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Preface

ONE of the difficulties experienced by students on Engineering
Courses is that the time available for formal instruction is very
limited. Contact time with their instructors is necessarily devoted
to establishing the basic principles of the relevant technology.
Too little time is available for the important task of solving
problems and obtaining numerical answers.

To rectify this situation this book is published as one of a
series devoted entirely to Worked Examples and Problems which
will enable the student to follow through a problem step-by-step
and then to attempt to solve similar problems with a minimum of
supervision. It will be an essential aid to his formal education
and training as a potential technician or professional engineer
whether on a part-time, sandwich or full-time course.

This book contains a limited amount of material on semi-
conductors since it is intended to be directly complementary to a
book in this series entitled Worked Examples on Semiconductor
Circuits by Abrahams and Pridham.

N. HiLLER
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CHAPTER 1

Derivation of Basic Formulae

TWENTY-NINE basic formulae are derived in this chapter, and
special note is made of the circuit conditions which must exist if
any particular formula is to be valid. Where possible a basic
circuit is employed in each section, and either a constant current
equivalent circuit, or a constant voltage equivalent circuit, is used
to predict the a.c. performance of that circuit, provided the active
device is biased on the linear portion of its characteristics, and
the alternating input signal is small enough to render amplitude
distortion negligible. Hence, when either type of equivalent circuit
is used, the fact that the circuit in question is linear is not included
under the Assume heading of the relevant section—it is understood.

A knowledge of complex numbers and differentiation is
sufficient to enable the reader to follow the mathematical steps
used to arrive at any result in any of the following sections.
Electrical steps are explained in some detail and at the end of
each section a Summary is included which contains conclusions
drawn from the treatment and the derived formulae.

1.1. Voltage Amplification Factor of a Resistance-
loaded Triode Valve

Basic CIrculT

1t
T
H.T. Supply
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CONSTANT VOLTAGE EQUIVALENT CIRCUIT
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FiG. 1.2

Assume

1. The voltage input V;, and resulting anode current I, vary
sinusoidally.

2. The valve operates either on the linear portion of its static
characteristic or with constant values of valve parameters
Y, &, and r,.

3. H.T. and bias supplies fix the operating point of the valve and
the values of u, g,, and r,. In pentode applications the screen
voltage is assumed fixed, and feedback at the signal frequency,
negligible.

These comments apply for each constant voltage or constant
current equivalent circuit used in this chapter and will not be
stated on future occasions.

Proof of the Gain Formula
From the equivalent circuit of Fig. 1.2,

L = __&‘
. ra+RL
VO = IaRL
—1VinRy

r,+RL
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The voltage amplification factor V.A.F. is given by V /V,,,

therefore,

VAF. = 28 (1.1)
r;+ R,

Summary ‘

1. The gain realized by the single valve stage must always be less
than the amplification factor p.

2. The-valve acts as a constant voltage generator which produces
an e.m.f. u times larger than the grid input voltage, and 180 deg
out of phase with it. This phase reversal is denoted by the
minus sign in equation (1.1).

3. The constant voltage generator of the equivalent circuit of
Fig. 1.2 has an internal resistance equal to the anode slope
resistance of the valve (r,).

4. If the anode load R, is not purely resistive then V /V,,

= —pZ [(r,+Z1), where Z; is the load impedance at the
frequency of the sinusoidal input voltage.

1.2. Stage Gain of a Resistance—Capacitance Coupled
Voltage Amplifier (Low Audio-frequency Working)

Basic CIrcult
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CONSTANT VOLTAGE EQUIVALENT CIRCUIT CORRECT AT ALL
FREQUENCIES

Fic. 1.4

C. is the coupling capacitor to a following stage.

is the grid leak resistor of a following stage.

C,« is the capacitance between anode and cathode of the valve.

C,;, is the input capacitance of a following stage, including
inter-wiring and stray capacitance effects.

The equivalent circuit of Fig. 1.4 can be simplified over certain
limited frequency ranges.

CONSTANT VOLTAGE EQUIVALENT CIRCUIT AT Low
FREQUENCIES

Assume

1. The bias voltage provided by Cy and Ry gives the required
working point down to zero frequency with no ripple.
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2. The capacitive reactances due to C,; and C;, have negligible
shunting effect on R, or R, at these frequencies.

Proof of the Gain Formula*
From Fig. 1.5,

%

I, = —Lin
tatZyp
Therefore
—:uVin
48 ra+Z4p 42
R
And V, = VAB--—_EI_
" jaC,
— ’_.U'VinZAB Ry
ra+ZAB ' 1
R
e
R (14+jwC.R
And Zop = L.( Jw g)
1+jwC (R, +R,)
S inm = 22
tage gain m = V.
m ==
~uR(1+jwC.R,) R,
‘ (I+jwC.R) T|[1+jwC.R,
|:1 +JQ)CC(RL+Rg)][ra+RL 1+jwCAR.+R,) joC,
_ —#R.R, : (1.2
. (ra+RL)

raRL+(ra+RL)Rg —J wC

*An alternative method of deriving equations (1.2) and (1.5) is by the applic-
ation of Thévenin’s theorem to the equivalent circuits of Fig. 1.5 and Fig. 1.8
respectively (see Chapter 2 Example 2.)
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The low-frequency voltage gain is 0-707 of its maximum value
when real and imaginary terms in the denominator of equation
(1.2) are equal.

r.+R
Hence, r,Rp+(r,+RDR, = (——~—Q
wICc

where w, = 2nf] radians per second, and f; cycles per second is
the frequency at which the gain has reduced to 0-707 of its
maximum value.

1
Therefore f| = cycles per second. (1.3)

r.R;
27C = R
i C[r,,+R,_+ ”]

Summary .

1. It can be seen from equation (1.2) that the stage gain is zero
when the frequency of the applied voltage is zero.

2. As the frequency is increased from zero, the imaginary term
in the denominator of equation (1.2) reduces until the gain
reaches a maximum value (m,,,,) given by

m - - ’I’RLRg
e raRL + (ra + RL)Rg )

3. When the low-frequency response is 3 dB down (stage gain
= 0-707 m,,,,) the frequency of the applied voltage is given
approximately by f; = 1/2aC_,R, cycles per second provided
r.R./(r,+ R;) is much less than R, in equation (1.3).

4. The low-frequency response can be improved by increasing the
time constant of the coupling components C, and R, (see
Fig. 1.6). In this way, low frequencies down to zero cycles per
second can all be amplified equally.
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LOW-FREQUENCY RESPONSE

V‘;’;ﬂ‘“ Effect of
increasing
‘/ G¢ Ry product

0707 |y

]mmaxl

Frequency, ¢fs

FiG. 1.6

1.3. Stage Gain of a Resistance-Capacitance Coupled
Voltage Amplifier (Medium Audio-frequency Working)
Basic Circult. See Fig. 1.3.

CONSTANT VOLTAGE EQUIVALENT CIRCUIT AT MEDIUM
FREQUENCIES

I

. }
S |
< |
2R 2Ry Yo
+ "
-1V T ‘
.2 . ?WLA,, T
B
Fic. 1.7
Assume
1. The reactance of the coupling capacitor C, is negligibly
small.

2. The capacitive reactances of C,, and C;, have negligible
shunting effect on R, and R,.
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Proof of the Gain Formula
From Fig. 1.7,
_ RL‘Rg
4P RL+R,
Therefore I, = Ve
RiR,
Fobt—————
R, +R,
=R RV,
R+ R rat+——2
(R. ")[ RL+Rg]
Vo _ _F’RLRQ
Vi rRo+r,R,+RR,

And v, =

Therefore stage gain m = (1.4)
Summary

1. The gain at medium frequencies is equal to the maximum
gain at low frequencies.

2. The gain at medium frequencies is independent of changes in
frequency so long as the equivalent circuit of Fig. 1.7 is
valid.

1.4. Stage Gain of a Resistance—Capacitance Coupled
Voltage Amplifier (High Audio-frequency Working)
Basic Circuit. See Fig. 1.3.
CONSTANT VOLTAGE EQUIVALENT CIRCUIT AT HIGH

FREQUENCIES
; C ‘
!

14

Lt ]
P

o g NANN— >
=
2
— AN S
=

FiG. 1.8
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Assume

1. C,=C,+C;,. At high frequencies the reactance of this
capacitance begins to shunt R, R /(R;+R,) of Fig. 1.8.

2. The reactance of C, is less than at medium frequencies and
again is negligibly small.

Proof of the Gain Formula

From Fig. 1.8,
1 1 1
— = —4—+jwC
Z,s R, R, T
_ Rg+RL+ijsRLR9
R.R, )
Therefore
. R(R,
ZAB:R+R +jwC,R,R,’
g LTJOCU R R,
Hence
—uV.
l’a _ ’“" imn
r,+ Kty
@ Rg+RL+ijsRLR9
And
Vo _ —F’VinRLRy
R +R, +joCR, R)| r,+ Rely
(Rg+ R +joCRLR,) 1 R+ R +joCR R,
Therefore
. ) Vo —HRLRg
ain m = = '
s age g Vin ra(R9+RL+ij5RLRg)+RLRg
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Rearranging gives

—P’RLRg

= - (1.5)
rsRp+r,R,+ R R,+joCR R,

m

The high-frequency voltage gain is 0-707 of its maximum value
when real and imaginary terms in the denominator of equation
(1.5) areequal.

Hence 1R +rR,+R R, = 0, CRRr,

where w, = 2xf, radians per second and f, cycles per second is
the frequency at which the gain has reduced to 0-707 of its
maximum value.

11 1 1
Therefore [, = 2177[7+ IQ—+}TJ cycles per second. (1.6)
sl.'a L g

Summary
1. It can be seen from equation (1.5) that the stage gain is zero
when the frequency of the applied voltage is infinite.

2. When the frequency of the applied voltage is such that the
imaginary term in the denominator of equation (1.5) is
negligible compared with the real term, the gain has a
maximum value of uR; R /(r,R+1,R;+ R R,).

3. As frequency is increased above the medium-frequency range,
the gain falls off as the reactance of C, reduces the value of
ZAB.

4. When the high-frequency response is 3 dB down (stage gain
= 0-707 m,,,,) the frequency of the applied voltage is given
by equation (1.6). It follows that stray capacitance, and
input capacitance to a following stage, should be as small
as possible to prevent gain falling off at high frequencies.
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GAIN-FREQUENCY RESPONSE OF A RESISTANCE~CAPACITANCE
COUPLED AMPLIFIER

Yoltage . Medium High
G 1 Low audio audio audio
frequencies frequencies frequencies
(Mpax T
0'707Immax‘—L -
| |
|t BANDWIDTH ——— ]
| |
! |
| |
| i
! !
0 f, Frequency, ¢fs f, ——
Fic. 1.9

Bandwidth. At frequencies f; and f,, the voltage gain of the
amplifier has fallen to 0-707 m,,,, and the power gain to 0-5 of its
maximum value. The difference in frequency between these

half power points (f,—f;), is called the bandwidth of the
amplifier.

PHASE SHIFT IN A RESISTANCE-CAPACITANCE COUPLED
AMPLIFIER

20

»nNy
~n
&
T
1
|
|

—_
=
>
-

9 ~— Frequengy,
cfs

Phase shift in degrees

@
&

S
T

Fic. 1.10
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At Low Audio Frequencies

The gain formula has the general form m = — A4 —jB whence,
phase shift (¢) of the output voltage (V) relative to the input
voltage (V;,) is given by

=tan~ ! —
¢ n p

hence, low-frequency phase shift varies between limits of 180°
and 270°,

At Medium Audio Frequencies

The gain formula has the general form m = — 440 and
phase shift is 180° due to the action of the valve.

At High Audio Frequencies

The gain formula has the general form m = —A4+4-jB.
B
Therefore ¢ = tan™! —

hence, high-frequency phase shift varies between limits of 180°
and 90°.

1.5. To Show that the Gain—Bandwidth Product is
Constant for a Resistance-Capacitance Coupled
Pentode Amplifier
Basic Circuit. See Fig. 1.3.
CONSTANT CURRENT EQUIVALENT CIRCUIT AT MEDIUM
FREQUENCIES

=0 Vin 1,

=
-

=
a

-
-

fa
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Assume

1. As a pentode is used, r, > R, and takes negligible current
from the constant current generator of Fig. 1.11.

2. R, is large to improve the low-frequency response, and R,
is low to improve high-frequency response, hence, R, > R,
and also takes negligible current from the constant current
generator.

3. The lower half-power frequency f, is so small that the band-
width of the stage is approximately given by f, from equation
(1.6).

To Verify that the Gain-Bandwidth Product is a Constant
As negligible current is taken by r, and R, of Fig. 1.11,

Vo = _nginRL
| Vo
and |m| = |—I7_: = g.R,. (W)

Now, from equation (1.6),
1 1 1 1
bandwidth = f, = — { -+ —+— .
andwidth = /; = 5= (ra+R,_+Rg) ofs
Under the assumptions, r, and R, are both very much greater
than R;.

Therefore bandwidth = cycles per second. (1.8)
27CR;,
Multiplying equation (1.7) by equation (1.8) gives,
1
in x bandwidth = g,.R; ————
gain x bandwi Em L3CR,
Em
_ Tee— = K_ 1-

2aC, (19

where K is constant for a given type of valve.
This means that in a resistance~capacitance coupled pentode
amplifier, it is not possible to increase bandwidth without reduc-
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tion in gain. Conversely, it is not possible to increase gain
without a corresponding reduction in bandwidth.

Note:

The gain expression of equation (1.7) can be derived from
equation (1.4) if the necessary assumptions are made. The
above treatment is used merely to illustrate how an expression
for stage gain can be obtained using the constant current equi-
valent circuit.

1.6. Stage Gain of a Transformer-coupled Voltage
Amplifier (Low Audio-frequency Working)

Basic Circult

H B

Fig. 1.12

CONSTANT VOLTAGE EQUIVALENT CIRCUIT (CORRECT AT ALL
FREQUENCIES)
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R,, R,—primary and secondary leakage resistances.
X, X,—primary and secondary leakage reactances.
R,—no load parallel resistance.
X,—no load parallel reactance.
C,, C, and C;—circuit stray capacitance elements.

The equivalent circuit of Fig. 1.13 can be considerably simplified
over certain limited frequency ranges.

CONSTANT VOLTAGE EQUIVALENT CIRCUIT AT Low

FREQUENCIES

Ip R] LT, A
AN *
., 1

+

- f‘vin @ _
1
B

Fig. 1.14
Assume

1. All capacitive effects can be ignored as the frequency is low.

2. Primary and secondary leakage reactances are negligibly
small.

3. The no load parallel resistance R, » X, and has negligible
shunting effect on L,.

4. Secondary current does not flow because AB of Fig. 1.12 is
open circuit.

Proof of the Gain Formula
From Fig. 1.14,
—lu'Vin

primary current [, = ———————.
r.+ R+ ]wLp
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And voltage across L, = joL,.I,

—uV.
___”_‘f‘_ JoL,
r,+ R+ ]wLp

_I"Vin

r,+R
14+ (—1)
JoL,
- V‘Vin

1 . ra+R1
N oL,

Now, V, is T,/T; times greater than this, hence, if a = T,/T,

V.
R M
a 1_.(r,,+Rl)
J wLp
Therefore
A% 7 1
t i =— = 4=, 1.10
stage gain m V. _al (ra+R1) (1.10)
Lol

Summary

1. If an input resistance of a following stage is placed across
AB of Fig. 1.12, equation (1.10) will not be affected, because,
in general, r, is much greater than R, +a?R,.

2. There is no gain when the frequency of the input voltage V,,
is zero.

3. As the frequency increases the stage gain m approaches
tu/a.

4. Between these extremes, there is a frequency at which the low
frequency response is 3 dB down. When the frequency of the
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input voltage has this value, the real and imaginary terms
in the denominator of equation (1.10) are equal i.e.
w;y = (r,+R,)/L,. Hence, to improve the low-frequency
response (r,+ R,) should be small and L, large.

LOW-FREQUENCY RESPONSE

Voltage
gain [ e — —

074 —————

»iE

———
1 Angular
frequency

€ A e e e

Fie. 1.15

1.7. Stage Gain of a Transformer-coupled Voltage
Amplifier (Medium Audio-frequency Working)

Basic CIrculT

o HT. +
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CONSTANT VOLTAGE EQUIVALENT CIRCUIT AT MEDIUM
FREQUENCIES

I, B al R,

,. )

alRy avy
+
- P«vln 7

N S

FiG. 1.17

Assume

1. Inductive and capacitive reactance elements are approximately
equal and opposite.

2. Grid current due to a following stage does not flow.

3. The no load parallel resistance R, has negligible effect.

If @ = T,/T,, then a®R, is the secondary leakage resistance
referred to the primary, and a’R, is the effective value of the
grid input resistance of the following stage referred to the
primary.

Proof of the Gain Formula

Let (R, 4+a>R,) of Fig. 1.17 be equal to R;. The transformer
primary current I,, may then be written,

_':U’Vin
L =—F%
r,+Ri+a‘R,
And avV, = +1,.a’R,.
1
Therefore V, = i&. -
a ]+ra+R1
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. 0 e 1
crelrore stage gaimn m Vin 4 | +ra+R,1 ( )
a*R

g

Summary

1. As R, tends to infinity, the stage gain approaches a maximum
value at medium frequencies of +u/a. This is the case when
feeding directly into the grid of the following stage if, as
assumed, grid current never flows.

2. Equation (1.11), for gain, is only valid if capacitive and induc-
tive reactance elements are approximately equal and opposite.
Hence, frequency does have an effect on gain although this is
not immediately evident from the equation.

1.8. Stage Gain of a Transformer-coupled Voltage
Amplifier (High Audio-frequency Working)

Basic Circuir. See Fig. 1.12.

CONSTANT VOLTAGE EQUIVALENT CIRCUIT AT HIGH

FREQUENCIES
' X1 .
I, B fms’o“ R BT j
+
“u¥, - ‘l
Fic. 1.18
Assume

1. At high frequencies, R, and X, of Fig. 1.13 have neghglble
effect on circuit performance
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2. Capacitance C of Fig. 1.18 accounts for all stray capacitance
effects shown in the general equivalent circuit of Fig. 1.13.

Let R, = (R;+a*R,). This is the effect of the transformer
leakage resistance referred to the primary. Let X = (X, +a%X,).
This is the effect of the transformer leakage reactance referred to
the primary. The inductance associated with X{ is L}. Finally,
let R, = (r,+ R}). This is the total primary resistance.

Proof of the Gain Formula
From Fig. 1.18,

—[*‘LV n
I, = ‘ 0
R.+jlwl]——
[ x+](w 1 wC):‘

The voltage V, which appears across the transformer primary
is given by

—J
=1 .,—
Ve P*wC
- j/“"Vin
1
R _+jl wl)——
wC[ x+.](w 1 wC):l
V.
and V, = ig. J Yin 1
Therefore
. \A © J
= = +-.
stage gain m V. t;
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This has a magnitude | m | given by

@ 1
I m I =" 5 1 2y 4
C{(Rx) +|:wL1—;E] ;
= K. 1 3
R 2 2L/
wC{( O+ @ C)Z [w*LiC—1] }
K
= 1.12
V{(@CR,)? +(?LiC—-1)?} (1.12)
Squaring each side of this equation gives
K
2 _ 1
Im = o CR ) F (@ L= 1)
Differentiating with respect to  gives
2(m| dlm | _ K. {Zw(CRx)2+4(w2L’1C—1)(wL’1C)
dw Ml [(wCR) (0P C— 1)) }
and dim| _ «K[(CR)*+20*(LiC)*~2L\C]
do | m|[(@CR)*+(«*LiC-1)*]* "

now, the stage gain has a maximum value when d | m |/dw = 0.
Therefore, under these conditions,

2L,C = (CR,)* +20*(L,C)?

1 1 R,T?
whence, w? = ZI—C—E[-L—,"] radians per second?. (1.13)

Substituting for w? from equation (1.13) into equation (1.12)
gives

\m 24K 1
m =
max R, \/{4L’,C— C"(Rx)z}
where K = '—L.
a
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Summary

1.
This is the
2.

WORKED EXAMPLES IN BASIC ELECTRONICS

If in equation (1.13), (R,)?/2(L)?* < 1/L{C, »* ~ 1)(L;C).

condition for series resonance.

If the magnification factor Q of this tuned circuit, comprising

(r,+R}), L and C, is too large, additional damping can be
achieved by placing a suitable resistor R, across 4B in the

basic circui

f=12my

t of Fig. 1.12.

