common base small-signal T
equivalent circuit.

Components of the small signal hybrid-equivalent
circuit.

Zm is also used as the mutual conductance of a thermionic valve.

r, the anode

resistance of a thermionic valve.

p the amplification factor of a valve.
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Absolute maximum system of valve
rating 388
Absorption loss 391
Alloy type transistor 26, 34
Amplification factor of a valve 4
Amplifiers
capacitively coupled 61
class A 117, 131
class B push-pull 123, 135
direct coupled 181
negative feedback 217
tuned 138
zero frequency 179
A.M.V. (Astable multivibrator)
327, 358
complementary 362
emitter coupled 361
Anode decoupling 78
Anode efficiency of power ampli-
fier 113
Audio power amplifier
valve 117, 123
transistor 131, 135
Automatic drift correction 258
Asymptotic approximation 239
Avalanche breakdown voltage 32
Avalanche switching 368

Backlash in Schmitt trigger opera-
tion 350
Bandpass amplifier 161
Bandwidth
of capacitively coupled amplifier
61
of cascaded stages 152

of negativé feedback amplifiers
219, 239
of single tuned circuit 143
Base current biasing 42
Binary element 338
Bistable networks, complementary
344
B.M.V. (bistable multivibrator)
334, 345
cathode coupled 349
emitter coupled 341
symmetrical trigger 343
thermionic valve 345
Bottoming voltage 8

- Bridge rectifier 267

Capacitively coupled transistor
amplifiers 94
current gain at high frequency
97
effect of emitter capacitor 101
high frequency performance 109
low frequency performance 99
tandem stages 104
Capacitively coupled valve ampli-
fiers 61
anode decoupling 78
bandwidth 61
cathode follower output 93
effect of cathode bypass capaci-
tor 73
effect of screen decoupling 75
gain and frequency response 62
gain-bandwidth product- 68
pentode amplifier 86
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Capacitively coupled valve ampli-
fiers (cont.)
time response 80
triode amplifier 83
Capacitor input filter 273
Capacitor types, selection of 383
Catching diode 363
Cathode bias 10
Cathode coupled amplifier 20, 197
Cathode coupled B.M.V. 349
Cathode follower 16, 21
as a coupling element 195
as a feedback device 222
as a voltage stabilizer 279
output stage 93, 188
Choke input filter 271
Chopper type z.f. amplifier 180
Circuital analysis 197, 397
Class A audio power amplifier 131
Class A power amplifier 113, 127
Class B push-pull amplifier 123,135
Closed loop performance of feed-
back amplifiers 239
Closed loop voltage regulator 284
Coefficient of coupling 158
Collector feedback biasing 45
Colpitt’s oscillator 307
Common base operation 28
Common cathode operation 14
Common collector operation 247
Common emitter operation 29
Common mode effects 199
Comparator 365
Complementary bistable networks
34
Complementary devices in z.f. am-
plifiers 209
Composite characteristics 124
Compound emitter follower 282
Computing amplifier 230
applications 235
low input impedance 233
Constant currént generator 367
Constant current tail for longtail
pair 201

Constant selectivity 147

Corona discharge 277

Counter, four-stage 338

Counting 329

Coupling networks for z.f. ampli-
fiers 195, 204

Cross-over distortion 135

Current amplifier, with defined gain
262

Cut-off frequency of transistors
164 :

Darlington connection 248, 361
Decade counter 338
Decoupling 163
Delay, variable 330
Design centre rating system 388
Determinants 395
Dielectric absorption 383
Difference amplifier 287
Differential anode resistance 3
Differential input resistance 36
Differential resistance of gas dis-
charge tube 276
Differentiating network 363
Diffused base transistor 35
Direct coupled amplifier (see z.f.
amplifier) 181, 207
with feedback 250
stabilization of 251
Direct coupled emitter follower
248
Direct coupled transistor logic
(DCTL) 340
Dissipation factor 141
Dominant lag stabilization 252
Double tuned circuits 157
Drift
automatic correction of 258
in transistor d.c. amplifiers 212
in feedback amplifiers 257
in zero frequency amplifiers 180
Drift transistor 35
Dynamic resistance 139, 159
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Earths and earth loops 392
Emitter follower 247

as voltage stabilizer 282

capacitor coupled 249

using Darlington connection 248
Emitter resistor stabilization 47
Epitaxial mesa transistor 35

Field effect transistor 233
Figure of merit, for cascaded ampli-
fiers 152
Frequency divider 329
Frequency response
of capacitively coupled amplifier
64
of zero frequency amplifier 179,
193
using straight line asymptotes
66
Full wave rectifier 267

Gain-bandwidth product 31
of capacitively coupled amplifiers
68
of cascaded stages 152, 161
of single tuned circuit amplifier
143
Gain margin 238
Gas discharge tube 195
for voltage stabilization 275
Gating 378
diode 337
methods 339
Graded base transistor 35
Grid current 299
Grid cut-off voltage 4
Grid leak stabilization 298
Grounded grid amplifier 17
Grown junction transistor 34