As the frequency of the applied voltage increases above

(LyC) cycles per second, the voltage appearing

across the transformer secondary reduces rapidly.

GAIN-FREQUENCY RESPONSE OF A TRANSFORMER-COUPLED
VOLTAGE AMPLIFIER

Voltage
gain

!

0~7(]7%~

Low audio
frequencies

Medium audio
frequencies

High audio
frequencies

{ Iml =g

| |
-

fi Frequency in ¢fs

Fic. 1.19

f1 and f; are as previously defined.

f is the freque
approximately

ncy at which the gain is maximum and is given
by /= 37 J(L{C) cycles per second.

General Requirements of a Transformer-coupled Stage

1.
pentode wo

The valve used should have a high amplification factor. A

uld be better than a triode.

2. The transformer should have a high step-up ratio. However,

in order to

obtain a good low-frequency response and a high
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frequency response which is relatively free from unwanted
resonances, a 1:3 step-up ratio is seldom exceeded.

3. To ensure a good low-frequency response (r,+ R;) should be
small, and joL, should be large.

4. The total effective capacitance C and transformer leakage
inductance L) should both be small if a good high frequency
response is to be achieved.

1.9. Stage Gain of a Tuned Radio-frequency Voltage
Amplifier at Resonance

Basic CIrcult

o HT, +

® HT-
Fic. 1.20

CONSTANT CURRENT EQUIVALENT CIRCUIT

—On vin I

Assume

1. The tuned circuit comprising L, C and R is resonant at the
frequency of the input voltage (V,,).
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The magnification factor of the tuned circuit is high.

The reactance of the coupling capacitor C, is negligibly small.
The capacitor C includes the anode-cathode capacitance of
the valve and the input capacitance to the following stage.

Rl N

Proof of the Gain Formula
Magnification factor Q4 of the tuned circuit L, C and R
of Fig. 1.21 at resonance is given by
_ wyL _ 1
Qo="p = wo,CR’

(1.14)

The resistance across AB due to the tuned circuit at resonance is
termed the dynamic resistance Ry, of the tuned circuit and is given

by

o= L
"7 CR
1
but R = wyQ, from equation (1.14).
Therefore Ry = Qgwyl.
Let the effective resistance across 4B be R’ where
1 1 1 1

R rTR, 0wl
A simplified version of Fig. 1.21 appears in Fig. 1.22.

~g. V.
. Ia

¢ Tl L R v,
| _ l

Fic. 1.22

L and C have the same values as in Fig. 1.21,
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The magnification factor of the original tuned circuit Q, is
damped by the presence of r, and R,. The modified, reduced
magnification factor @y, has a value

! RI
% =7
Therefore R’ = Q{wgl. (1.15)

At resonance wol = l/woC and the tuned circuit is purely
resistive. The current from the constant current generator flows
through R’, hence

Vo = _nginR,-

[

Therefore stage gain m = = —g.R

but R" = QfwyL from equation (1.15).

Therefore Im| = g,Q6woL. (1.16)

Summary
1. To improve the amplifier gain, the mutual conductance of the
valve should be as large as possible.

2. The anode slope resistance should also be as large as possible
to reduce tuned circuit damping, for this reason a pentode is
preferred to a triode.

3. The dynamic resistance of the tuned circuit should be large.

4. Off resonance, the amplifier gain can be found from the
formula m = —pZ;/(r,+Z,), where Z; is the total imped-
ance across 4B in Fig. 1.21.
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1.10. Stage Gain of a Transformer-coupled
Radio-frequency Voltage Amplifier (Tuned Secondary)

Basic CIRCUIT

HT.+

FiG. 1.23

CONSTANT VOLTAGE EQUIVALENT CIRCUIT

R
i’ «M 2
fa '
+ L L, ¢ Yo
—ul¥y l

Fiac. 1.24

Assume

1. The primary impedance (R;+jwL) is much less than the
anode slope resistance of the valve and can be neglected.

2. Primary capacitance effects can be neglected.

3. The transformer secondary circuit is resonant at the frequency
of the input voltage.
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4. Capacitor C represents all capacitance effects which appear
across the secondary circuit.

5. Grid resistance of a following stage is infinite.

Proof of the Gain Formula
The effective primary resistance R, of the circuit of Fig. 1.24

at resonance is given by,

wiM 2
R,

R,=r,+

p 3

I _LV“‘_
P szZ
Fot—>

R,

The secondary induced e.m.f. (E,) will be
E, = t+jw,MI,

tjwoMpVi,

wiM? ’

R,

r,+

This e.m.f. supplies a series resonant circuit comprising
L,, Cand R, as shown in Fig. 1.25.

R2
L2 J_ ¢ Iq
: L
Fic. 1.25
Therefore V, = 0,E,

where Q, is the magnification factor of the circuit.



28 WORKED EXAMPLES IN BASIC ELECTRONICS

M,
Therefore V, = igL“IJ;O—QZO Vi
r,+ woM
a RZ
woMpoQo
And | =
g bl wIM?
ra
R,
Dividing numerator and denominator by r, gives
M;
[m| =29——§"’—Q23 (117
woM
1+
raRZ
= woMg, 05, (1.18)
Where Qj is the effective magnification factor given by
, Qo
o=
1+
raR2
If r, is very much greater than w2M?/R,, the stage gain given by
equation (1.17) has a value of |m| = wMg,Q, However, if
this is not the case, stage gain has a maximum value when
d\mlldM = 0.
Differentiating equation (1.17) with respect to M gives
2 2 2
weM 2wiM
d|m] _ [] + FR, jlgmono—gmonoM[ r.R, :'
dM ] WI M2
Bl
raRZ

Equating this to zero,
2w(2,M2 _ 1+w(2)M2.
r.R; r.R,

Therefore M= M (1.19)

Wo
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Substituting this value for M into equation (1.17) gives a maximum
value for stage gain,

wOMngO

; (1.20)

[} nax =

Summary

1. When the anode slope resistance of the valve is much greater
than the transferred impedance of the secondary circuit, the
stage gain | m | of the tuned secondary transformer-coupled
amplifier is given by | m | = 0,Mg, 0.

2. When this condition is not satisfied, | m | has a maximum
value of | m| .« = woMg,00/2.

3. Normally, a pentode is used in conjunction with a step-up
transformer. In such cases, the tuned anode arrangement of
the previous section will give the higher overall stage gain.

1.11. Miller Effect
In a triode, there is relatively large capacitance between anode
and grid (C,;). The feedback from anode to grid via C,, causes

the input admittance of the triode to be modified. This is the
Miller effect.

Basic Circurr
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CONSTANT VOLTAGE EQUIVALENT CIRCUIT

FiG. 1.27

Assume

1. The valve draws current in the grid-cathode circuit due to
inter-electrode and inter-wiring capacitance, positive ions
collected at the grid from an imperfect vacuum, etc.

2. Anode-cathode capacitance C,, is included in the load
impedance, Z;.

Effect of the Miller Capacitance C,, on Input Admittance
From the equivalent circuit of Fig. 1.27,
Ly =0 +1L)
= ijngin +ijag(Vin - Vo)'
Input admittance
Iin
Vin

im

Yin =

Therefore

v
Yin = ijgk+ijag(1 —VD)9

in

A\
but V°=|m]40=|m|(cos9+jsin0)

imn
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where 0 is the phase difference between V, and V,, in degrees.
Hence,

Yio = joCyu+joC (I — | m|cos §—j| m|sin 6)
= wCy | m | sin 8+ jo[Cy + Cop(1 — | m | cos 9)].
(1.21)
The admittance across terminals 4 and B is Y;, (see Fig. 1.28).

FiG. 1.28
No Yo = G, +jB;, = 1+'1 (1.22)
W, in — inTJBjn = Rin inn‘ .
By comparing equations (1.21) and (1.22) it can be seen that
|
R—in= wCaglmlsinH
X,
R = —_28 1.23
or ™ |m|sin 6 (1.23)
1
and = W[Cy + Cpp(1— | m | cos 0)]
X, L (1.24)
or in = .
w[Cy 4 C,o(1 — | m | cos 6)]
Summary

1. For a resistive load 8 = 180°.
1
w[Cox+ Co(l+ [ m | )]
and the input capacitance is Cgy + C, (14 | m|).

Hence, R, = 0, X;, =

B*
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2. For an inductive load 180° < 8 < 270°. It can be seen from
equation (1.23) that R;, is negative and the circuit may become
unstable. X;, is capacitive.

3. For a capacitive load 90° < § < 180°. It can be seen from
equation (1.23) that R;, is positive and the circuit is stable.
X;, is capacitive. :

3

1.12. Maximum Theoretical Efficiency of a
Transformer-coupled Class A Power Amplifier

Basic Cilrcult

Assume

1. Valve characteristics are absolutely linear, parallel, and
equally spaced.

2. Resistance of the transformer primary is negligible.

3. Maximum possible peak to peak sinusoidal input voltage
without grid current.



DERIVATION OF BASIC FORMUILAE 33

VALVE CHARACTERISTICS

il Vg=0

A.C. Load line
D.C. Load line
S Operating point
e

In Fig. 1.30, Vy; 1. is the H.T. supply voltage and I . is the
steady anode current with no signal input voltage.
The power input (P;,) to the anode circuit of Fig. 1.29 is

Pin = Id.c.VH.T. (1 '25)

r.m.s. anode voltage

r.m.s. anode current =

A
vz
1
J2
The a.c. power output (P,) is

174

P, = —
°= 7

where ¥ and [ are the peak values of anode voltage and anode
current respectively.

P
Now, anode efficiency n = P" x 1009,

in

124

= ——————x 1009, 1.26
2X1d.c.VH.T.X z ( )
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If the negative swing of the grid input voltage is just sufficient
to reduce anode current to zero, I; , = I and equation (1.26)
becomes

~

| 20
== 1009%. 1.27
LT 420
From the valve characteristics of Fig. 1.30 it can be seen that
(@) Vir. = (x+7),
x
b = —
®) ro= 57
or x = 2Ir,,
, 2V
(C) RL - 2f
or V = IR},
T 2
h R, = () R,
where (Tz) L
Using the above expressions, equation (1.27) becomes
1
= — % 1009
"= iy 0%
IR}
= ———=5— % 1009
20k + IRy < 10%
= % 1009%,. (1.28)
2+4—=
R}

Summary

1. For equation (1.28) to be a maximum, the ratio r,/R; is made
as small as possible.

2. Theoretically, the absolute maximum value for efficiency
is 509%,, i.e. when r,/R; is zero.
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1.13. Maximum Power Output of a
Transformer-coupled Class A Power Amplifier

Basic CirculT. See Fig. 1.29.

CONSTANT VOLTAGE EQUIVALENT CIRCUIT

FiG. 1.31

Assume
1. The valve has constant H.T. and bias supplies.

2. The input voltage to the grid is a sine wave of constant
amplitude, and is smaller than the value defined in assumption
3 of Section 1.12.

3. R; can be varied to obtain maximum power in the load.

To Show that Maximum Power is Transferred to the Load
whenr, = Ry
From Fig. 1.31,

_ 2V
% r,+Rp
Power output P, is given by
P, =12xR;
#zvinRi

= m. (129)
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Maximum power is transferred to Ry, when dP /dR; = O.
Hence,

dPo __ (ra+Ri)2P“2Vin2_“'2Vin2RiXz(ra'*'RI’,) _

0.
dr;y (r.+Rp)*
Therefore
2y 2 N2 2y 2 pr ’
[ Vin(ra+RL) =M VinRL Xz(ra+RL)'
Therefore r,+R; = 2R;
and r, = Rj. (1.30)

Substituting for r, = R; from equation (1.30) into equations
(1.28) and (1.29) in turn results in

100
= — = 1679
T 24 Vo
ZV'Z
and Py = (1.31)
Summary

1. Maximum power is transferred to the load when R = r,.

2. The transformation ratio which gives maximum power for a
given input voltage is given by T, /T, = /(R./r,).

3. Power output and distortion both increase with increase in
input voltage V.

1.14. Maximum Undistorted Power Qutput of a
Transformer-coupled Class A Power Amplifier

—e KT +

Basic CircuIT

RT. -
Fic. 1.32
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Assume

1. A small triode valve is used whose static anode characteristics
above the bottom bend distortion limit, are linear, parallel, and
equally spaced.

2. For a given valve, the H.T. supply and distortion limits are
fixed.

3. As the load resistance is changed, so the amplitude of the
sinusoidal input signal and value of grid bias are adjusted to
give maximum power output within the distortion limits.

4. The grid bias level Vy is equal to the maximum value of the
input sine wave V.

VALVE CHARACTERISTICS
VE =9
IA?

Vg (working point)

-2V
Ll _ _Bottom pend
Al | Distortion limit
0 v“ VA
VauRL |
ratRL |
Frc. 1.33

To Show that Maximum Undistorted Power Output is Obtained
when Rp = 2r,

14
p = —2 with constant anode current.

Hence, it can be seen from Fig. 1.33 that V. = 2uV5 volts,
and VAI +2[LVB = Voc. (1.32)
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If the peak value of grid input voltage V.n = Vg volts, the
instantaneous value of anode voltage when the grid input is at
its maximum negative value is

pRLV g
= Vynr + 1.33
C H.T. ra+Ri ( )
Equating equations (1.32) and (1.33) gives
rRLV,
Vi +2uVp = VH.T.+;:_*_%R§'
(VH T.™ al)(ra+R£)
Therefore Vg = e 1.34
B w(2r,+ R}) (1.39)

Equation (1.34) gives the magnitude of the correct grid bias and
the maximum value of grid input voltage V,, which may be
amplified without distortion.

CONSTANT VOLTAGE EQUIVALENT CIRCUIT

- ("VB 2

Fic. 1.34

To find the power dissipated in Ry, r.m.s. values of current
and voltage are used. Therefore J;, must be expressed in r.m.s.
form, i.e. Vi/ /2.

However, Vin = Vg
v, 14

Therefore, in __ 8
272
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Hence, the r.m.s. voltage supplying the anode circuit is —uV5/ /2
as shown in the equivalent circuit of Fig. 1.34.
Power output across R; is given by

V2
Po= = (1.35)
L
—uVeRp
d o 1.36
an (ot R /2 (1.36)

Substituting the value for V5 from equation (1.34) into equation
(1.36) gives

- —uR} (Vux.—Va)(ra+RL)
(ra+Rp) /2 p(2r,+ Rp)

Therefore,
1 —uRy, (Vax.—Va)r,+Rp) }2
P, =— = 1.37
° R'L{[(r.,mi) \/2][ (2r,+ R) (37

When this is a maximum, dP,/dR; = 0.
Differentiating and equating to zero gives,

2R, (2r,+R}) = (2r,+ R})>.
Therefore, R} =2r, (1.38)

Now substitute for R; = 2r, in the following equations.

1. In equation (1.29)

Anode efficiency n = yPite 1009%.
'y
Rk
+2ra
Therefore, n = 25%. (1.39)

2. In equation (1.34)

. 3 Vs — V.
Via=Vs = —[—"'T' ’“}. (1.40)
4 p
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3. In equation (1.37)

_ Fur—Va)?

Po max
’ 16r,

(1.41)

Summary

1. The results are valid for a small power triode.

2., Maximum power output within the distortion limits is
produced when R} = 2r, = T?R,/T3.

3. If Va1, Vi, o 1+ and Ry are fixed (R, being equal to 2r,),
the peak value of sinusoidal input voltage which can be
handled is given by equation (1.40). This equation also gives
the value of steady grid bias V5.

4. Equation (1.41) shows that r, should be small to increase
power output within the distortion limits.

5. The theoretical anode efficiency when R} = 2r,, is 259%,.

1.15. Amplitude Distortion in a Triode
The dynamic mutual characteristic of a triode is not a straight
line. If an alternating voltage is fed to the grid of the valve, and
the resulting current variation through a resistive anode load
is not a true replica of the input voltage which caused it, amplitude
distortion occurs due to the non-linearity of the dynamic
characteristic. '

Assume

{. The triode valve used has an instantaneous anode current
(i,) which is given by

I, = a+bv,+cv} (1.42)

where a, b and ¢ are constants which depend largely upon the
valve used.

2. v, consists of a steady grid bias voltage ¥y, upon which is
superimposed an input signal ¥, cos w? volts.
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DyNaMIC MUTAL CHARACTERISTIC

-Anode current
waveform

~~Distortion due to
bottom bend curvature

Vi cos ot

Analysis of the Anode Current Waveform

The instantaneous value of grid voltage v, is seen from Fig. 1.35
to be
v, = (Vg+V,, cos wt). (1.43)

Substituting for this value for v, into equation (1.42) gives
i, = a+b(Vg+V,;, cos wt)+c(Vg+ V;, cos wt)?
= a+bVy+bV,, cos wt+cVi+cV2cos? wt+2cV;,Vycos wt.

Therefore,
i, = a+bVy+bV;, cos wt+cVE+2cV; Vg cos wt
V2 V2

+—= % cos 2wt. (1.449)

+2 2

The anode current wave of equation (1.44) can be broken down
into four main components thus:

1. a+bVz+cV3 This defines a value for anode current
when no signal is applied.
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2. 1cP2. This is the increase in d.c. level of anode current
due to the second harmonic of the input signal.

3. (b+2cVyp)V,;, cos wt. This is the component of the anode
current which has the same frequency as the alternating
grid input.

4, 4cV2cos2wt. This is the unwanted second harmonic
component of anode current.

If these components are added graphically, the anode current
waveform of Fig. 1.35 results,

Anode current waveform
(b + 20¥y) ¥, 008 ot

T X %Q",zcos 2 ot
s |\ AN
§ | _. 7_.*__‘:{%“3
Y ;
a+bVy + oV
4
Time —~
Fic. 1.36

If the maximum value of anode current at signal frequency is
given by

I, = Vi,.(b+2cVp) (1.45)

and if the maximum value of anode current at the second

harmonic of the signal frequency is given by

L=37 (1.46)

it can be seen from Fig. 1.36 that
X =142, (1.47)
and Y=1I-2I, (1.48)
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Adding equation (1.48) to equation (1.47) gives

I = X—;X (1.49)

and subtracting equation (1.48) from equation (1.47) gives

X-Y
L=~ (1.50)

The percentage second harmonic distortion D,

_X-Y 2

0,
5% 100%.

4
X-Y
Therefi D, =50 %%o- .
erefore 2 (X+ Y) 7 (1.51)

X and Y are indicated on the dynamic mutual characteristic

of Fig. 1.35.

Summary

1.

Second harmonic distortion can be detected by the increase
in mean anode current when a signal is applied.

The increase in mean anode current when a signal input
is applied to the valve, is equal to the maximum value of the
second harmonic component.

Second harmonic distortion is due to the existence of the
cv} term in equation (1.42).

With triodes, only second harmonic distortion is important.
Usually, the minimum value of anode current is chosen so
that percentage second harmonic distortion D, does not
exceed 59%,.

In pentodes, the curvature of the dynamic mutual character-
istic for a given valve, depends upon the value of the a.c.
load resistance. A high value gives a dynamic mutual
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characteristic which may be more curved than that of Fig. 1.35
for a triode. Hence, dvg' and higher degree terms may be
present in the expression for anode current (equation 1.42)
if a pentode is used. This means that third and higher har-
monics may be present in the output waveform.

6. From equation (1.45) it can be seen that the magnitude of
anode current depends upon the magnitude of bias voltage
VB.

1.16. Class B Push-Pull Amplifier as a means of
Reducing Second Harmonic Distortion

4]

Fic. 1.37

Basic Circult

Assume
1. Identical valves for which anode current (i,) is given by

i, = a+bv,+cv)+ ...
where v, = Vi, sin wt.

2. Valves ¥V, and ¥, are biased to operate at projected (extended)
cut-off. :
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3. The alternating input voltages to the grids of V|, and V,
are equal in magnitude but 180° out of phase.

4. The valves have anode currents which consist of half sine
waves spaced by a half period (see Fig. 1.40).

Now, iy = a+bvg+cv} +dv) +evg+ ... (1.52)

and because the input to ¥, is phase displaced by 180° due to the
transformer action,

iy = a+b(—v)+c(—v)* +d(—v,)> +e(—v)*+ ...
= a—bv,+cv} —-dv; +evy +... . (1.53)

The current which flows through the power supply is (i; +1i,).
Hence, adding equations (1.52) and (1.53) gives

(i1 +1iy) = 2(a+cv} +ev)+...). (1.54)

The induced secondary voltage is proportional to the primary
current (i, —i,). Hence, subtracting equation (1.53) from equation
(1.52) gives

(iy— i) = 2bv,+dv3 +...). (1.55)

Summary

1. Equation (1.55) reveals that the output contains no even
harmonics. This is particularly useful in triode valves where
second harmonic distortion is predominant.

2. There is no resultant magnetization of the output trans-
former, since m.m.f.’s due to i; and 7, cancel.

3. Under certain conditions, it may be possible to provide bias
for the circuit using a common cathode resistor with no
shunting capacitor. This is because no current flows through
the power supply at the fundamental frequency. However,
even harmonic currents do flow (see equation (1.54)), and
the internal impedance of the power supply should be low.
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1.17. Power Output of a Class B Push-Pull
Amplifier(")

Basic Circult. See Fig. 1.37.

Ourput CIRCUIT

¥y anode

Yy

KT +

¥, anode

FiG. 1.38

Assume

1. i, and i, are anode currents of V| and V, respectively.

2. v is the voltage which appears across T, turns due to anode
currents i, and i,.

3. The transformer is loss-free and has a turns ratio a = T,/7,.

Power Output
For an ideal transformer

o_h
v T,
or v = voTy/T,. (1.56)
Also, primary and secondary ampere-turns are equal.
Therefore T.(,—i) =T,i,
(i1—iy) = £ 1.57)

io.
T,
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Dividing equation (1.56) by equation (1.57) gives,

v T, ? v, )
—— =|={.—=a°R (1.58)
(i —12) [Tz] Iy 8
a’Ry, is termed the composite resistance

and

ANODE-TO-ANODE RESISTANCE
2 .

COMPOSITE RESISTANCE =
(1.59)
Multiplying equation (1.56) by equation (1.57) gives
Vol = v(i; —13)

However, these are instantaneous values of voltage and current,
and r.m.s. values are needed to obtain the power output P,.

Therefore P, =V({I,-L) (1.60)

Equation (1.60) gives the power output of the push-pull stage,
in terms of the r.m.s. value of primary voltage, and the difference
between r.m.s. values of individual primary currents. However,
this equation may also be written in a form which enables P,
to be determined directly from the composite characteristics and
load line. The modified relationship is

Vox1
= —08—2 (1.61)
A composite load line is used in Example 6 Chapter 5 to determine

the power output and efficiency of a class A push—pull stage.

Summary

The use of a push-pull stage gives twice the power output
of a single-valve stage with reduced distortion, or more than
twice the power output with the same distortion.
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1.18. Efficiency of a Class B Push-Pull Amplifier

Basic CIRCUIT

Assume
1. Identical valves with equal and opposite alternating grid
inputs.

2. Valves are biased at projected cut-off so that each conducts
for one complete half cycle of a sine wave input.

WAVEFORMS
a) +
vin
0 \/ Time
i -
b) + N —
;
0 Time
] iy + — S
i m
) 0 Time
i+, Y LN ____L
ol :
0 lic=5 Time

F1G. 1.40
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Waveform a shows the signal input to the transformer primary.

Waveform b shows the current waveform produced when V,
conducts on the positive half cycle of the input signal.

Waveform ¢ shows the current waveform produced when ¥,
conducts on the negative half cycle of the input signal.

Waveform d shows the current waveform produced in the
H.T. supply due to V| and ¥V, conducting alternately. This
waveform is obtained by adding waveforms b and c. The
mean supply current {/; .) can be shown by a Fourier
Analysis of this waveform to be 2f/= amperes.

MaxiMuM THEORETICAL EFFICIENCY OF A CLass B
PusH-PuULL AMPLIFIER

The steady anode voltage of each valve is Fy . volts and
I, . = 2[/= amperes. :

Therefore, the power P;, taken from the H.T. supply is given by

2
P, ==0xVynr (1.62)
w
vi
a.c. power output P, = ER (1.63)
H fliciency n = L _ Ki><z>< !
ence, efficiency n = N
m V
== 1.64
4 Vr (69

But ¥ is the difference between the steady supply voltage Vy 1.
and the minimum instantaneous value of anode voltage V,,;,, or

V=Vur.—Vain) (1.65)
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Substituting ¥ from equation (1.65) into equation (1.64) gives

T V.
= | 1-—7=) x 1009 1.66
7= (1) i 0
Hence, efficiency has a maximum theoretical value, when
Venial Virr. = 0, of 78:5%.

Summary

1. The use of class B bias means that there is a reduction in
the mean supply current since little valve current flows in
the absence of an input signal. The maximum theoretical
efficiency is therefore much higher than for a class A power
amplifier.

2. If the above treatment is applied to a single-valve class B
power amplifier, the maximum theoretical efficiency is still
78:5%.

1.19. Cathode Follower

Basic Circult

KT +
Ge
+
. Fo Bg = G T
Vin VO
B U
= KT -
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CONSTANT VOLTAGE EQUIVALENT CIrRCUIT

FiG. 1.42

Assume

1. Inter-electrode capacitance effects can be ignored.

2. The reactances of C. and Cj are negligibly small.

3. Current flow in the input circuit (I;,) is much less than the
anode current I,..

4. V, is the voltage which appears between grid and cathode
of the circuit of Fig. 1.41,

SIMPLIFIED EQUIVALENT CIRCUIT
From the equivalent circuit of Fig. 1.42 it can be seen that

Via = LR+ Y, (1.67)
but L.R, = Vi
Hence, Voo = Vin—V,. (1.68)
Also, V, = —(L-L)R,

and, as I, is assumed to be very much less than I,
V, = —LR,. (1.69)
Now —uVy =Lr,—V, (1.70)
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Substituting V,, from equation (1.68) into equation (1.70) and
1, from equation (1.69) into equation (1.70) gives

—i(Via=V) = =V, 2=V,

Ry
V.
Whence, V, = —Hlin
r
1 _a
+p+ R,
V..R
Therefore, vV, = — Bl (1.71)
ra-*_Rk(l +1“")
The stage gain m is given by
m= e i (1.72)

Vin - ra+Rk(1 +P")
Substituting for V, from equation (1.69) into equation (1.71)
gives
~p1Vin
T r4R(14w) (1.73)
Figure 1.43 shows a relatively simple circuit which produces
this current.

a

F1G. 1.43

Summary

1. The equivalent circuit of Fig. 1.43 may be used in place
of Fig. 1.42 if the assumptions are valid.
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. A rise on the grid of the basic circuit of Fig. 1.41 increases
valve conduction. This results in an increase in current flow
through R, and the output voltage V, therefore rises. This
means that there is no phase shift between V, and V,, (see
equation (1.71)).

. The source of e.m.f. in the simplified equivalent circuit
is a constant voltage generator of pV;, /(1 + ) volts, which has
an internal resistance of r,/(l1+p). This is the output
resistance R, of the circuit. If 1 < pu, R, is approximately
equal to 1/g,, and is low.

. The denominator of equation (1.72) is always greater than
the numerator, hence the voltage gain of a cathode follower is
always less than unity.

. From equation (1.67), V;, = (I;,R,+mV,;,) volts and input
resistance V,./I;, = R,/(1—m). Thus, the nearer stage gain
m is to unity, the larger the input resistance.

. A cathode follower is often used to match circuits with

high output impedance to circuits with low input impedance.
. If the bias is suitable, the input signal may be very large,
approaching the supply voltage in magnitude.

1.20. Grounded Grid Triode Amplifier

Basic CircuIT

FiG. 1.44
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CONSTANT VOLTAGE EQUIVALENT CIRCUIT

Fig. 1.45

Assume

1. All stray capacitance and inter-electrode capacitance effects
are negligible at the frequency of the input voltage.

2. V, is the voltage which appears between grid and cathode
of the circuit of Fig. 1.45.

3. The tuned circuit of Fig. 1.44 is resonant at the frequency
of the input voltage and has a dynamic resistance R, ohms.

To OBTAIN EXPRESSIONS FOR GAIN, INPUT RESISTANCE
AND OUTPUT RESISTANCE OF THE STAGE

(a) Stage Gain

Kirchhoff’s Second Law states that the algebraic sum of
e.m.f.’s around any closed loop is equal to the algebraic sum of
voltages dropped across resistance elements which comprise the
loop.

For the grid circuit of Fig. 1.45,

Vin = IaRi+ng
and ng = Vin—IaRi (1.74)
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For the anode circuit
Vet Via = LR +7,+ Rp). (1.75)

Substituting for V,, from equation (1.74) into equation (1.75)
gives,

/‘L(Vi n— IaRi) + Vin = Ia(Ri +r,+ RD)

Therefore,
(p+1DViq = LIR(1+p)+(rs+ Rp)]
(1 +V’)Vin
and I = 1.76
T r,+RpFR(1+p) (1.76)
(I+wRpVYi,
Now V,=LRp = 1.77
° ? 7 rt+Rp+R(1+p) (70
Hence,
A\ 1 R
stage gainm = — = U+mRp (1.78)

Vin  ratRp+R(1+p)
An equivalent circuit which will produce the current given by
equation (1.76) and the stage gain of equation (1.78) is,

A

r R ()

+ -

¢l +p.) Vm

E

FiG. 1.46

(b) Output Resistance

This is the resistance across AE when the load is open circuit,
and the constant voltage generator output is zero (see Fig. 1.46).

Hence, output resistance = r,+ R;(1 +p). (1.79)
C
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(c¢) Input Resistance

The total input resistance of the circuit of Fig. 1.44 consists of
the internal resistance R; of the source, in series with the resistance
across AB due to the valve.

Therefore, total input resistance is given by V; /I,

Vio  Via ra+RD+Ri(1+M)

and = = 1.80
L, 1, (41 (150
= R;+{r,+ Rp)/(1 + ). (1.81)

The input resistance of the valve alone (Rp) is given by

ra+RD

Ry = 1.82
=" a8y

Summary

1. The grounded grid has the effect of considerably reducing
the energy transfer between output and input circuits which
normally takes place via the anode to grid capacitance of
the valve.

2. Although C,, is assumed negligible in the above treatment,
it does in fact appear across the anode tuned circuit and
slightly modifies its resonant frequency.

3. Pentodes are frequently used in radio-frequency voltage
amplifiers. However, pentodes are much noisier than triodes,
and in cases where a high signal to noise ratio is required,
a grounded grid triode may be preferred to a pentode.

4. The input to the amplifier (across 4B of Fig. 1.44) may be
derived from a tuned circuit. If this is the case, the grid-
cathode capacitance of the valve (Cy) slightly modifies the
resonant frequency of the tuned circuit. Also, because the
input impedance of a grounded grid amplifier is low, the
magnification factor of the input tuned circuit is reduced.

5. If r, » Ry and p » 1, the input resistance of this amplifier is
approximately the same as the output resistance of a cathode
follower, i.e. 1/g,,.
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6. There is no phase reversal in a grounded grid amplifier. Input
and output signals add, giving an effective amplification
factor of (1 + ).

1.21. Negative Feedback in Amplifiers
If a fraction of an amplifier output voltage is fed back to
the input circuit in such a manner as to reduce the amplifier
input voltage, negative feedback is said to be applied to the
amplifier.

Brock DI1AGRAM

4
[ 23

™ - *
Amplifier j
Vi gain m , R Vo'
, :——0 A [ 2 *—»'
]
BYy X
» e
Ll
X
Fic. 1.47
Assume

1. The load, comprising R; and B in parallel, is purely resistive
at the frequency of the input voltage.

2. The frequency of the input voltage is constant.

3. At the frequency of the applied voltage, the amplifier intro-
duces no phase shift, and the feedback network f is connected
in such a manner as to introduce 180° phase shift.

Note

The gain m of the amplifier of Fig. 1.47 without feedback, is
given by m = V[V, when V,, is applied across 44, and XX
is open circuit.
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To Find the Gain m’ of an Amplifier with Negative Feedback
The input voltage to the amplifier when negative feedback is

applied is V., and is given by
Vaa = (Vin—BY0).

V/ is the output voltage across R; with the feedback loop con-
nected. Hence, after V ,, is amplified through the amplifier,

m(vin - BV(I)) = V(I):

therefore V.(1+Bm) = mV,,,
and stage gain with feedback is given by
Vo m
= — = 1.8
m Vin 148m (1.83)

where m is the gain of the amplifier without feedback and 8 is
the fraction of V] which is fed back.

@ ><

. R !
+ BL vﬂ BV0= ﬁzvo

o
P ><
J

- A 4 A 4 -9 A4

Fic. 1.48

It can be seen from Fig. 1.48 that 8 = R,/(R, + R,) and is real.
However, B may become complex with increase in frequency due
to the increasing effect of stray capacitance.

Summary

1. Stage gain and phase shift are both reduced when negative
feedback is applied.
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If mB > 1, stage gain with feedback is given approximately
by m’ = 1/B8. Hence, the amplifier becomes dependent upon
the feedback network only. This network is a passive device
and can be made with high stability components.

Under the conditions of paragraph 2 above, the amplifier gain
becomes independent of ageing of valves, variations in
supply voltage and changes of frequency.

The derivation and application of negative feedback cause
changes in input and output impedance of the amplifier.

The application of negative feedback reduces hum, distortion
and noise produced by the amplifier.

1.22. Effect of Negative Feedback on Amplifier
Distortion

GENERAL CIRCUIT

o———(:k——q
Amplifier

R v
Oaiﬂ m L, DJXD

FiG6. 1.49

D is the distortion voltage generated by the output stage when

no feedback is applied.

Assume

1.

2.
3.

Distortion voltage D is a function of the output voltage and
can be represented as shown in Fig. 1.49.

The frequency of the input voltage V,, is fixed.

At the frequency of the applied voltage, the amplifier intro-
duces no phase shift, and the feedback network £ is connected
in such a manner as to introduce 180° phase shift.
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Effect of Negative Feedback on Distortion

When negative feedback is applied to the amplifier of Fig. 1.49,
the distortion voltage D which appears in the output changes.
Let the new distortion voltage be D', where

D' = xD. (1.84)

Hence, the proportion of this which is fed back is SxD. After
amplification this becomes mBxD, and this voltage is 180° out of
phase with the original distortion voltage D. Therefore, the new
distortion voltage D’ which appears in the output is given by

D' = D—mBxD. (1.85)
Equating values of D’ from equations (1.84) and (1.85) gives

xD = D—mpBxD.
From which x(1+mp) =1

1
= 1.86
or X =7 . (1.86)
Substituting this value of x into equation (1.84) gives
D
D= —- (1.87)

1+ 8m

Summary

1. The distortion introduced in the output stage of an amplifier
without feedback can only be reasonably compared with the
distortion introduced by the same output stage when feedback
is applied, if the amplifier voltage output is the same in each
case. As negative feedback reduces gain, the input to the
stage must be increased to maintain the output at its original
level.

2. The output stage of the amplifier can be assumed to introduce
all the distortion produced by the amplifier. Hence, the input
signal to the output stage can be increased to the desired
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level by incorporating additional stages before the output
stage.

3. A comparison of distortion levels now reveals that, for a
given frequency, the application of negative feedback reduces
distortion by the same factor as stage gain, i.e. 1/(1+mp).
This is verified by equation (1.87).

4. Equation (1.87) is valid only at the assumed input frequency.
At any other frequency, circuit reactance effects may become
important causing m and/or 8 to become complex.

1.23. Tuned Anode Oscillator

Basic CIrcult

FiG. 1.50

CONSTANT CURRENT EQUIVALENT CIRCUIT

Fic. 1.51
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Assume

1. Valve is biased class A.

2. Capacitance C in the tuned circuit includes all stray capaci-
tance effects.

3. Sinusoidal oscillation is possible.

To Determine Conditions of Oscillation
The admittance of the anode circuit of Fig. 1.51 given by

1
Yy = —+joCt———
xy = et gL

_ (Ry+joLy)+jr,wC(Ry +jwl ) +r,

r{Ry+jwL,)
—ngin
Now, Vyy = ——
ow Yy Yo
R jowl
= _gmvinx .ra( 1+{w 1) s
rat(Ry+joLy)+jr,oC(R; +jwL;)
and
I = VXY . gmravin
' Ry +jwL, B ro+(Ry+joly)+jr,oC(R +joL,)

(1.88)

Now, the induced e.m.f. in the secondary is applied directly to
the grid of the valve. In this case the induced e.m.f. is numerically
equal to V.

Hence, V, = joMI, (1.89)

substituting the value of I, from equation (1.88) into equation
(1.89) gives
jwMgmraVin

V.= =% - - - 1.90
FF Rt jely) HiraCR vjaLy 90
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For continuous oscillations, both phase and magnitude con-
ditions must be satisfied, hence, V, = V,, in equation (1.90).

Under these conditions equation (1.90) becomes

ro+ (R, +joL)+joCr,R,—w?L,Cr, = +joMg,r,
or, r,+(R;+joL)+jwCr,R,—w*L,Cr,+joMg,r, = 0.
(1.9

Equation (1.91) is only satisfied when both real and imaginary
terms are zero.

Therefore, equating imaginary terms of equation (1.91) to
Zero gives,

wLi+wCr,R; = +wMg,r,.
L+ CRyr,
K

Therefore +M =

and if the circuit is assumed to be oscillating
L{+CRyr,
M="""1a (1.92)
I
equating real terms of equation (1.91) to zero gives
r,+ R, = w?L,Cr,.

Therefore

[{1 R\
f= —{— 1+r— } cycles per second. (1.93)

a

Summary

1. Although the frequency of oscillations depends mainly
upon the values of L, and C, it is affected slightly by variations
in R, and r,.

C*
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2. R;, L; and C vary with changes in temperature.

3. r, changes as the valve ages or if power supply variations
cause the working point to alter.

4. The conditions for maintenance of oscillations are satisfied
only if the mutual inductance M has a minimum value given
by equation (1.92).

1.24. General Theorem for Tuned Oscillators with no
Mutual Coupling

GENERAL CIRCUIT

FiG. 1.52

CONSTANT VOLTAGE EQUIVALENT CIRCUIT
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To Determine the Conditions of Oscillation

Zy, Z, and Z, are the impedance elements in the circuit of
Fig. 1.53.

: Va - ”ZL
Voltage gain to the anode = =
g g Vi n (ra + ZL)

Z(Z,+Z

where ZL — __M ,
Z\+Z,+ 7,4
A% —

therefore 2 MZ, +22)25 (1.94)

Vie  Zy(Zi+ Z) 1A Zi+ 2o+ Z3)

The proportion of anode voltage V, which is fed back to the grid
8V,
V4
o = L x V..
Z+Z,

Hence, equation (1.94) becomes

Z.Z.V.
V0= _ PLy Lz Vin (195)
Zy(Z+Z)+r 2+ 2Z,+ 2Z3)

For continuous oscillations V, = V;, and under these conditions
equation (1.95) becomes

ZNZ\ Y Z)+rfZ+ 2.+ 2Zy) = —pZ,\Z5. (1.96)
If it is assumed that the resistive elements associated with Z,, Z,
and Z, are negligibly small, then
Z, =jX: Z, =jX,: Z3=jX;.
(The precise nature of these reactances will become evident

later.)
Equation (1.96) can now be modified thus,

—X5(X + X)) +jr (X, + X, + X5) = +pXi X5 (1.97)
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When the circuit is oscillating, the real and imaginary parts of
equation (1.97) are zero. Hence, equating imaginary parts gives

rd X1+ X+ X3) =0,
but this can only be true if
Xi+X,+X; =0 (1.98)
or X; = —(X;+X),). (1.99)
Equating real parts gives,
—X3(X;+X,) = uX X3,

but (X;+X,) = —X; from equation (1.99),

therefore, X3 = uX, X,
X
= — 1.100
or =Y (1.100)
Summary

1. For equation (1.100) to be satisfied, X, and X; must be of
the same nature, i.e. either both inductive or both capacitive.
Equation (1.100) is termed the maintenance equation.

2. From equation (1.98), if X, and X; are of the same nature,
then X, must be of opposite kind if the circuit is to oscillate,
as the sum of the reactances X;, X, and X5 must be zero.
Equation (1.98) enables the frequency of oscillations to be
found.

3. The above conditions are satisfied, for example, in the tuned-
anode-tuned-grid oscillator, the tuned-anode—crystal-grid
oscillator, and the Colpitt’s oscillator, provided that tuned
circuit resistance elements are assumed negligible.
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1.25. Colpitt’s Oscillator

Basic Circuit

FiG. 1.55

Assume
1. Class A bias is provided by the bias battery shown.