Half wave rectifier 266

Hand capacity effects 151
Harmonic distortion 115
Harmonic generation 329

409

High impedance radiators 392
High input resistance amplifier 244
Hybrid equivalent circuit 39
Hybrid x equivalent network 165

Impedance changer 246

Input resistance of transistor ampli-
fier 53

Insulation resistance of a capacitor
384

Integrating network 365

Integrator 235

Integrator, Miller 373

Interelectrode capacitance 9

Kirchhoff’s Laws 394

Laplace transform, applications of
398 :
Leakage current 25
Leakage resistance of a capacitor
384
Load line 18
Logarithmic representation of fre-
quency response 239
Longtail pair 197, 213
as a difference amplifier 200
frequency response 203
gain control of 203
with constant current tail 201
Loop gain of capacitively coupled
' amplifier 218
Low impedance radiators 392

Majority carriers 23

Memory element 329

Mesa transistor 35

Miller effect 9, 205

Miller timebase generator 371

Minority carriers 23

Modified T equivalent network 165

Modified Wien bridge -oscillator
312

Modulator type d.c. amplifier 180,
259
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Motorboating 78

M.M.V. (Monostable multivibra-
tor) 328, 351
asymmetrical 357
collector-to-base coupled 351
direct coupled 355

Mutual conductance 4

Negative feedback, to stabilize
transistor operation 236
Negative feedback amplifiers 217

bandwidth of 239
computing amplifier 230
current amplifier 223
d.c. amplifier 250
drift problem in 257
high input resistance 244
loop gain 218 )
low input impedance 233
series—series feedback 228
shunt-shunt feedback 226
stability of 237, 240
with parallel feedback 242
voltage amplifier 221
Negative resistance 296
Negative temperature coefficient
135
Network analysis 394
Neutralization 166
Nodal analysis 395
Normalized selecti- itv curve 154

Osciliators
basic considerations 294
amplitude stabilization of 298
frequency stability 318
modified Wien bridge 312
phase shift 311
series resonant 319
squegging 300
tuned grid 298
tunnel diode 321

Output conductance of a transistor

38

INDEX

Output resistance of transistor am-
plifier 54

Overdrive 336

Overload protection 292

Parallel feedback 242
Parallel tuned circuit 138
Parasitics in push-pull amplifiers
127
Partition factor 89
Permeability tuning 147, 160
Phase margin 238
Planar transistor 36
Potential barrier 24
Power amplifiers
anode efficiency 113
distortion in 114
power output 116, 136
Power factor of a capacitor 384
Power gain of transistor amplifier
55
Preferred values of resistors 381
Pulse forming 329
Punch through 31

Q (magnification) 139
Quartz crystal 319

R~C oscillators 311
Rectifiers 25

bridge 267

full wave 267

half wave 266
Recovery time of timebase genera-

tor 378

Reference supply 281
Reflection loss 391
Relaxation oscillators 327
Reservoir capacitor 268
Resistors, selection of 380
Reverse saturation current 25
Ripple in power supplies 268
Ripple reduction 270
Rise time 82
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Sawtooth generator using avalanche
switching 368
Schmitt trigger 349
Screening 390
Secondary emission 6
Series resonant oscillator 319
Shift register 339
Short circuit current gain 28
Shunt-shunt feedback 260
Single tuned circuit amplifier 139
Speed of transistor switching 333
Squegging 300
Stability
of amplifiers with negative feed-
back 237
of component values 381
Stabilization factor 46, 49
Stabilization
of d.c. amplifiers 251
of feedback amplifiers 240
of gain in feedback amplifiers 219
Stabilizer diodes 277
Staggered tuned circuit amplifiers
154
Starvation condition, of a pentode 8
Static characteristics of the junction
transistor 36
Striking voltage of gas discharge
tube 276
Surface barrier transistor 34
Sweep generators 365
Switching, transistor 330

Tandem stages, of transistor ampli-
fiers 104

Thermal runaway 45, 127

Thermistor 135, 315

Three halves power law 2

Timebase generator, Miller 371,
374

Time response, of capacitively
coupled amplifiers 80

Timing oscillator 328

Tolerance of component values 381

Transfer characteristic 37

411

Transformation ratio 133
Transistor
amplifier characteristics 50
biasing 42
current relationships 28
frequency effects 29
gain-bandwidth product 31
power dissipation 33
potential diagrams 27
saturated operation 332
series regulator 289
small signal representation 39
static characteristics 36
summary of types 34
switching 330
voltage breakdown 31
Transitional lag stabilization 254
Triggering 337
Tuned amplifiers 138, 164
Tuned anode oscillator 302
Tuned grid oscillator - 298
Tunnel diode oscillator 321

Ultra linear output stage 126
Unilateralization 167

Variable frequency oscillator 329

Variable-mu pentode 141

Voltage breakdown in transistors
31

Voltage feedback ratio 38

Voltage gain characteristic 52

Voltage multiplier 274

Voltage reference tubes 277

Voltage regulator 284

Voltage stabilization 275

Wattage rating of resistors 380
Working voltage of capacitors 383

Zener breakdown 31

Zener diode 209

Zero frequency amplifiers 179
Zeroing z.f. amplifiers 181
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