2. C, is a blocking capacitor which prevents H.T. voltage
appearing on the grid, and R, is a grid leak resistor.

3. The series resistance due to C; and C, is negligibly small.
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To Determine the Conditions of Oscillation
Applying Kirchhoff’s Second Law around the I, loop of Fig.
1.55 gives

I-1
—puV,, =L+ (1.101)

JoCy

and, if continuous oscillations are to be produced, the voltage
across C, (V) of Fig. 1.54 must be equal to V..

L
JoC,
and equation (1.96) becomes
[ 1 7 1 1
z joC;  JjwC, joC,

JoCy—joCn 14+jwCir,
| /A =y | e, 1.102
2[ w?CC, } ‘[ joCy ( )

Hence, Vi, =

Therefore,

Now, applying Kirchhoff’s Second Law around the I, loop gives

I,-1, I,
L)y+——=0.
“aC, L4 (R, +jol)+ e
Hence,
_1 JjoCi+joC,— w?C CoR, ~jw3C,C,L, _ I,
2 w?C,C, JjoC,
(1.103)

Dividing equation {1.102) by equation (1.103) gives
JjoCy—juCip
JoC+jwC, —jw3C1C2L1 - w2C1C2R1

= 1+jwCr,.

This gives,
joCyptjwCy—jw3CCyLy —jo*CICyR 1+ w*CIC,Lyr,
—w2C1C2R1——wZCfr,,—wZClCZra =0. (1.104)
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Real parts of equation (1.104) give,

2 Cir,+C,Cyr,+ C,C,R,
CfraCZLI '

w

Therefore,

1 1 1 R
f= o [L1C2+L1C1(1 +r—:)J cycles per second. (1.105)

Where f is the frequency of oscillations in cycles per second.
Imaginary parts of equation (1.104) give

Cl(l +[_L) = w2C1C2L1 +w2CfC2R1ra.
Therefore, p = Cyo* (L +C Rir)—1. (1.106)

Summary

1. If all resistance effects in the tuned circuit are negligibly
small, f = 1/2n/LCy) where Cr = C;C,/(C,+C,). If re-
sistance is important, the frequency of oscillations is given by
equation (1.105).

2. If oscillations are to be established and maintained, p must
have a value equal to that given by equation (1.106).

3. If any one of the electrical quantities of equation (1.105)
varies, the frequency of oscillations must also vary.

1.26. Wein Bridge Resistance—Capacitance Oscillator

Brock DIAGRAM

2-valve
] Amplifier Vi Ry
’\ -

Fic. 1.56
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AMPLIFIER 1.OAD

Fig. 1.57

There is one frequency at which the output voltage V, of the
network shown in Fig. 1.57 is exactly in phase with the input
voltage V,. However, the network attenuates the input voltage
so that | ¥, | is less than | ¥; |. In order that oscillatory condi-
tions be established and maintained, this loss must at least be
made up by the 2-valve amplifier. Hence, the gain of the amplifier
must be at least | V;/V, |.

Assume

1. The two-valve amplifier of Fig. 1.56 has zero phase shift.

2. The loading effect of the R.C. network on the amplifier is
negligible, i.e. the amplifier has a low output impedance.

3. The amplifier input impedance is so high that it does not
load the network.

To Determine Conditions of Oscillation
From Fig. 1.57, "~ -

Zup =Ry +j_;16'—1’
1
. R, ><ij2
Be = ——
R+

JoC,
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R
Therefore Zgec = 1+jwz?2R2
Zpc

Hence V, = ————x¥

2 Zp+Zpc !

R,
Therefore Vv, = 1+f“’C2R; xV, (1.107)
Ry+——+—
T jeCy T (1+jwCy)

Simplifying equation (1.107) gives
v, JjoCiRy
V) jwCR(1+jwCyRy)+ 1 +jwC, Ry +jwC(R,

Therefore
22 1.1
VI R1 C2 . 1 —- w2C1C2R1R2 ( 08)
L2212
Rz Cl (1)C1R2

It has been stated that V, must be in phase with V, if the
circuit is to oscillate. Under these conditions, the imaginary
term in the denominator of equation (1.108) is zero.

1 wzcl C2R1R2
T f =
herefore oC.R, G, R,
1
2
and "= CGRE,
Therefore = ———————————cycles per second. (1.109
4 2m \/(Cl C,R(R;) P ( )

For magnitude conditions to be satisfied the gain of the amplifier
must be | V,/V, | at this frequency. Hence, with the imaginary
term of equation (1.108) zero,

1

R, C
Amplifier gain = '—— Ly 22

==+

1 1.110
&Tct (1.110)
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Summary

1.

If Ry = R, and C; = C,, the frequency of oscillation is
given by f = 1/2nCR. Hence, if R, and R, are fixed values
and C, and C, are ganged together, a variable frequency
oscillator is obtained.

Under these conditions, the frequency variation is propor-
tional to 1/C, but in a tuned circuit oscillator, frequency
variation is proportional to 1/,/C.

Under the conditions of paragraph 1 above, the amplifier
gain must be at least 3 if magnitude conditions are to be
satisfied.

For a good sinusoidal output waveform over the tuning range,
negative feedback can be used to keep the gain of the two-
stage amplifier at the minimum necessary to maintain oscilla-
tions.

1.27. Voltage and Current Gains of a Common-base
Transistor Amplifier

Basic CIrcuUIT

CONSTANT VOLTAGE T-EQUIVALENT CIRCUIT

algty
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Assume

1. The frequency of the applied voltage V,, is low enough to
render effects of circuit capacitance elements negligible.

2. The d.c. conditions set by the bias batteries do not change.

3. The sinusoidal input signal is small.

Voltage Gain of a Common-base Transistor Amplifier
In a transistor,
IL+L,+1I.=0. (1.111)
Therefore, I, = —(I.+L).
The current directions indicated on the equivalent circuit of

Fig. 1.59 satisfy this equation. Applying Kirchhoff’s Second
Law around the I, loop gives

Vio = L(re+ Ri+r) +1rs, (1.112)
and around the I, loop,
_O‘Ierc = Ic(rc+RL+rb)+Ierb

or 0 =I(r.+ R +r,)+L(r,+ar). (1.113)

Now V,= —1.R, and Voltage Gain = V [V,
—I.R

Therefore, voltage gain = Vc L (1.114)

in
Next, it is necessary to find I. This may be done using equations
(1.112) and (1.113).
Multiplying equation (1.112) by (r,+ar) and equation (1.113)
by (r,+ R;+r;) gives
Via(rstar)) = L(re+ Ry +rp)ry +ar) +Lry(ry +ar.),
0 = L(re+ Ry +r)ry+or) + L(re+ Ri+r)(r.+ Ry +15).
Subtracting gives,
Vialry+ary) = ~L[(re+ R+ r)(ro+ Ry +r) —ry(ry+ar.)]
L = —Vialrp+ar)
© (P RiA )+ R+ 1) —ry(rp+ar)

and (1.115)
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Substituting this value of I, into equation (1.114) gives

. R,
voltage gain = —1I
g€ gal V.
_ (rb-i-arc)RL
(re+Ri+r)(ro+ Ry +ry)—ryry+ary)

(1.116)

However, if r, is assumed to be much greater than any other
resistance in equation (1.116), and « is almost unity,
GRL

—_— 1.117
fe+R;+r(l1—a) ( )

Voltage Gain =

Current Gain of a Common-base Transistor Amplifier
From equation (1.113),

—Ie(rb+arc) = Ic(rc+RL+rb)

. I, —(ry+ar

and current gain = = = —ltor,) (1.118)
I, r.+Rp+r

The minus sign indicates that if I, enters the circuit, then I,

leaves the circuit.
If r, is much less than ar,, and R, is much less than r,,

el

i=—a (1.119)

Summary
1. If a sinusoidal input voltage V,, is applied to the common
base transistor amplifier as indicated in the Basic Circuit,
the resulting voltage across R; will be in phase with V.
When the input voltage swings positively, the effective
forward bias of the emitter-base junction is increased, causing
an increase in collector current. The p.d. across R, is in-
creased, and the collector voltage rises towards zero volts.
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Hence, voltage gain is accurately given by equation (1.116)
as V /V,, has a positive value.

2. The current gain of a common-base transistor amplifier is
given by equation (1.118) and has a maximum theoretical
value of —a when R, = 0, and r, is much less than either
r. or ar,. o is the current amplification factor of a transistor
connected in the common-base configuration, i.e. the slope
of the I/l transfer characteristic at any point. It is com-
monly between 0-95 and 0-99.

3. For large voltage gain, the internal resistance R; of the
constant voltage generator should be small, and the collector
load resistance R, should be large.

4. Power gain is the product of voltage gain and current gain.
In this case, power gain is inevitably less than the voltage
gain.

5. The output resistance of a common-base transistor is high,
and the input resistance low. Hence, if two such stages
are connected in cascade, an impedance matching transformer
is used.

1.28. Voltage and Current Gains of a Common-emitter
Transistor Amplifier

Basic CircuiT
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CONSTANT VOLTAGE T-EQUIVALENT CIRCUIT

I, EINA I,

Assume

1. The frequency of the applied voltage V;, is low enough
to render effects of circuit capacitance elements negligible.

2. The d.c. conditions set by the bias batteries do not change.
3. The input signal is small.

Voltage Gain of a Common-emitter Transistor Amplifier

From equation (1.111), I, = —(I.+1,), and the current
directions shown on the equivalent circuit of Fig. 1.61 satisfy
this equation. Applying Kirchhoff’s Second Law around the I,
loop gives

Vi = Lo+ R+ 1) +1r, (1.120)
and around the I, loop,

_aIerc = Ic(re+RL+rc)+Ibre

rearranging, and putting I, = — I, +1,), gives
0= Ic[re+RL+rc(l_a)]+Ib(re_—arc)' (1121)
Now, voltage gain = —I R, /V,, and it is again necessary to

find I.. This may be done using equations (1.120) and (1.121).
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Multiplying equation (1.120) by (r,—ar.) and equation (1.121)
by (r.+R;+r,) gives

Vialre—ar)) = Lro+ R+ r)(re—ar) +Lr (r.—ary),
and

0 = L(r.+R;+r)re—ar)+1[r,+ Ry +r(1—a))(r.+ R;+rp).
Subtracting gives

Vialare—re) = L{rfar.—r)+[r,+ Ry +r (1 —a)](r.+ R;+1,)}.
Whence,

. (a'rc - re)Vin
" orfar,~r)+re+ Ro+r (1 —a)l(re+ Ri+1y)

c

and

—(arc_re)RL
re(a’rc_re)+[re+RL+rc(l—a)](re+Ri+rb)’

voltage gain =

and if ar, is much greater than r,,

ar. Ry,
{arare+lre+ R+ r (1= e+ Rit 1)}
(1.122)

voltage gain =

Current Gain of a Common Emitter Transistor Amplifier
From equation (1.121)

Ib(arc_re) = [re+RL+rc(1_a)]Ic

. I ar,—F
e __ %7l 1.123
and current gain I, rtR +r(l—a) ( )
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If 7, is small compared with r(l—a) and R, = 0, equation
(1.123) has a maximum value given by

r, a
r{l—a)  1—a

current gain (a') ~ (1.124)

Summary

1. If a sinusoidal input voltage V, is applied to the common-
emitter transistor as indicated in Fig. 1.60, the resulting
alternating voltage across the output (V) will be 180° out of
phase with V; . On the positive-going half cycle of the input
voltage, the effective forward bias of the emitter-base junction
is decreased, causing a reduction in collector current. The
p.d. across R; is reduced, and the collector voltage falls
towards the potential of the negative bias supply. Hence,
voltage gain is accurately given by equation (1.122) if
ar, > r,. The minus sign denotes the phase reversal due to
transistor action.

2. The current gain of a common-emitter transistor is given
by equation (1.123). This has a theoretical maximum value
which is equal to the current amplification factor of the
transistor a’. It can be seen from equation (1.124) that
o' =af(l—a) when R; =0, and r, is negligibly small.
Hence, the current gain of a common-emitter transistor is
much greater than the current gain of the same transistor
connected in the common-base configuration.

3. The voltage gain of a common-emitter transistor is about the
same as that obtained from the same transistor connected
in the common-base configuration.

4. Power gain is most important when choosing the circuit
configuration. The common-emitter transistor is used most
frequently because its power gain is very high.

5. The common-emitter transistor has a much higher input
resistance than a common-base transistor. The output
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resistance of a common-emitter amplifier is lower than the
output resistance of the corresponding common-base
amplifier.

6. Leakage current is much higher in common-emitter than
in common-base. Hence, to avoid thermal runaway, bias
stabilization is incorporated in practical circuits.

1.29. Deflection Sensitivity of an Electrostatic
Cathode-ray Tube

ELECTRIC FIELD STRENGTH (E)

+ Vg

B
T ¥
q

d ~ Lines of

L electric flux

A

'll|v—0

F1G. 1.62

E is the force in newtons on unit charge. Figure 1.62 shows a
charge of g coulombs in the space between the two parallel
plates d metres apart. It is assumed that the plate spacing is
much less than the plate length so that the steady p.d. between
the plates (V,) produces a uniform field with negligible fringing.
It is also assumed that the plates are situated in a perfect vacuum.

Now, the magnitude of the force F acting on this charged
particle is given by F = gE newtons. If the charged particle is
moved from plate 4 to plate B under the influence of F newtons,

mechanical work done = Fd newton-metre
= gFd newton-metre. (1.125)

Now, potential difference is the electrical work done in joules
per coulomb. Hence,

electrical work done = gV, joules. (1.126)
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If there is no loss of energy, equations (1.125) and (1.126) are
equal.

Therefore, qVy = qEd
and E = V,/d volts per metre.  (1.127)

Hence, electrical field strength may also be defined as potential
gradient in volts per metre.

Velocity of a Charged Particle Moving in an Electric Field

Assume that the charge of ¢ coulombs is initially at rest on the
surface of plate A of Fig. 1.62. There is a force of magnitude gE
newtons present, attracting it to plate B. The electrical work
done in moving the particle from 4 to B is given by equation
(1.126).

At the instant before impact with B, the charge g moves with a
velocity of v metres per second. At this instant, the charge
possesses kinetic energy (K.E.) given by,

mo?

KE. = =~ (1.128)

Now, equating (1.126) to (1.128) gives,

2
mv
v, =2
q d 2 )
2
therefore, b= J (—7“‘1) (1.129)

where v is the final velocity of charge ¢ in metres per second,
V4 is the steady voltage on plate 4 with respect to plate B (in
volts), g is the charge on the particle in coulombs, m is the mass
of the particle in kilograms, and is assumed here to have a
constant value. Relativistic variations are neglected.

Equation (1.129) shows that the final velocity of the charged
particle depends only upon the voltage V.
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ELECTRO-STATIC DEFLECTION IN A CATHODE-RAY TUBE
CRT.

[ 2

. —
y deflecting - .
plates

Vi

[——————

C.AT
screen

F1G. 1.63
d is the distance between the deflecting plates in metres.

D is the vertical deflection of the spot on the screen in metres.

L is the distance between the centre of the deflecting plates
and the screen in metres.

e is the charge on an electron in coulombs (1-602 x 10~ 19 C).

m is the mass of an electron in kilograms (9:106 x 10731 kg).

v; is the horizontal velocity of the electron (in metres per
second) as it enters the deflecting plates.

V, is the potential of the final accelerating anode in volts
and, although not shown in Fig. 1.63, it is this voltage
which causes the electron to move at a velocity of v; metres
per second. It is assumed that there is no further horizontal
acceleration of the electron after it passes the final anode.

V, is the potential difference between the plates in volts.

Now, the horizontal distance x travelled by the electron from 0
is given by,
X = v;f metres, (1.130)

where ¢ is the transit time of the electron between the plates.
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In the vertical direction, there is an accelerating force F on the
electron due to an electric field strength of V,/d volts per metre.
As the electron has a charge of e coulombs,

eV
F = —* newtons.

d
Now,
force F = mass m x acceleration a,
hence,
a= n—lj = %; metres per second per second.  (1.131)

» is the vertical distance travelled in metres, and is given by
H_atz
= ut4+—,
7 2
where u is the initial vertical velocity in metres per second, a is
the vertical acceleration in metres per second per second, ¢ is the
time in seconds.
In this case, it is assumed that the initial vertical velocity is
zero, whence,
at?
y=7 metres. (1.132)

Substituting acceleration a from (1.131) into (1.132) gives
14
y = —Z%X t? metres.

but, from equation (1.130), ¢t = x/v; seconds.

V
Therefore, y = Z;m:)? x x2 metres,
but v? = 2e¥;/m from equation (1.129)
V, 2
and x x* metres. (1.133)

Y= v,
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Now, differentiating equation (1.133) with respect to x gives
dy 2V,

dxz‘Tfox. (1.134)

When the electron leaves the influence of the deflecting plates,
x =1/, and its path has a slope of dy/dx. Equation (1.134)
becomes

dy 1PV, 1

dx 4V, 12

»

=i (1.135)

where y, is the value of y when x =/ (see equation (1.133)).
Hence, if the path of the electron is produced backwards, it
will pass through point P of Fig. 1.63.

Now, putting x = / in equation (1.134) gives

dy D v,

dx L 24,

(1.136)

The deflection sensitivity of the cathode-ray tube is the number
of volts needed between the deflecting plates to give 1 metre of
deflection on the tube face, hence,

d
= -2—1& (1.137)

SIN

deflection sensitivity =

Summary

1. Deflection D is proportional to the deflecting voltage V.

2. D is increased if the distance L of Fig. 1.63 is increased.
It is worth noting that, in an electrostatic cathode-ray tube,
the deflection sensitivity defined by equation (1.137) is less
for the Y-plates than for the X-plates.

3. Disincreased if the plate length / is increased and is decreased
if plate spacing d is increased.

4. The amount of deflection is independent of mass and charge
and is the same for all charged particles.



CHAPTER 2

Networks and Circuits

WORKED EXAMPLES

Example 1
State Kirchhoff’s Laws. In the Wheatstone bridge network
shown in Fig. 2.1, determine (a) the values of R; and R,, (b)
the current flowing in the other resistors.
LE.R.E., Nov. 1963

Fic. 2.1. Wheatstone bridge network,

Solution

Kirchhoff’s First Law. Kirchhoff’s First Law states that the
algebraic sum of currents meeting at any point in a circuit is
Zero.

84
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Hence, in Fig. 2.2,

Li+1L,+(-13) = 0.

FiG. 2.2, Currents at the junction of a simple circuit.

Kirchhoff’s Second Law. Kirchhoff’s Second Law states that
in any closed circuit the algebraic sum of e.m.f.’s is equal to the
algebraic sum of p.d.’s.

T j- By I? R,
S
l I R, 1_1' )

Fic. 2.3. Voltage distribution around a simple closed circuit.

Hence, around the I; loop of Fig. 2.3,
Supply em.f. E = IR, +I|R,.

Branch Currents
Assume that the conventional currents in each branch of the
network have the directions shown in Fig. 2.1.
Applying Kirchhoff’s Second Law around the loop FADBCE
gives,
10 = 107,,~10x0-1+80x I

and 11 = 107, +8075c. Q@
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But, according to Kirchhoff’s First Law,
Iyp = Ipc+Igp or ILi—01=Ipc 2.2)

and Lip =05—1,,. 2.3)
Now, substituting for I, from equation (2.3) into equation (2.2),
gives

Iy = 04—1,,, 2.4)
and using this value of I in equation (2.1),

11 = 100,,+80 (04—1,p),
therefore, 21 = 701,
and L, = 0-3A. 2.5)

Using Kirchhoff’s First Law, and I, from equation (2.5), I,
is given by

Lg=I-1,;,=05-03=02A. (2.6)
Similarly,

Ijc = Iig—Igp = 02—01 = 01 A. 2.7
and I is given by

Iye = Igp+1Lip = 01403 = 04 A. 2.8)

Values of Unknown Resistors
Applying Kirchhoff’s Second Law around loop FABCEF
gives
10 = I,gR, + Iy x 80,
but, from equations (2.6) and (2.7) it can be seen that
Lig=02A and Iz =01A

therefore, 10 = 0:2R,; +0-1 x 80,
whence R, =10 Q.
Applying the same law around the loop FADCE gives
10 = 3+1IpcR,.

But, from equation (2.8) it can be seen that I, = 0-4 A,
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therefore, 10 = 3+04R,,
7
h Ry, =—=175Q.
whence 2 =052
Example 2

State Thévenin’s theorem.

A 7 section is formed of two 300 Q resistors as the upright
or shunt components, and a 2 uF capacitor as the series element.
A variable frequency oscillator of output resistance 600 Q is
adjusted to give an open-circuit output of 9 V. It is then con-
nected across one of the two 300 Q resistors. By means of the
above theorem, or otherwise, find the voltage developed across
the other 300 Q resistor at angular frequencies of w = 10, 103
and 10° rad/s. L.E.R.E., May 1963

Solution

Thévenin’s theorem. Any linear active network with two
terminals behaves, as far as a load connected across these
terminals is concerned, as if it were a generator of em.f. E
volts which has an internal impedance Z,, E is the voltage
measured across the terminals when the load is disconnected, and
Z,; is the impedance measured across the same terminals when all
voltage sources are generating zero volts.

Thévenin’s theorem will be used to solve the numerical part
of this problem.

} 2uF
)

6002

[

|

} 300 Q 300 & h
oy } [

Py

AR
Variable |

frequency! 7 - network
osciltator

Fi1G. 2.4. Variable frequency oscillator feeding a n-section.
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The open-circuit voltage of the variable frequency oscillator is
numerically equal to the e.m.f. of the constant voltage generator
of Fig. 24,1i.e.9 V.

At w = 10rad/s. If Thévenin’s theorem is applied across 4B
in Fig. 2.4, we have

300 N
300+ 600

=3V.

Hence, the equivalent Thévenin voltage generator produces an
output em.f. Eof 3V.

Now, if the 9 V generator is replaced by its internal resistance,
the resistance looking into terminals AB is Z,;, and

_300x 600
7 3004600
This means that the circuit to the left of an imaginary vertical

line drawn through 4B in Fig. 2.4 may be replaced by the simpler
circuit of Fig. 2.5.

open-circuit voltage V,,. = 9V

= 200 Q.

>0

W03 @)

NHO®

Py
*

B
Fic. 2.5. Simplified input circuit.

At o = 10rad/s,

1
— = 50kQ
C

X,
and —jX, = —j50kQ.
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Hence, an equivalent circuit of Fig. 2.4 employing the Thévenin
equivalent generator of Fig. 2.5 would be as shown in Fig, 2.6.

4 — -
20 Q
30002

Yo

=0

3
FiG. 2.6. Complete Thévenin equivalent of Fig.2.4 at = 10 rad/s.

From Fig. 2.6,

I= 3 A
"~ 200+ 300—,50,000
3
1= 560=750,000 A,
900 '
And Vo =1Ix300 = mv. (2.9)

It can be seen that the real part of the denominator of equation
(2.9) is negligibly small, hence,

[V,] =18 mV.

If required, the phase shift between output and input can be
determined from equation (2.9) thus,

V,=|V,| £6=0018 /tan~1 100

~ 0018 /90°
At w = 103 rad/s,
1 109
== = 500 Q
Xe wC  2x103 500

and —jX. = —j500 Q.



80 WORKED EXAMPLES IN BASIC ELECTRONICS

Here again, the Thévenin equivalent generator of Fig. 2.5 is
used, this time in conjunction with a modified CR load (see
Fig. 2.7).

-j500 Q2

[

20042 i

30002
(1

3Y

|
&

E ©

|
i
¥
i
!
Y

Fig, 2.7. Thévenin equivalent of Fig. 2.4 at o = 103 rad/s.

From Fig. 2.7,

3

1= S50=7500

A
3%300  900(1 +))

° = 500(1—j)  500x2 v

and

=09(1+) V. 2.10)
From equation (2.10),
[ Vel =09 /2 =127V
and 4.8 =tan"!1 = 45°,

At w = 10° rad/s

and —jX. = ~j5Q.
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The Thévenin equivalent generator is again used to simplify
the basic circuit of Fig. 2.4.

I -i5Q

A
200Q
308 Q

)

@ >

FiG. 2.8. Thévenin equivalent of Fig. 2.4 at = 105 rad/s.

From Fig. 2.8,

3
I =
500—j5A
900
d = . .
an ° = 5003 (2.11)

The imaginary term in the denominator of equation (2.11) is
negligible compared with the real term, hence,
900

Vol~—=1-
Vol =255 =18V

and /0 =tan"! ~ 0°,

Example 3

A circuit containing R, L and C in series takes 5 mA from
a 200 V supply when the frequency is 50 kc/s, and the current falls
to 3 mA when the frequency is raised to 100 kc/s, the voltage
remaining constant. It is also found that at 50 kc/s the current is
in phase with the applied voltage. What are the values of R, L
and C? L.E.R.E., May 1963



92 WORKED EXAMPLES IN BASIC ELECTRONICS

Solution

Fig. 2.9(a) shows the series LCR circuit under consideration
and Fig. 2.9(b) gives the vector diagram of the circuit under

V.
L R ¢
V
I, =5mA e
©
¥; =200V
=hke/s
fo f "
@ ®

F1G. 2.9. (a) Series circuit at 50 ke/s. (b) Vector diagram of series
circuit showing resonance condition (f = 50 kc/s).

series resonance conditions. Supply voltage and current are in
phase at 50 k¢/s and V; and V. are equal in magnitude, but
opposite in phase. The voltage Vp across the resistor R at
50 kc/s is equal to the supply voltage, therefore

VS=VR=IOXR
and R=—=T—=40kg

At any frequency, the circuit impedance Z is given by Z = V /I
therefore, at 100 kc/s,

200
Z = ——— = 667kQ
Tiio = 667k

and the impedance diagram at this frequency is as shown in
Fig. 2.10. X, will be greater than X, above resonance and
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the circuit inductive. It has been shown that R = 40 kQ, and
Z = 667 kQ. Therefore, from Fig. 2.10,

Xy

X

F1G. 2.10. Impedance diagram of series circuit at 100 kc/s.

X, = X,~Xc = J(Z*—R?)

= \/(66'72—402) = 53:4 kQ. 2.12)
But X; = wL——l- 2.13)
wC

and at the series angular resonant frequency w,,
wilC =1 or C=1jw}L (2.14)

where wgy = 2nf;, and f, = 50 kc/s.
Now, substituting for C = 1/wZL from (2.14) into (2.13) gives

X = (‘”2_‘”‘2’) L

w

X( [
L== . 2.15
°r 77 @13
When the frequency f of the input voltage is 100 kc/s,
X/ = 53-4kQ from equation (2.12), and the circuit inductance
may be found by substituting known values into equation (2.15)
thus,

4% 10° 105
I - 53-4x 10 ( 0 ) u
2 (1-0-25)10
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Hence, L = 113-5mH.
From equation (2.14)

oo L _ 1010 .
T WAL T 4n?x25x10°x 11350

= 89 pF.

Example 4

A coil of r.f. resistance 10 Q is tuned by a capacitor of 318 pF
in parallel with it to resonate at 1 Mc/s.
Find (a) the @ of this circuit;
(b) the dynamic resistance of this circuit at resonance;
(c) the impedance of this circuit at a frequency 209,
above resonance.
If a 100 kQ resistance is now connected across the coil, find
the new values for (a) and (b).

I.E.R.E., Nov. 1962

Solution
I A I A
L
E 0=318pF E(«P r* == 0=318 pF
r=10Q
B B

(a) (h)

FiG. 2.11. (a) Parallel tuned circuit with series L.R. (b) Parallel
tuned circuit with parallel L, R and C. Equivalent of (a).

It will be assumed here that the magnification factor Q of the
coil is high (>>10) so that the supply voltage E is in phase with
the supply current at the frequency at which the impedance across
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AB is maximum. Under these conditions, the series and parallel
resonant frequencies are identical and are given by

fo = 127 J(LC).

(a) Q factor. Consider first the circuit of Fig. 2.11(a). For this
circuit,

0 .__O_L_ 1
0 = =

r woCr

(2.16)

Substituting given values into equation (2.16) gives,

1

Qo= 5 105 %318 10- 2% 10 ~ 0"

(b) Dynamic Resistance. This is the resistance across AB of
Figs. 2.11(a) and (b) when the frequency of the input voltage is
the resonant frequency of the parallel tuned circuit. Fig. 2.11(b)
shows the inductive branch of Fig. 2.11(a) replaced with its
equivalent parallel components L’ and r’. The capacitor C is
considered loss-free, and its value is the same in each circuit.

At the parallel resonant frequency of the circuit, the reactive
effects of L’ and C are equal and opposite. The circuit is resistive,
the value of the resistance r’ being the dynamic resistance of the
network.

Now,
Qo = 50, wy = 27x10%radfs, C = 318 pF and Q, = w,Cr’
for a circuit with parallel L, C and R components,

50 x 1012
hence r'= o 0x

woC 27x10°x 318
= 25kQ.
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(c) Impedance off resonance. Tt can be seen from Fig. 2.11(a)
that, at any frequency,

1
(r+jol) —
Z. o= JoC
AB = ———-——1—'
r+] (wL - ‘a—)"c)

and for a high @ coil and loss-free capacitor,
L/C
r+jl wL L) '
I\« wC

Dividing numerator and denominator of equation (2.17) by r
gives,

ZAB = (2.17)

L/Cr
1+j{————
+J( r wCr)

but L/Cr is the dynamic resistance r’ of the circuit at resonance.
Also,

woL/r = Qo, and l/woCr = Qo,
therefore equation (2.18) may be modified thus,

7

r
Zp =

w Wy

0o - %)

wWo

’

U ASS— (2.19)

wlf
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In this problem f = 1-2fy, @y = 50,1, = 10°¢/sand r’ = 25kQ.

2 3
s
1+j50(——°-—°)
So 12f,

25x 103
1 +750(1-2—0-833)

whence, Zyg =

25x 103
==""_0 .
141835 (2.20)

25
~ ——kQ
and | Z4p1 18~35k

1-36 kQ.

In equation (2.20), the imaginary term of the denominator is
greater than ten times the value of the real term. In such circum-
stances it is permissible to ignore the real term.

Effect of 100 kQ Shunting Resistor

Fig. 2.12 shows the 100 kQ damping resistor connected across
AB of the parallel circuit of Fig. 2.11(b).

100k

Fic. 2.12. Modified version of Fig. 2.11(b) showing 100kQ
damping resistor,
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From Fig. 2.12 the effective Q factor Q, is given by
Q. = w,CR, 2.21)

where w is the angular resonant frequency of the circuit, and R,
is the effect of r’ in parallel with the 100 kQ damping resistor. In
fact, at resonance, it is this resistance R, which appears across
AB of Fig. 2.12 and constitutes the dynamic resistance of the
modified circuit.

_ 25x100
¢ 254100

Therefore,

= 20 kQ.

Hence, Q, from equation (2.21) becomes,
Q. = 27 x 10°x318x 10712 x 20x 10°
= 40.

1t can be readily seen that the application of the 100 kQ
resistor across 4B of the original circuit has two effects. The
resistance of the parallel tuned circuit at resonance is reduced
from 25 k€Q to 20 kQ, and the magnification factor of the parallel
tuned circuit at resonance is reduced from 50 without the damping
resistor, to 40 with it.

Example 5

The primary and secondary windings of a r.f. transformer
have inductances of 80 pH and 20 pH respectively. The mutual
inductance between windings is 10 pH, and their resistance is
negligible. Across the secondary is connected a 40 Q resistor.

What impedance would be measured between the primary
terminals at an angular frequency of 2 x 106 rad/s?

Find also the value of capacitance which should be connected
in series with the primary winding to make the input circuit
resonant at this frequency. LE.R.E., Nov. 1962
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Solution

Rg=4OQ

FiGs. 2.13(a) and (b).

Input impedance Z 5. Kirchhoff’s Second Law may be used
to obtain a general expression for the input impedance across 4B
of the r.f. transformer shown in Fig. 2.13(a).

Applying this law around the I, loop gives

E+joMI, = I(r; +jwl,) (2.22)
and then around the I, loop,
joMIy = (r;+jel),+Z,1,
JoMI,

L= ————— 2
whence 2= el Z, (2.23)
Putting I, from (2.23) into (2.22) and rearranging gives
wiM?
= jwLy +————— I,. .

E [:h tJjwly +r2 +ij2+Zz] 1 (2.24)
If the effective input impedance across 4B is Z,, then
Z,s = E[1;.
Also, if

Zl =r1+ij1 and ZS= 7‘2+ij2+22,
from equation (2.24) we have,

ZMZ
2 - 2.25)
1

ZAB = +Z
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In this problem it is assumed that the resistance elements r, and
r,, due to primary and secondary coils respectively, are zero.
The secondary load impedance Z, is purely resistive.
w2A42
Therefore Z4g = joL + m (2.26)
Substituting given values into equation (2.26) gives
4x1012x10%2x 10712 )

40+j2x106x20x 10~

Zp = (ij 105 x80x 10764

- (j 16O+4:3340) @
= [j160+42(1 /)] Q
therefore,
Zp = (5+j155) Q.

Series Capacitance Cy

The new set-up is shown in Fig. 2.13(b). Under these conditions
equation (2.26) is modified, since the series primary impedance
Z, now includes the effect of the capacitor C;. Thus, the new
impedance Z,p between terminals 4 and B is given by

7 - ( I 1 + wiM?
AB —J @i wCl) .R2+ij2
/ 1
= [j(lGO————)—i—S—jS] Q. @.27)
wCl

Equating imaginary terms of equation (2.27) to zero at resonance
gives Z,5 as a pure resistance of value 5 Q.

1
Also +j160—j5 = —
mCl
1012
and €= 5%105x155 °F

= 3220 pF.
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Example 6

Two coils A and B are connected in parallel across a 10V
source of alternating e.m.f. Coil 4 has an impedance of
(5+j10) Q and coil B an impedance of (7+4;21) Q. The mutual
reactance at the frequency of the applied e.m.f. is wM = +10 Q.
Calculate the current flowing in coil B.

Solution
I S
T xA Il,
§m
=10V T
ﬂl)Q 121(2
Fic. 2.14

Applying Kirchhoff’s Second Law to the network of Fig. 2.14
gives

104101 = L(5+j10)

and 1045101, = I5(7+j21).

These equations may be rearranged thus,
10 = L(5+/10) £ j10X, - (228)
10 = +j10L,+(7+j2D)I, (2.29)

Equations (2.28) and (2.29) may be solved simultaneously.
Multiplying equation (2.28) by +j10 and equation (2.29)
by (5+j10) gives

47100 = +j10(5+j10)I+(+j10)?I, (2.30)
10(54+710) = +j10G+F10L+(T+2D)(5+j10I;  (2.31)
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If now equation (2.31) is subtracted from equation (2.30) we
have,
+j100—50—100 = [(+j10)%~(35—210+j70 +j105)]1,
= [~ 100—(—175+j175)]1,
= (75—j175)I,.

Therefore,
—50 —50—;200
L=5m% O o
2 /180° 825 /256°
“ T, % Tas e
whence,

I; = 0262 £246:8° A
or
I, = 108 £322:8° A

Which of these currents actually flows through coil B depends
upon the sense in which the coil is connected into circuit,

Example 7

Calculate the values of a three-element low-pass constant-k
filter having a cut-off frequency of 1-2kc/s and a terminal
impedance of 600 Q using (a) a T-section, (b) a =-section.

Solution

FiG. 2.15. T-section terminated in its characteristic impedance.
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(a) T-section. For a constant-k filter Z;Z, = R? where R
is the design impedance of the network (in this case R = 600 Q).
Z, and Z, are the total series and shunt impedances of the general
circuit of Fig. 2.15, and Z, is the characteristic impedance of the
symmetrical section.

From Fig. 2.15,

Z,
2 ($+20)2,
+~—-————-——-

Z
7‘+Z(,+Z2

Zo=

(Z,+22,)Z,
2 Z,+2Zy+2Z,)

_ ZZ A+ AZo+ Z)+225(Z1 +22,)
2Z,+MZo+2Z,)

whence

z zZ? Z,
Z§+Zo[ 2‘+Zz} 7 +Zo(—2—+22)+2122

Simplifying this expression gives,

Zy = 4/{2122[1+4_1§Z-;]} 2.32)

If Z, =jowL, Z;, = 1/juC, and Z,Z, = R?, equation (2.32)

becomes,
rc
Zo =RJ(1—w4 ) (2.33)

For frequencies at which w?LC/4 < 1, equation (2.33) is real. If
Z, and Z, are purely reactive no power is lost in the filter,
however, power may be taken from an input source by a load
connected across the filter output terminals. Thus frequencies
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from zero cycles per second to the cut off frequency f, constitute a
pass band. f, is the frequency at which w?LC/4 = 1.

2
= 2nf, = ——
Therefore w, af, Jic
and fo= L (2.34)
¢ ﬂ\/LC '

Frequencies above f, are attenuated, and form the attenuation
band. Thus, the device described above has the characteristics
of a simple low-pass filter. The circuit under consideration is
shown in Fig. 2.16.

L L
H ¥
*— WY A — ]
Tc 6000 Terminal

impedance

&
A4

®
-

Fi1c. 2.16
Now, Z,Z, = L|C = R?
whence, L=cr* 2.35)
and from équation (2.34) o . T
2 1
fi= = @36)

Putting L = CR? from equation (2.35) into equation (2.36) gives

1

C =
mRf,

(2.37)
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If R = 600 Q, and the cut-off frequency is to be 1:2 kc/s
1
€= §00xmx1200 "
108
= Tax 105 xa"F
therefore C = 0-442 uF. (2.38)
Using this value of C in equation (2.35) gives,
L = CR? = 0:442x 107 x 6002 H
= 0442 x 107 % x 36 x 10* x 103 mH
therefore L = 159 mH. (2.39)

Thus, the series inductors of Fig. 2.16 are each 79-5 mH and the
shunt capacitance is 0442 pF.

(b) =-section. Simplifying the impedance network of Fig. 2.17
in the normal way reveals that, for a symmetrical =-network,

zZ,zZ
Zs =A/ —‘Z—Z— (2.40)
1+—=+
4z, .
[ 2 Z] A
Zo——b 2y 22, Ly

*— A

FiG. 2.17. =-section terminated in its characteristic impedance.

IfagainZ, = jwL, Z, = 1/juC and Z,Z, = R?,
R

J(-53)

Zy = (241
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It can be seen from equation (2.41) that Z,, is real at frequencies
of zero cycles per second up to the cut-off frequency, but is
reactive above this frequency. Thus, the circuit acts as a low-
pass filter, and, as before,
wiLC

4
and fo = (lym) JLC.

The component arrangement of the n-filter is shown in Fig. 2.18.

I
—_

Terminal
Impedance

=]
le
o
1=
0

FiG. 2.18

The values of L and C must be those given by expressions (2.38)
and (2.39), therefore, -in Fig. 2.18,

L = 159 mH
C 0442
d S =T 021 4 .
an 2° 2 #

PROBLEMS WITH ANSWERS

1. (a) Two cells are connected in parallel, like poles to like. The first has
an e.m.f. of 1-5V and internal resistance 4 Q and the other an e.m.f. of
1-8 V and internal resistance 5 Q. What current would pass through a 10 Q
resistor connected across the combination?

(b) Two resistors of 80 kQ and 60 kQ are connected in series across a d.c.
supply. Across the 60 kQ resistor is connected a further resistance of 30 kQ.
If the power dissipated in the 60 kQ resistor is 80/3 mW calculate the supply
voltage. What would a voltmeter of resistance 80 kQ read if it were con-
nected across the 80 kQ resistor?

0134 A; 200V; 133:3 V. I.LE.R.E., Nov. 1961
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2. (a) State Kirchhoff’s laws relating to currents in a network. Use them to
establish the equations for currents in the arms of an unbalanced Wheatstone
net, and deduce the balance condition.

(b) Three resistors of 200 kQ, 300 kQ and 600 kQ are connected in series
to a d.c. supply. A voltmeter reading up to 200 V which takes a current of
1 mA on full-scale deflection is connected across the 200 kQ resistor. If this
voltmeter reads 20 V, calculate (i) the power dissipated in the 300 kQ resistor,
(ii) the supply voltage and (iii) the resistance which, when placed in parallel
with the 600 kQ resistor, would increase the voltmeter reading to 25 V.

12mW; 200V; 1-22 MQ. LE.R.E., May, 1962

3. For the circuit shown in Fig. 2.19, calculate

Fig. 2.19

(a) the current in the 4 Q resistor;

(b) the power dissipated in the 20 Q resistor;

(c) the equivalent resistance of the network.
0-:096 A; 0-56 W; 12-:8 Q. LLE.R.E., May 1961

4. By the use of Thévenin’s Theorem or otherwise, derive an expression
for the current which flows through the resistance of x ohms in the circuit
shown in Fig. 2.20. Hence find the value of x to give the maximum power
dissipated in this resistance, and the value of this power.

21Q
180
18Q 1HQ X
v
Fig. 2.20
)
(10+x A; 10Q; 0-62W, 1.E.R.E., Nov. 1962
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5. Explain the following terms as applied to alternating currents: mean
value, root mean square, power factor, phase angle.

A resistor of 400 Q is connected in series with a capacitor of 50/3 uF,
to a source of alternating voltage of 200 V....... and frequency 100/= c/s.
Draw a vector diagram and calculate (i) the voltage across the capacitor, (ii)
the power dissipated in the resistor, (iii) the capacitance which would have
to be substituted for the 50/3 uF capacitor to make the voltage across the
resistor 1/4/2 of the supply voltage.

(i) 120 V. m.s.; (i) 64 W; (iii) 12-5 uF. L.LE.R.E., Nov. 1961

6. How would you measure the power factor of a capacitor? The power
factor of a 0-001 uF capacitor is 0-002 at 5 Mc/s. Evaluate (a) its equivalent
series resistance and (b) its equivalent parallel resistance.

If an alternating voltage of 80 V..m.s. is applied across the capacitor at this
frequency, find the power dissipated as heat in the capacitor.

0064 Q; 159kQ; 0402 W, LE.R.E., May 1960

7. In the circuit of Fig. 2.21, E is earthed and it may be assumed that both
sources have no internal resistance, and that the supplies have been connected
long enough for steady state conditions to have been reached. Sketch graphs
of the variations with time indicating the peak value and the relative phases
(over the same cycle of the a.c. source) of:

(a) the potential of 4;

(b) the potential of B with respect to D;

(c) the current through the 10 Q resistor. LE.R.E., Nov. 1962,
A 3uf B 100
o I .
wh
E—v
ki
« =12,500 rad/s §’
I— —— AN
C B uf D 200
FiG. 2.21

8. Prove that, for maximum power to be developed in a load, the load
impedance should be the conjugate of the source impedance.

Two reactors, each of 60 Q reactance and negligible resistance, are con-
nected in series across an audio-frequency amplifier producing 24 V. A
resistance R is connected in parallel with one of the reactors. Determine
the value of R so that the power dissipated is a maximum. Calculate the
power dissipated under these conditions.

R=30Q; P=24W. LER.E., May 1963
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9. A resistance of 18 Q is connected in parallel with an inductive reactance
of 12 Q to a supply of unknown frequency. Deduce expressions for and hence
calculate the value of the resistance R and reactance X which, when connected
in series across the same supply, could replace the parallel circuit without
making any change in magnitude or phase relation of the current taken
from the supply. Determine the phase relation between the current and the
supply voltage.

R=1554Q, X=283Q, § =563°Lagging. L.LE.R.E., May 1963

10. A voltage given by e = 150 sin wr+25 sin (3wt+60°) is applied to a
circuit containing a resistor of 12 Q in series with an inductor of 0-02 H and
negligible resistance.

Calculate (a) the power dissipated in, and (b) the power factor of, the
circuit if the fundamental frequency is 50 ¢/s.

744-5 W; 0-878 Lagging. L.LE.R.E., May 1963

11. A generator of em.f. 1V a.c. and internal impedance (20+;30) Q
has two impedances (50—;10) Q and (30+;20) Q connected in parallel
across its output terminals.

Calculate the current flowing from the generator and also the current
flowing through the (30+,;20) Q impedance.

182 mA; 11-4 mA. LE.R.E,, Nov. 1961

12. Find the impedance between terminals 4 and B of the circuit shown in
Fig. 2.22.

R R
4% NN
A .*Atw:}——q» ——of
L e
||
it

Fig. 2.22

Show that if L = CR? then this impedance is a pure resistance at all
frequencies, and find the value of this resistance. LE.R.E., Nov. 1960

13. (a) A coil has an inductance of L henrys and a resistance R ohms.
1t is connected in series with a capacitor of C farads. Derive an expression
for the impedance of the circuit. Illustrate, by means of a vector diagram,
the resonant condition and state the value of impedance under these
conditions.

(b) A resistance of 500 Q is in series with two capacitors each of 2 uF
capacitance and an a.c. supply of E volts frequency f c/s. Determine the
value of f for the p.d. across the resistance to be E/+/2 volts.

1000/= ¢/s. LE.R.E., Nov. 1962,
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14. A coil of inductance 2 H and resistance 300 Q is connected in series
with a capacitor of 34 uF to an a.c. source of frequency 500/2~ c/s and
r.m.s. voltage 100 V. Draw a vector diagram and calculate (a) the supply
current, (b) the voltage across the capacitor, (c) the power dissipated and (d)
the phase difference between the supply current and voltage. What value of
capacitor need be added to the circuit to make the supply current a maximum
and how would you connect it?

02Arms; 120 Vim,.; 12 W; 53°10°; 5 4F in series.
1.E.R.E., May 1961

15. A coil of resistance 5 Q is tuned by a parallel capacitor of 100 pF
to resonate at 3-18 Mc/s.

Calculate: (a) the inductance of the coil, (b) the Q factor of the tuned
circuit, (c) the impedance of the tuned circuit at resonance, (d) the impedance
of the tuned circuit at a frequency of 10%{ above its resonant frequency.

If a 50 k2 resistor were now connected across the tuned circuit, find (e)
the new impedance at resonance, (f) the new Q factor of the circuit.

25 uH; 100; 50kQ; 2:6kQ; 25kQ; 50. LLE.R.E., Nov. 1960

16. A circuit consists of two branches. One is a coil of inductance L and
resistance r, and the other a capacitor C in series with a resistance R. The
circuit is connected across an a.c. source of voltage E and frequency f ¢/s.
Construct a vector diagram which shows clearly the relative phases of the
various current and voltage components., Given L =4 H, r =300Q,
C = 100/3 uF, R =400 Q, E = 100 Vr.;m,. and f = 100/2= c/s, calculate
(i) the voltage across the resistive component in each branch, and their
relative phase difference, (ii) the supply current and its phase relative to the
supply voltage. By reference to your vector diagram, state the conditions
necessary for this phase difference to be zero.

() 60 V, 80 V, 90°; (ii) 0-283 A; 8-1° Lagging. LER.E., May 1962

£,
. '—"—ks
% ELZ

e Ry

17.

Fi1G. 2.23
e =20V at w = 5x10° rad/s.
Ry, =1kQ; R, =100Q; L, =2mH; L, = SmH; C, = 800 pF.

L, and L, are coupled by a mutual inductance of M = 0-6 mH. Initially
the switch S is open,
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Find the value of C; needed to obtain the maximum primary current,
and the value of this current. C; is kept at this value, and the switch S is
now closed. Find the new primary current and the p.d. developed across R.

200 pF; 20 mA; 10-5mA, 315V, L.E.R.E., Nov. 1960.

18. A voltage step-up transformer of turns ratio 1:5 may be assumed
perfect. Across the secondary are connected in parallel a resistor of 500 kQ
and a capacitor of 1000 pF. Find the impedance which the primary will
present to an alternating potential at an angular frequency of 1000 rad/s.

In practice such a transformer cannot be assumed to be perfect. What are
the more important sources of loss in an audio frequency transformer, and
how do they affect the frequency response?

17-9kQ. L.LE.R.E., Nov. 1961

19. A transformer of turns ratio 1:5 has a primary inductance of 20 H.
A resistor of 1 MQ, shunted by a capacitance of 40 pF, is connected across
the secondary. Calculate the approximate impedance which the circuit
would present when measured between the primary terminals of the trans-
former at angular frequencies w of (a) 102 and (b) 106 rad/s. Find also the
frequency at which this input impedance is greatest, and the value of this
impedance at this frequency.

2kQ; 1kQ; 1-1 ke/s; 40kQ. LE.R.E., Nov. 1960

20. Find the values of the T-network which is equivalent to the =-network
shown in Fig. 2.24 below, where Z; = (10—j5); Z, = (8+/10) and
Zy = T—j5.

[

~
w

]

¢
.

FiG. 2.24

5-24j2-4; 1-8—j3-4; 4-244-j1-2. LE.R.E., May 1961

21. Derive the equation coshy = 1+2Z,/2Z, for a T-section, where y
is the propagation constant, Z; the total series arm impedance, and Z,
the shunt arm impedance.

Design from first principles a prototype low-pass filter section having a
design impedance 600  and a cut-off frequency of 1 kc/s.

L = 191 mH, C = 0-265 pF. LE.R.E., May 1956
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22. Explain what is meant by the propagation coefficient, p, of the network
shown in Fig. 2.25, and prove that cosh p = 14+22,/Z,. Hence show that if
Zy = jwL ohms, and Z, = —j/wC ohms, the network may be used as a
simple low-pass filter.

State the disadvantages of this simple filter, and outline briefly the design
of a composite filter, developed from this basic section, but which does not

have the stated disadvantages. LE.R.E., Nov. 1963
o— —1 .
L
2
. .
Fi6. 2.25

23. An m-derived low-pass filter has the structure shown in Fig. 2.26.
The design is based on a prototype section having a design impedance of
600 Q and a cut-off frequency of 3 kc/s. The frequency response of the
composite filter has attenuation peaks at frequencies of 3-4 kc/s and 3-9 kc/s.

! ' 1
I [ |
i ! |
0 t } o t o O
I i !
I ! ]
o o ; o : o o : o o
m2 | m, =1 } my boomyp
Fi1G. 2.26

Give a possible structure for each section and calculate the component
values. Explain the purpose of each section. L.LE.R.E., May 1961



CHAPTER 3

Electron Ballistics

WORKED EXAMPLES

Example 1

Two parallel plates are placed 4 cm apart in a vacuum, the
upper plate being at a potential of +40 V with respect to the
Iower plate. Determine (2) the impact velocity and (b) the transit
time between the plates, of an electron leaving the lower plate
with negligible velocity.

Solution

It is assumed in this solution that the initial vertical velocity
of the charged particle is negligibly small, and that the velocities
involved are small enough to ensure that relativistic variation of
mass may be neglected. The fizld between the plates is assumed
uniform, and fringing effects are ignored.

+ 40V

T Plate B

4om ~—Electrical feid
e
T Plate A

F1G. 3.1. Parallel plates spaced 4 cm apart in a vacuum.

(a) Impact velocity v. It was shown in Section 1.29, equation
(1.129), that if the above assumptions are valid,

p = A/(ZZ"B) (3.1)

113
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where v is the velocity (in metres per second) with which the
electron e of Fig. 3.1 strikes plate B.

V, is the p.d. between plate 4 and plate B in volts (see
Fig. 3.1);
e is the charge on an electron (1-602 x 10~ 12 C);
and m is the constant mass of the electron (9-106 x 10731 kg).

If given values are substituted into equation (3.1), we have

N/(2><4Ox 1-602x 10712
U =

9:106 x 10~ 31
= /(141 x10"2) m/s,

) m/s,

therefore v = 3-75% 10 m/s.

(b) Transit time t. As the electron is assumed to leave plate A4
of Fig. 3.1 with negligible vertical velocity u, equation (1.132)
may be used to determine the transit time;

at?
therefore, y=d= > (3.2)
where d is the distance between the plates in metres, a is the
acceleration of the electron in metres per second per second,
and ¢ is the transit time of the electron between the plates in
seconds.

By transposition, equation (3.2) becomes

2d
a

t = (3.3)

Now, from equation (1.131),

L _ V4 _ 176x1011 x40 e
= dm 0-04 /s

therefore a= 176 x10'* m/s2. 3.9
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Substituting the value for a from equation (3.4) into equation
(3.3) gives the time taken for the electron to travel from plate 4
to plate B.

2% 004
Theref t = —_
erefore J(1~76x 1014)

= 2:13 x 10~ 8 seconds.

Example 2
The Y-plates of a cathode-ray tube are 1-8 cm in length and
0-4 cm apart, the centre of the plates being 28 cm from the
screen. If the tube operates with a final anode voltage of 1500 V,
calculate
(a) the horizontal beam velocity;
(b) the transit time of an electron between the plates;
(c) the vertical velocity acquired when the p.d. between the
Y-plates is 30 V;
(d) the maximum value of p.d. between the Y-plates before
beam cut-off occurs.

Solution
Here again, it is assumed that a perfect vacuum exists, and that
the initial axial velocity of an electron e from the cathode is
negligibly small. It is further assumed that relativistic variation
of mass may be neglected along with fringing effects.
3

1-5ky

T

Y.
t=0-4cm ee

!

|
|

\ i L=28cm -
Final anode N r
Y-deflector plates Screen

Fi1G. 3.2. Deflection in an electrostatic C.R.T. Electron e moves
with constant velocity after leaving the influence of the final anode.
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(@) Horizontal beam velocity v;. The horizontal beam velocity
v; may be found by direct substitution in equation (1.129) thus,
v, = /(2% 1500x 1-76 x 10! m/s)
therefore v; = J(528x10'%) = 22:9% 10% m/s. (3.5)

(b) Transit time t. By reference to Fig. 3.2, it can be readily
seen that

Plate length / = axial velocity v; x transit time ¢
/

o (3.6)

whence, t =

Substituting / = 0-018 m, and v; = 22:9 x 10 m/s, into equation
(3.6) gives the transit time as

0-018 — 10
P = %108 = 7-86 x 10~ seconds. (3.7

(¢) Vertical velocity v,, Under the assumptions, normal pro-
jectile theory applies, hence,

v, = u+at
and, as the initial vertical velocity u is assumed zero,
v, = at 3.89)

where v, is the final vertical velocity achieved by the electron
as it leaves the deflector plates. g and ¢ are as previously defined.
Now, from equation (1.131),
4o eVy 30x1-76x 101! mjs?

dm 0-004 ’
therefore a = 1:32x10° m/s?, (3.9)
v, can be determined by substituting ¢ from (3.7) and a from
(3.9) into equation (3.8) thus,

v, = 1:32x10*3x 7-86 x 10~ 1% m/s,

therefore v, = 1-04x 10® m/s.



ELECTRON BALLISTICS 117

(d) Beam cut-off voltage. Beam cut-off occurs when the slope
of the electron path when leaving the influence of the uniform
electric field is greater than d//, where d is the plate spacing and /
is the plate length (see Fig. 3.2).

If the final anode voltage is fixed at +1500 V with respect
to cathode, the horizontal velocity and transit time are unaltered.
For beam cut-off, the vertical acceleration a of the electron must
be increased if a vertical displacement of at least half the plate
spacing is to be achieved in a time of 7-86x 107 1° seconds.
From equation (1.131) a = e¥,/md, hence it can be seen that the
p.d. between the plates (V,) must be increased if the required
acceleration is to be obtained. As before,

_at
Y=7

_a v

md 2

and if ¥V, is made the subject of this equation, we have

_ 2myd

V, peRt (3.10)
However, for beam cut-off y = d/2,
md?

therefore, Vy= bt (3.11)

Substituting known values into equation (3.11) gives

_ 0-004 x 0-004
T 176 x 1011 x 7-86% x 10~ 2°

Va

16x 103
109 ’

=

therefore V,=147V.
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Example 3

In a cathode-ray tube, a beam of electrons is projected through
a transverse magnetic field of density 0-65 mWb/m?, extending
6 cm in the direction of the beam. What is the accelerating voltage
V, if the beam is deflected through 15°?

Solution

When a charged particle is moving in, and perpendicular
to, a uniform magnetic field, a force F is exerted on the particle
which is at right angles to both the direction of motion and the
direction of field (see Fig. 3.3). The magnitude of this force is

F = Bvg newtons (3.12)

where B is the uniform flux density in Wb/m?, v is the speed of
the charged particle in metres per second, at right angles to the
field, and g is the charge in coulombs. (If the particle is an electron
the charge is e coulombs.)

The charged particle describes a circular path, radius r, with a
constant speed v, and experiences a centrifrugal force of

2
= -’% newtons. (3.13)

Hence, equations (3.12) and (3.13) must be equal,

therefore - = Byg

and r= % metres. .19

The total deflection achieved by an electron travelling through a
transverse magnetic field of uniform flux density 0-65 mWb/m?
and length 0-06 m depends upon the velocity with which the
electron enters the field. Equation (1.129) shows that this velocity
depends upon the accelerating voltage V.
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It can be seen from Fig. 3.3 that

sin§ = -, (3.15)

~ e

Vi la—{=6om Uniform magnetic field
+ + + +.— Flux density 0-65 mWh/m?

F1G. 3.3. Electron ¢ is accelerated to a velocity v metres per second
by Vy volts before being deflected through 15° by the uniform
magnetic field.
Transposing equation (3.15) in terms of r, and substituting
known values gives,

0-06
= = 0232 m. .1

"7 sin 15 " (3.16)
From equation (3.14)
rBe
U= —
m

= 0232x0:65x 1073 x 1-76 x 10* ' m/s
whence v = 2:66x 107" m/s. (3.17)

v is numerically equal to the final velocity v; achieved by an
electron which leaves the cathode of an electro-magnetic c.r.t.
with negligible axial velocity, hence the accelerating voltage V',
may be found using equation (1.129). From this equation,

- )



120 WORKED EXAMPLES IN BASIC ELECTRONICS
Transposing in terms of V gives

vm

2e

_ 2:66 x 2:66 x 1014
© 2x176x 10!

vV, = (3.18)

= 2010 V.

Example 4

Two parallel plates 6 cm long and 2 cm apart have a potential
difference of 300 V. An electron projected between them is
deflected 5-37 mm while passing between the plates. A magnetic
field of 0-5mWb/m?, applied simultaneously perpendicular
to the electric field, results in zero deflection. Without using
values for electronic constants, find

(a) the velocity with which the electron enters the field,

(b) the ratio, charge on an electron : mass of an electron.

Solution
“Electron path(E)
+300V due to electrostatic
field aione
2CM e —m e Y U,
ey P B
* i AB= 5:37mm
BP= 3.0cm

..||_

Fi1G. 3.4. Deflection of an electron due to an electrostatic field.

(@) Velocity (v). Figure 3.4 shows the path of an electron
between parallel plates when a p.d. of 300V exists between
them. The vertical force on such an electron is F = eV,/d
newtons.

Figure 3.5 shows the path which would be taken by an
electron moving in a purely magnetic field, assuming the same
incident velocity v; and the same overall deflection as in Fig. 3.4.
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The vertical force on an electron, of horizontal incident velocity
v;, is given by equation (3.12) as F = Bev; newtons.

In this problem, the fields of Fig. 3.4 and Fig. 3.5 are applied
together as illustrated in Fig. 3.6. The resultant deflection of an

Magnetic field

Length 6:0cm

+ o+ o+
P 8

A T Electron path (H)
R Ly to the magnetic
field alone

BC= 5:37mm
BP= 30cm

r 0C=r
! e
|

Electron path due
1o combined fields

Path H

Fic. 3.6. Electron passes undeviated through the combined electro-
magnetic field.

electron passing through the electromagnetic field is to be zero.
This end will be realized if the upwards force due to the electro-
static field is exactly counter-balanced by the downwards force
due to the magnetic field.
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v,
d
whence, v, = V,/Bd. (3.19)

Hence, = eBv,;

This means that the incident velocity of the electron into the
electromagnetic field, may be determined without knowing
the values of the electronic constants e and m. Thus, from
equation (3.19),

300

U= 5% 10~ %002 S

= 3x107 m/s. (3.20)

(b) To find the ratio eJm. Reference to Fig. 3.6 shows that the
deflection due to the magnetic field only is 0-00537 m if the
electron is to be undeflected when passing through the electro-
magnetic field.

It is assumed here that the axial path is short, so that when the
path of the electron is projected backwards it passes through
point P at the centre of the magnetic field. The straight line
PCS is coincident with the circumference of the circle, radius r,
at point C, therefore / PCO is a right angle, and from geometry
of the figure, / COR = /8.

BC 000537
0 = —— = —— .
Now, tan 3P 003 0-179
hence, /6 = 10-15°,

From equation (3.15) we have,

0-06

= m; = 0-34 m. (3.21)
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But equation (3.14) gives the circle radius as

, o
" Be
— = —, 3.22
or m Br ( )

e/m is found by substituting v; from (3.20) and r from (3.21)
into (3.22) thus,

e 3% 107
. 2 Ck
;= 05x10-3x034 /<8

= 176 x 101 C/kg.

PROBLEMS WITH ANSWERS

1. What do you understand by the terms (a) space charge limited and (b)
temperature limited operation of a diode? Give one application of each
mode of operation.

The p.d. between the cathode and the anode of a diode is 20 V, and the
anode current flowing is 2 mA. Find the number of electrons flowing across
the valve in 1 sec and also the velocity with which they arrive at the anode.

Assume the mass of an electron is 9x 10~3'kg, and the charge on an
electronis 1-6 x 10~ 1° C,

1-25x106; 2-66 x 105 m/s. LE.R.E., Nov. 1961

2. Two parallel plates are situated 4 cm apart in a vacuum, and the poten-
tial difference between them is 200 V.

Calculate the force on an electron situated between the plates. Find also
the time taken for an electron leaving the negative plate with zero velocity
to reach the positive one, and the velocity with which it arrives. Assume
that the charge on an electron is 1:6x 10719 C, and its mass 9x 10~31 kg,

8x1015N; 9-5x10-%5s; 84x10%m/s. LE.R.E., Nov. 1962

3. The anode and cathode of a diode may be regarded as parallel plates
4 mm apart, the p.d. between them is 20 V, and the current flowing is 10 mA.

If the charge on an electron is 1:6 x 10~ *° C, and its mass is 9 x 10731 kg,
find

(a) the number of electrons arriving at the anode per second;

(b) the velocity with which they arrive;

(c) the force acting on an electron between cathode and anode;

(d) the transit time from cathode to anode.
State any assumptions you make.

6x10'6; 2:67x10°m/s; 8x 10716 N; 3x 10~ %,
LE.R.E., May 1963
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4. The deflecting plates of a cathode-ray tube are 2 cm long and 0-5cm
apart. The final anode voltage is 2000 V. Calculate
(a) the time taken for the electron to pass the plates;
(b) the angular deflection of the beam if a p.d. of 150 V is applied between
the deflecting plates;
(c) the value of the deflecting voltage to give maximum beam deflection.

e=16x10"1°C
m=911x10"13kg
7-55x10~1%s; 8-55°; 250 V. H.N.C.

5. A cathode-ray tube has parallel deflecting plates 6 cm long and 2 cm
apart. The screen is 20 cm from the centre of the deflecting plates. The p.d.
between the final anode and cathode is 1-5 kV.

Calculate the length of the line which would be traced on the screen if a
sinusoidal alternating voltage of 50 V is applied across the deflector plates.

Derive any formulae used.

2-83 cm. H.N.C.

6. In a cathode-ray tube a beam of electrons is accelerated through a
potential difference V; before passing between a pair of parallel deflecting
plates. The distance between the plates is .S, and the effective axial length
of the plates is /. The centre of the deflecting plates is distance L from the
screen. Derive an expression for the deflection of the spot from its mid-
position on the screen when a p.d. of Vs is maintained between the plates.

If/l=3cm, §=05cm, L =20cm, ¥V; = 3kV, calculate

(a) the transit time for an electron between the deflecting plates;

(b) the maximum value of V. before beam cut-off occurs. e/m = 1-76

x 101! C/kg.

092x10-%s; 167 V. H.N.C.

7. An electron of charge ¢ coulombs and mass m kilograms is projected
with uniform velocity v metres per second into a region in which there is a
uniform magnetic field of flux density B webers per square metre acting at
right angles to the motion of the electron. Show that the electron will describe
an arc of a circle, and derive an expression for the radius of this circle.
Describe one practical application of this motion of a charged particle in a
magnetic field.

r = mv/Bg. LE.R.E., Nov. 1963

8. The anode potential of a cathode-ray tube is 14-4 kV and the effective
length of the scanning coils is 5 cm. What magnetic field strength is required
to deflect the beam 17-5°? Derive all formulae used. (e/m = 1-8 x 101 1C/kg).

2-4x10-% Wb/m?, LE.R.E., Nov. 1956
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9. An electron beam, moving with velocity v in a cathode-ray tube, may be
deflected by either an electric or a magnetic field.

Show that the path of an electron beam in a uniform electric field is para-
bolic, whilst the path of the beam in a uniform magnetic field is circular.
Fringing effects may be ignored.

Calculate the radius of curvature for an electron beam moving with a
velocity of 20 x 10® m/s on entering a uniform magnetic field of flux density
0-2x 1073 Wb/m2,

e/m = 1-77x 101t C/kg; r = 0-565 m. H.N.C.

10. An electron of mass m and charge e is projected with a velocity v
in the X direction at right angles to a uniform electric field of intensity E
directed in the Y direction. Taking the origin of coordinates at the point
where the electron enters the field, find the equation of motion of the particle,
and show how to find its velocity at any point on the path.

A cathode-ray tube has a final anode voltage of 1000 V, and the distance
from the centre of the Y deflector plates to the screen is 0-25 m. If the de-
flector plates are parallel, 0-04m long, and 0-006m apart, calculate

(a) the deflection sensitivity of the tube;

(b) the maximum usable height of the screen.

(e/m for an electron is 1-76 x 10** C/kg.)

0-833 mm/V; 3-75 cm. LE.R.E., Nov. 1956



CHAPTER 4

Valve and Transistor Characteristics

WORKED EXAMPLES

Example 1
The characteristics of a certain triode are given by the

expression
I, = 0-00384(V ,+42:5 V)*? mA. 4.1)

Determine the values of the valve parameters r,, p and g,,
for the condition V, = 300V, V; = —4 V.

Solution

Anode Slope Resistance r, Transposing equation (4.1) in
terms of V, gives

L1, 2
Va= [0-00384x 10-3} —43 7o “2

r, may be found by partial differentiation of equation (4.2) thus,

v, 106
Pp= — = Q.
oL, 576 {(V4+42:5 V)

4.3)

When V, =300V, and V; = —4V,

10°
r, = Q
5-76 \/{(300—170)}

15-2kQ.

I

126
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Amplification Factor p. This may be found by partial dif-
ferentiation of equation (4.2).

Whence, = —2 = —42-5,
k=,

Mutual Conductance g,. This may be found by partial dif-
ferentiation of equation (4.1).
Whence,
81-4 3 -6
En =Gy = 2 x3-84x 1078V, +42:5 V5)¥ x42:5 AJV (4.4)
G
when V,=300V and Vg= —4V,
gm = 576x107¢x42:5,/130 A/V

= 28 mA/V.

Example 2

TABLE 1

IA in mA

Ve iVA: 150V V.=200V VAZZSOV‘VA:3OOV

0 | 18 26 | 34 i 43
-1V 8 ‘ 15 22 ; 32
-2V | 2 ; 6 ; 12 - 20

0 i 2 : s } 1

~3V |
: | ] |

Table | shows the static characteristics of a small triode. Draw
the I,/V, characteristics and the I,/V; characteristics. The
anode is connected through a 10 kQ resistor to a +350 V supply.
(a) Find the anode current when the grid is 1-5V negative
with respect to cathode.
(b) If the bias is obtained by a 150 Q cathode resistor find the
current through the valve and the p.d. across it when the
grid is connected directly to the negative side of the H.T.
supply.
E‘
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I, mh

50

d.c. 1oad line

0

A

30

7 V=190

2% Vg= 20V
I, b S

L

Ve=-30V

10 5=

1 | | 41 ]
-3 -2 -1 0 0 100 200 vy, 300 B 400
Vg, volts Yy, veits
@ ®)

FIG. 4.1(a). Static Mutual Characteristics of a small triode plotted
from the readings given in Table 1.

F1G. 4.1(b). Static Anode Characteristics of a small triode plotted

from the readings given in Table 1.

The intersection of the

Ve = —1-5V characteristic and the 10 kQ d.c. load line gives the
operating point P;.

Ry

Input

Fic. 4.2. Basic triode amplifier with resistive anode load and
earthed cathode.
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Solution

The I,/V; characteristics are shown in Fig. 4.1(a) and the
1,/V , characteristics in Fig. 4.1(b).

(a) Applying Kirchhoff’s Second Law around the I, loop of
Fig. 4.2 (under d.c. conditions),

Var. = LR +V,. 4.5)

Assume that ¥, can have a value of 0 V. Under these conditions,
from equation (4.1),

IA=——'—-==—X——=35mA. (4.6)

Now, let the valve be assumed cut-off. Under these conditions,
from equation (4.5) with 7, = 0 mA,

VA = VH.T. = 350 V- (4.7)

Points 4 and B of Fig. 4.1(b) are given by equation (4.6) and
equation (4.7), respectively, and the straight line joining points
A and B is called the d.c. load line. This load line shows how
anode voltage varies with anode current when a 10 kQ resistor
is used as an anode load (see Fig. 4.2). Various steady values
of anode current may be achieved by applying discrete values of
negative voltage between grid and cathode of the triode. Hence,
in order to determine the anode current when the grid is —1-5V
with respect to cathode, it is merely necessary to note the point
of intersection of the —1-5V characteristic with the 10 kQ d.c.
load line (P; of Fig. 4.1(b)), and then to read off the corre-
sponding value of anode current from the vertical scale.

In this case, the —1-5V characteristic is obtained by inter-
polation (shown by the dotted line in Fig. 4.1(b)). The steady
value of anode current I, in the absence of an alternating
input to the valve, is given by I,; = 12-5 mA. The anode voltage
V4, associated with this value of anode current is ¥, ~ 223 V.
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Note

1. The d.c. load line of Fig. 4.1(b) may be used to obtain
the voltage gain to the anode of the triode of Fig. 4.2 when
a low-frequency alternating input is applied between grid and
cathode of the valve. For instance, assuming a working point
of P, in Fig. 4.1(b), and a low-frequency sinusoidal voltage of
1 V peak to peak to be applied to the grid of V,, a peak to peak
variation in anode voltage of approximately 40 V is produced.
Hence, the voltage gain of the circuit of Fig. 4.2 is 40.

2. If the output from V, of Fig. 4.2 is coupled to a following
stage, the coupling components modify the effective anode load
of V, when a.c. is applied. If the load is purely resistive at the
frequency of the input signal, an a.c. load line must be drawn on
the valve characteristics. Under the conditions stipulated, i.e.
fixed frequency and resistive load, the a.c. load line is a straight
line passing through the d.c. working point and having a slope
given by

1
a.c. load resistance’

Slope of a.c. load line = —

An example of a.c. load line construction is given in Example
4 of Chapter 5.

(b) Applying Kirchhoff’s Second Law around the I, loop of
Fig. 4.3 (again considering d.c. operation only) gives

Varx. = I;R +V+ 1Ry
hence, VH.T. = IA(RL+RK) + VA' (4.8)
Equation (4.8) may be used to plot a d.c. load line for the modified

circuit of Fig. 4.3. Points 4 and B are obtained as in part (a)
of the solution, but this time,

VH.T.
R+ Rg

when V,=0, I, = = 34-5mA

and point 4 is defined by
Vy=0, I,=345mA.
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Iy

F1G. 4.3, Basic triode amplifier with resistive anode and cathode
bias resistor.

50 -

Modified d.c. load line

1
(RL +RK)

Vox =0

40 L slope -

VGK =1y

Vo =2
20 VGK =3V

Grid bias line

I
| 1
0 100 200 Va2 300 400

Vy o volts

FiG. 4.4. Static Anode Characteristics from Table 1 showing the

modified d.c. load line of the circuit of Fig. 4.3 and the grid bias

line. The intersection of the modified load line and the grid
bias line gives the new operating point P,.
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When I, = 0, equation (4.8) gives
Vy=Vyr.=350V

as before, and point B is defined by
Vy=350V, I, =0mA.

The straight line joining points 4 and B in Fig. 4.4 is the modified
d.c. load line, and has a slope of —1/(R,.+ Rg). If Rg is much
smaller than R, the slope of the modified d.c. load line is almost
the same as that of the original load line of Fig. 4.1(b).

Grid Bias Line

Referring to Fig. 4.3, it may be seen that, as the grid is at earth
potential, the bias voltage is provided by the effect of the anode
current passing through Ry, hence, the effective negative grid
bias ¥ is given by

VGK = IARK' (4.9)

In this case, the grid bias line is plotted by assuming values of
grid bias corresponding to the tabulated values of grid voltage,
namely, Vg =0V, 1V, 2V, 3V. As Ry =150 Q, Table 2
may be constructed using equation (4.9) and the indicated results
used to plot the grid bias line as shown in Fig. 4.4

The intersection of the grid bias line and the modified d.c.
load line gives the new operating point P,.

TABLE 2
i
I in mA 1 0 1 667 | 1333 | 200
Vex in volts 0 ‘ 1 2 3

From Fig. 4.4, the new operating point can be seen to be
VAZ = 230 V, IAZ = 11'5 mA.

Substituting the above value of anode current and Ry = 150 Q
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into equation (4.9) gives the grid bias voltage under d.c. con-
ditions.

Hence,
Vekz = 11:5x 1073 x0-15x 10% = 1-725 V (negative).

Example 3

Show that the collector current I. for a tramsistor in the
common-emitter configuration is given by

- a 1
Ig+—Ico,

—a l—a

I =
cT

where a is the common-base current amplification factor, Iy
is the base current, and I, is the collector-base reverse leakage
current. Comment on the significance of the term I.o/(1 —a).

Solution

When suitable d.c. supply voltages are applied to a p-n—p
common-base transistor as shown in Fig. 4.5, the resulting
current distribution is such that I = I+ 1.

P N P

I I

15

SR TR G —

le Vcn

FiG. 4.5. Block diagram of a p-n—p transistor connected in the
common-base configuration showing biasing arrangement and
current distribution.

The emitter current which flows across the forward biased
emitter-base junction is in the form of holes. These holes enter
the relatively thin base region and find a favourable potential
gradient in existence across the reverse biased base-collector
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junction. A large proportion (a) of holes entering the base
region drifts into the collector, and one might expect the collector
current to have a value given by I = alz. However, this is not
the case, since, in addition to the holes which enter the collector
from the emitter, a small amount of additional current (leakage
current I-,) flowsin the collector due to surface leakage and
thermally generated minority holes. The expression for collector
current becomes

IC = u’1E+1CO' (4.10)

Fi1G. 4.6. Block diagram of a p—n-p transistor connected in the
common-emitter configuration showing biasing arrangement and
current distribution.

Not all of the holes which enter the base region from the
emitter find their way into the collector circuit—some are
neutralized in the base by electrons from the external supply.
Base current is made up of this portion of emitter current
(Ig—alp) minus the leakage current component. An expression
for base current would be

IB = IE(I—G)—IC‘). (4.11)

If the transistor illustrated in Fig. 4.5 is now arranged in the
common-emitter configuration with the same relative voltages
applied to the transistor junctions, there will be no change in
current distribution (see Fig. 4.6).
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Now, transposing equation (4.10) in terms of I, gives

I.—1I
Iy =52 —-%2 4.12)
o
and substituting I; from equation (4.12) into equation (4.11)
produces

I-—1
Iy = £ aco(l"'“) Ico

]

1
[Ic(l“a)—lco]x 'O'L

a 1
Ig+— Icp. (4.13)
l—a 1—a

whence Ic =

When I; of equation (4.13) is zero,

Ie = Iy = 22, 4.14)
l—a
Equation (4.14) gives the leakage current of the transistor when
it is connected in the common-emitter configuration. This
leakage current is given the symbol I5,. When a-—the common-
base current amplification factor—is, say, 0-98, I}, is found
from equation (4.14) to be

, 1
ICO = 1—(:0(-)98 = 50 ICO‘

This means that a transistor with a leakage current in common-
base of 5pA, would have a corresponding leakage current in
common-emitter of 250 pA. This high value of 15, may lead to an
effect known as thermal runaway.

Example 4

Table 3 gives the collector current in a p—n—p transistor for the
different values of collector-emitter voltage and of base current.
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Plot the output characteristics of the transistor when it is con-
nected in the common-emitter configuration. The quiescent
base current is 80 pA when the collector voltage is 4 V.

If the input signal to the base has a peak value of 60 A and
the collector load resistance is 1000 Q, determine,

(a) the power dissipated at the collector under static conditions;

(b) the a.c. power output and current gain for the dynamic

condition,
TaBLE 3
Vce
(volts) {20 40 60 80 100 120 140 I» (nA)
-1 09 18 2-8 3-8 4-8 58 6-8
-2 1-0 20 30 40 50 6-0 7-1
—4 -1 22 33 43 54 65 77 Ic (mA)
-6 1:25 2-5 36 4-6 5-8 7-0 83
-8 1-4 28 39 5-0 62 75 89
Solution

The output characteristics for the transistor under consideration
are shown plotted in Fig. 4.7.

Point @ of Fig. 4.7 is the operating point given in the problem,
and is defined by Vi = —4V, I, = 80 nA.

After marking in point Q, it is necessary to obtain the d.c.
load line. The collector load is purely resistive, thus the d.c.
load line will be a straight line having a slope of —1/R; (I mA/V)
drawn through the operating point Q.

(a) Power dissipated at the collector under static conditions.

Collector dissipation (P.) = Steady collector current (/)
x Steady collector voltage (Vcg).

when Veg = —4V, I.=43mA.
Therefore
P.=4x43%x10"% =00172W or 172mW.
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(b) (i) Current gain for the dynamic condition

Change in collector current (Al)
Change in input current (Alg)

Current gain =

From Fig. 4.7, the maximum change in collector current (AI)
due to a change in input current (Alg) of 120 pA (peak to peak
value of sinusoidal input current) is seen to be 5-56 mA.

Collector current, mA

10~
St Iy=140,A
8 d.c. load line
slope—1/Ry.
1= ____""/) IB=]20(J.A
6 ~—I 1g=100 4

T
1 [ I e I 1 ™ |
0 1 ) 3 4 5 £ 3 3

Collector voltage (Vgeh voits

Fic. 4.7. Output characteristics of a common-emitter transistor
obtained from the readings given in Table 3 showing the 1 kQ
load line and the operating point Q.

Therefore,

and

(b) (ii) 4.C. power output for the dynamic condition
a.c. power output (P, . ) = r.m.s. output voltage (V)

X r.m.s. output current (1)
Al 556x1073

T2 27 22

A

1,
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AV, 5-56
also V,=—Z£ =",
2 \/ 2 2 \/ 2
AI-x AV,
Hence, P,. =1LV, = < 3 22
5-56 x 1073 x 5-56
= w
8
= 386x107°W or 3-86mW.
Example 5
TaBLE 4
Is = 100 pA
IcinmA 1-0 ! 1-05 I-1 1-15 1-2
Vcin volts 0 —10 20 -30 —40
Ip = 200 uA
Icin mA 3-0 3-05 3-15 3-25 3-35
Ve in volts 0 -10 -20 —-30 —40
15 = 300 A
IcinmA 4-65 4-8 495 51 5-25
V¢ in volts 0 —10 —20 -30 —40

Using the figures given in Table 4, plot the output characteris-
tics of a common-emitter transistor. If the operating point is
defined by Iy = 200 pA, Vg = —20V, determine the voltage
gain, current gain and power gain of the stage when a sinusoidal
input voltage of r.m.s. value 0-212 V is applied to the transistor
across an input resistance of 3 kQ. The collector load resistance

is 10 kQ.
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Solution

The alternating input voltage is applied across the input
circuit of the transistor as shown in Fig. 4.8.

Iy

Base Effective input
0212V, & resistance
=3kQ

y
Bt Emitter

Fi1G. 4.8

d.c. load line
slope—1/R,

5:_///

Collector current, mA

0 -10 -20 -30 -40
Collector voltage, valts

Fic. 4.9. Output characteristics of a common-emitter transistor
plotted from the readings given in Table 4 showing the 10 kQ
load line and the operating point Q.

The peak to peak variation of input voltage (A¥;,) about

the bias voltage is clearly 2 /2 x 0-212 V or 0-6 V. Thus the change
in input current (Aly) due to this 0-6 V input variation must be

06
S = 200 pA.

Al = ———
Ty 3x10
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The resulting changes in collector current and collector voltage
are Al and AV o respectively (see Fig. 4.9).

(a) Voltage gain

: VCE
1 = .
Voltage gain AV,
NOW AVin = 0'6 V
and AVeg = 35V (from Fig. 4.9).
) 35
Hence, voltage gain = 06 = 58-4. 4.15)
(b) Current gain
Current gain = A—IC
VA
Now, Al = 200 A
and Al = 3-5mA (from Fig. 4.9).
. 35%x1073
Hence, current gain = 200%10-5 = 17-5. 4.16)

(¢) Power gain. Power gain is obtained by multiplying voltage
gain from expression (4.15) by current gain from expression
(4.16).

Thus, power gain = 58-4 x 17-5

= 1020.

PROBLEMS WITH ANSWERS

1. If the characteristic curves of a certain triode are given by the expression
I, = 00125 (V.+21V5)3/2 mA, determine the valve parameters for the
condition V4 = 100V, Ve = =2V,

—21, 7kQ, 3mA/V.



VALVE AND TRANSISTOR CHARACTERISTICS 141
2. Plot the 14/Vs curves for the triode whose characteristics are given in
Table 5, and from these obtain values for

(a) the anode slope resistance of the valve,
(b) its amplification factor,
and (c) its mutal conductance.
Assume that the anode voltage is 100 V, and the grid bias voltage is —1 V.

16:7kQ; 52-6; 3-15mA/V.

TABLE 5
Vai=150V
Ve (volts) -05 | ~-10 | —-15 -20 | =25
I, (mA) 8-4 6-7 5-1 3-4 1-8
V=100V '
Ve (volts) 0 05| —-10 1| ~1-5 | =20 | -25
I« (mA) 69 53 3.7 2:3 11 0

3. Plot the anode current-anode voltage curves for the triode whose
characteristics are shown in Table 6. The H.T. supply to the valve is 250 V
and the anode load resistance 12:5 k. Determine (a) the quiescent values
of anode voltage and current for a steady bias voltage of —3 V, and (b) the
gain to the anode of this valve when a sine-wave voltage of amplitude 1V
is superimposed on the assumed bias level.

132V, 93 mA; 11-5.

TABLE 6

Ve =0

V.4 (volts) 0 25 50 75 100 125

L (mA) 0 10 1 34 78 | 118 | 168
Vo = -2V

V4 (volts) 50 75 100 125 150

14 (MmA) 02 2-4 60 10-8 15-6
Vo = —4V

V4 (volts) 75 100 125 150 175 200

L4 (mA) 0 1-4 4-7 S-2 13-6 182
Ve = -6V

V4 (volts) 125 150 175 200 225

14 (MmA) 0-6 32 7-5 11-5 16:0




142 WORKED EXAMPLES IN BASIC ELECTRONICS

4. Plot the 1,/V 4 curves of the triode whose characteristics are shown in
Table 7. Determine the voltage gain of the valve to its anode when a 25 kQ
resistor is connected between anode and the 300V H.T. line. Assume a
standing bias of —3 V and a sine wave input of 3 V amplitude. What is the
a.c. power output of the stage if the amplitude distortion introduced by the
triode can be ignored?

25; 112-5mW.

TABLE 7

Ve =0

V4 (volts) S0 100 150 200

14 (mA) 25 59 93 13
VG = —3 V

V4 (volts) 150 200 250 300

14 (mA) 09 4-2 77 11-2
VG = —'6 V !

V4 (volts) 250 300 350 ;400

14 (mA) 0 2:7 60 = 96

i

5. Table 1 shows the static characteristics of a small triode. Draw the
I4/V 4 characteristics and the 1./¥¢ characteristics. The anode is connected
through an 8 kQ resistor to a + 350 V supply.

(a) Find the anode current when the grid is 0-5 V negative to cathode.

(b) If the bias is obtained by a 120 Q cathode resistor, find the current
through the valve, and the p.d. across it when the grid is connected
directly to the negative side of the H.T. supply.

19mA; 14mA, 240V. LE.R.E., May 1562

6. A valve has the parameters of rs = 6 kQ and gm = 5 mA/V. Draw
accurately the anode voltage-anode current characteristics (assuming them
to be linear over the relevant regions) for anode voltages of up to 400 V and
for grid voltages of 0, —2V, -4V, —6Vand -8V,

Such an valve has a 15 kQ resistor connected between its anode and the
H.T. supply of +320V,

(a) Determine the operating point if the grid is maintained at —5-5V
with respect to the cathode.

(b) A 200 Q resistor is connected between the cathode of the valve and
negative rail, and the grid is connected directly to the negative rail.
Find the new operating point.

7-5mA, 210V; 12 mA, 145 V. LE.R.E., Nov. 1963
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7. A triode has characteristic curves which may be assumed linear, and
described by g, = 4 mA/V and r, = 5 kQ. Draw its anode characteristic
for anode voltages up to 300 V and for grid voltages of 0, —3, —6, —9 and
~12V. A resistor of 7-5 kQ is connected between its anode and the positive
of a 300 V d.c. supply, the cathode of the valve being taken to the negative
of this supply. The grid has a negative bias of 6 V, in series with which is
injected a sinusoidal input of 6 V peak value. Accurately plot the anode
voltage and anode current waveforms over a complete cycle of the input
showing, wherever convenient, the actual numerical values.

120 V to 264 V, 24 to 5 mA. LE.R.E., May 1963

8. The equation

11600F
I:IO(exp T —1),

where T is the absolute temperature in degrees Kelvin, gives the current I
as a function of applied voltage E for an ideal junction diode. Discuss the
differences between the volt-ampere characteristic of an actual junction

diode and that predicted by the equation.
Explain the mechanisms of avalanche breakdown and Zener breakdown.
I.E.R.E., Nov. 1960

9. (a) Sketch a graph of the voltage~current characteristic of a p—n junction
diode and give an explanation of its main characteristics.

(b) Sketch the collector current—collector voltage characteristics for a
junction transistor in the common-base configuration and explain why the
collector current may be controlled by the emitter-base current. H.N.C.

10. Table 8 gives the collector current in a p—n—p transistor for the different
values of collector-emitter voltage and of base current.

TABLE 8
VCE
(volts) 0 01 02 03 04 I (mA)
—-05 0-1 37 76 118 14
~1-0 011 38 79 121 16
—-2-0 012 40 80 126 167 ¢ Ic(mA)
-40 1012 41 82 132 182
—-60 012 43 84 140 20

Draw the common- (or grounded) emitter characteristic of the transistor.
Its collector is connected via a 300 Q resistor to the supply of 6 V. Draw
the load line and determine the current gain of the stage.
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If it is to be used as a class-A amplifier, determine a suitable value of base
bias current, and find the potential difference between collector and emitter
when no input signal is present.

40; 0-2mA; —3:5V. I.LE.R.E., May 1964

11. Table 3 gives the collector current in a p—n—p transistor for different
values of collector-emitter voltage and of base current. Plot the output
characteristics of this transistor when it is connected in the common emitter
configuration. If the quiescent base current is 80 pA, and the H.T. supply
voltage —8 V, determine the steady values of collector current and collector
voltage when the collector load resistance is 1-2 kQ.

If the input signal to the base has a peak value of 20 pA, determine also

(a) the current gain for the dynamic condition,

(b) the a.c. power output.

42mA, —3V; 47-5; 426 uW.

12. Using the figures given in Table 4, plot the output characteristics of a
common-emitter transistor. If the H.T. supply voltage is —40V and the
quiescent base current 200 uA, determine the working point of the transistor
when a collector load resistance of 8 kQ is used. If the voltage gain of the
stage is 50, determine also

(a) power gain of the stage,

(b) the input resistance of the stage if the peak to peak input voltage
causes a change in base current of 200 pA.

915; 2:8kQ.

13. A p-n—p transistor is used as a grounded emitter amplifier. Its hg
(i.e. B) = 40, its output resistance is 10 k€, and the collector load is a resistor
of 2 kQ. Draw the collector current against collector voltage family, assuming
the characteristics to be linear over the relevant region. Show the load line,
determine a suitable operating point, and find the greatest amplitude of a
sinusoidally varying current which will be amplified without appreciable
distortion. What is the current gain of the stage?

Ip = 63 }I-A, Ic =28 mA,
Ve=43V; 45pArms.; 34. LE.R.E., May 1963

14. The stability factor S of a transistor is defined as

_dlc
~ dlco’

Show that if the emitter-base voltage drop is small compared with the voltage
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drop across Ry, the stability factor of the circuit of Fig. 4.10 is given by

1 1
1+R1(E+E)

S = .
Con (LoD
et RA\R TR,

Fic. 4.10

If in this circuit Vu.r.= 12V, R; = 1kQ, « =098 and the operating
conditions are to be such that Jc = — I mA and Vcr = 5V, calculate values
of R,, R; and R4 so that § = 5.

R; =4-85kQ; R; = 526kQ; Ry = 6kQ. LE.R.E., May 1964



CHAPTER 5§

Low-frequency Amplification

WORKED EXAMPLES

Example 1

A triode valve has parameters r, = 20 kQ, and g,, = 2-4 mA/V.
What value of anode load resistance R; will produce a voltage
gain of —25?

e+ HT.

)

Fi1G. 5.1(a). Basic circuit.
Fi1G. 5.1(b). Constant voltage equivalent circuit.

Solution
From the equivalent circuit of Fig. 5.1(b)
V.
[ = ———in
I, + RL
vV Ry
h > Vo = IaR = —
ence L 4R,
Vo "LRL
d = = emm—— 5.1
an " Vin Iy + RL ( )

146
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The minus sign signifies that 180° phase shift takes place between
grid and anode of the valve.

Now, apart from R;, the amplification factor u is the only
unknown in equation (5.1). This can be found using the relation-
ship p = Emla
Hence, p=24x10"3x20x10% = 48,

Substituting given values into equation (5.1) and transposing
gives
~25(20x 10*+R;) = —48R,

and 500 x 10% = 23R,
hence R, = 2]-74 kQ.
Example 2

Determine the stage gain and phase shift for the triode
amplifier shown in Fig. 5.2 at frequencies of (a) 31-4 ¢fs, (b)
300 c/s and (c) 242 kc/s. The valve parameters are r, = 10 kQ,
p =25 and g, = 2-5mA/V. What is the bandwidth of the
stage? The effect of the biasing components on the a.c. working
of the stage may be ignored at all frequencies.

Solution

(a) The low-frequency constant voltage equivalent circuit
is shown in Fig. 5.3; however, the calculations involved may be
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simplified by applying Thévenin’s theorem across AB (sce
Chapter 2). The new, simplified, equivalent circuit is shown in
Fig. 5.4.

1 1
Now, Xy = = Q
7wl 27rx314x001x107°
108
= — = 507kQ
197
hence, —jXey = —j507 kQ.
: .. 0'? ;HF ’ -
A
10kQ2 b
. Bk 05MQ Yo
-2V,
s * -
Fic. 5.3. Low-frequency constant voltage equivalent of Fig. 5.2.
et

RN

05Mo VYo

—e

FiG. 5.4

In the following calculation, the unit of current is the milli-
ampere, and the unit of resistance is the kilohm. It follows,
therefore, that the unit of V, is the volt. Referring to Fig. 5.4
we have

59.% 500
V,=1IR, = ——————V,
° E 507—j507 "
vV, 164
d == — 2
an m V. =i (5.2)

= 82(~1—j) (5.3)
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From equation (5.2) it can be seen that

16:4 16:4
EINEES T i/ R

and from equation (5.3), the phase angle 8 is given by

Yo
Vi n

6 = tan™! :—i = 225°
(b) At 300 c/s, the capacitor C; of Fig. 5.4 has a reactance
given by
j . 108

— = —_—— = — Q
HXes wC 7 22x300

10°
—j—— = —j53-0kQ.
6

Hence, it can be seen that the reactive element in the circuit of
Fig. 5.4, at this frequency, is very much smaller than the total
series resistance and may be neglected. This assumes that the
shunting effect of the 100 pF capacitance C, on the 500 kQ
resistor at 300 c/s is negligibly small. Thus, the imaginary term
in the denominator of equation (5.2) is negligible compared with
the real term, and the stage gain m has a maximum value of
—16-4. The minus sign shows that the alternating component of
output voltage is 180° out of phase with the grid-cathode voltage.

(¢) The high frequency constant voltage equivalent circuit
is shown in Fig. 5.5(a), and a slightly simplified version appears
in Fig. 5.5(b). The reactance of the coupling capacitor C; may be
ignored at 242 kc/s, but the shunting effect of the 100 pF capacitor
C, on the 500 kQ resistor is extremely important. The calcula-
tions involved in this part of the solution may be made easier, if
the equivalent circuit of Fig. 5.5(b) is further modified by applying
Thévenin’s theorem across CD (see Fig, 5.6).
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1 1
Now, X, = = Q
27 wC, 27x242x103x102x 10712
107
= — = 6-57kQ
484m
hence, —jX¢, of Fig. 5.6 is —j6-57 kQ.
¢
10kQ ‘l
10kQ .
[ J— Gs
MR == e N = 100 Yo
“25V;y T l 25V () oF l
- - - - D
@ U]
FiG. 5.5(a) and (b). High-frequency constant voltage equivalents
of Fig. 5.2.
10082 T
2x192 10:132 ml .
- WVM 02 T -} 657kQ Yn
FiG. 5.6

In the following calculation, milliamperes, kilohms, and volts,
are the units of current, impedance and p.d. respectively.

25x192  j65TV,,

V,=+ 292 X 1?_2 o \"
29277
V, 25x19-2x6-57 16-4
and S NN SR> e S

= 82(j~1). (5.5)
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From equation (5.4) it can be seen that
Vol _ 164
Viel  JA*+1) 7

and from equation (5.5), the phase angle 8 is given by

11-6

6 =tan~! +—i = 135°

Now, it can be seen that the stage gain m falls to 0-707 of its
maximum value at 31-4 ¢/s and 242 kc/s. Hence, the amplifier
bandwidth is the difference between these two frequencies, i.e.
241-9686 kc/s. Little error is introduced by assuming that the
circuit bandwidth isequal to the upper 3 dB frequency (242 kc/s.)

Example 3

The mutual conductance g, of a pentode is 3-0 mA/V. It
has an anode load resistance of 20 kQ, and is R.C. coupled to the
next stage. If the effect of the coupling capacitor can be ignored
at the frequency of the input voltage V,,, determine the approxi-
mate gain at mid-band frequencies if the input to the following
stage consists of a 0-5 M resistor in parallel with a total capaci-
tive effect equivalent to 100 pF. Find also the upper 3 dB
frequency.

Solution

Stage Gain at Mid-band Frequencies

In order to calculate a value for the stage gain of the amplifier
of Fig. 5.7(a) at medium (or mid-band) frequencies, it is necessary
to make two important assumptions. It is assumed that

(i) the anode slope resistance of the valve is so high that
it takes negligible current from the constant-current
generator;
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(ii) the shunting effect of the 100 pF capacitor on the 0-5 MQ
resistor is negligible.
Using these assumptions, a simplified equivalent circuit, valid
at medium frequencies, may be derived. Figure 5.8 shows the
equivalent circuit from which an approximate figure for stage
gain can be obtained.

@ , ®

F1G. 5.7(a). Basic circuit.
Fi1G. 5.7(b). Constant current equivalent of Fig, 5.7(a).

3107, L

T

2062 05M Yy

»- -0

B

Fic. 5.8. Constant current equivalent of Fig. 5.7(a) valid at
medium frequencies.

The effective resistance across 4B in Fig. 5.8 is given by

_20x 500
4B ™ 20+500

= 19-2kQ.

kQ

As the entire amount of generated anode current is considered to
flow through R g,
V,=1,%XR,p,
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and if I, is expressed in milliamperes, and R, in kilohms,
V,= —3x192V,, volts

— Vo
h Vln

and m = —57-6.

To Determine the Upper 3 dB Frequency

Figure 5.9 shows the approximate equivalent circuit at high
frequencies. r, is again left out, but the 100 pF capacitance
is included because at high frequencies its reactance is low, and
effectively reduces the anode load impedance Z .

A
I
19240
B

FiG. 5.9. Constant current equivalent of Fig. 5.7(a) valid at high

30y,

‘LCg

frequencies.
Now,
7. 19-2x 103
47 jwCx192x 103 +1
and
3x1073x192x103xV,,
Vo=1Z;p=— . 3 ~12
14+j2mf% 19-2%x 10° x 100 x 10
hence,
\A 57-6
V. T T 1+j1205x1077F (5.6



154 WORKED EXAMPLES IN BASIC ELECTRONICS

At the upper 3 dB frequency the voltage gain is 0-707 times
its mid-band value, and the imaginary term in the denominator
of equation (5.6) is equal to the real term.

Therefore 1 =1205x107"xf
d f= 107 _ ¢3000 /
an = 505 = 83,000¢/s
= 83-0 ke/s.
Example 4

A triode has r, = 4kQ and g, = 5mA/V, and these may
be assumed constant. Draw accurately the 1,/V, characteristics
for voltages up to 500 V.

The valve is to supply a 5 Q speaker via a transformer of turns
ratio 40: 1, the H.T. is 250 V, and the grid is given a bias of
—10V. Neglecting the resistance of the transformer windings,
draw the load line for these conditions on your characteristics,
and state the maximum sinusoidal voltage input which may be
used for an undistorted output. 1.LE.R.E., Nov. 1962

Solution

Construction of I, —V ( characteristics (Fig. 5.11)
The anode slope resistance r, of the valve is given by

1%
r, = [i‘#] V¢ = constant.

However, in this case, r, and g, are constant. Therefore, when
V¢ = 0, the anode characteristic is a straight line OA passing
through the origin and having a slope 1/r,.

Using the relationship ¢ = g, x r, (this can be obtained using
the definitions of u, g, and r, given in Example 1, Chapter 4),
amplification factor p is found to be 20. Now, if the anode
current I, of the valve is maintained constant, p = 8V ,/6V,
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-o 250+

FiG. 5.10. Basic circuit.

Y5 =0 -2.5V 50V -7.5v
‘ 100 :
IA ,mA
90 d.c. foad ling A
~ A -1ov
80
-12:5V
0+
~15Y
60
50 - -17:5¥
a.c. load line
“ar 20V
0
-22:5Y
20+ Q" point
B -25Y
wE A /
i 100 200 : 300 400 500
Vg =HT.

¥y, volts ———e

FiG. 5.11. Static anode characteristics of the triode of Fig. 5.10
with a.c. and d.c. load lines.

155
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and 8V, = udV,;. This means that if the anode current is
reduced, due to a 2-5V change in grid bias voltage V, the anode
voltage ¥, must be increased by 20x2-5V (50V), in order
to re-establish the original anode current.

Hence, when Vg is fixed at —2-5V, a straight line BC may be
drawn to represent the variation of anode current I, with anode
voltage V,. It is parallel with O A4, and points of identical anode
current are displaced by an anode voltage increment of 50V,
e.g. when V;=0, V,=0 and I, =0; however, when
Ve=—-25V,¥V,=50Vand I, =0.

A family of curves may be produced in the above manner
of I, against V, for bias voltages of —50V, -7-5V, —10V,
—-12:5v, —-15V, —17-5V, =20V, —-225V and -25V.
The resulting anode characteristics are shown in Fig. 5.11.

To Determine the Operating Point of the Valve

The valve, whose characteristics are illustrated in Fig. S5.11,
is used in the basic transformer-coupled amplifier circuit of
Fig. 5.10. The d.c. load line is a straight line passing through
the point V, = Vy 1 =250V, and has a slope of 1/Ry .,
where R, . is the d.c. load resistance of the valve. In this case
R, .. is zero, and a vertical d.c. load line is drawn on the anode
characteristics passing through the point V, = 250V. The
point of intersection of this line with the anode characteristic for
Ve = —10V gives the working point of the valve. This is some-
times termed the quiescent point and is marked Q point on
Fig. 5.11.

A.C. Load Line

If the transformer is assumed ideal, the secondary load resistance
R; has an effective resistance R; when referred to the primary
side of the transformer given by R; = a%R,, where @ = T,/T,.
Here, R; = 40>x5 = 8kQ, and the load line, when a.c. is



LOW-FREQUENCY AMPLIFICATION 157

applied, is a straight line passing through the operating point
having a slope —1/R;. This line is also shown in Fig. 5.11.

Distortionless Output

In order to achieve a sinusoidal output when a sinusoidal
input is applied to the stage, grid current must not flow and the
valve must never cease to conduct. For the given working point,
the maximum sinusoidal input voltage which can produce a
distortion-free output across R;, is seen from Fig. 5.11 to be
7-5V peak. A larger signal would cause distortion due to the
valve cutting off on each negative half cycle of the sinusoidal
input.

Example 5

An a.f. transformer, which may be assumed ideal, has a voltage
step-up ratio of 4. Its secondary is connected to the grid of a
valve which has an impedance equivalent to that of a 1 MQ
resistor in parallel with a 25 pF capacitance.

The primary winding of the transformer forms the anode
load of avalve of r, = 10kQ, and g,, = S mA/V. Find the voltage
gain of the stage at medium frequencies, and also the upper 3 dB
or half-power frequency.

Solution

—o H.T.+

Col 25pF §

Mo Yy

HT.-

Fi1c. 5.12. Basic circuit.
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Circuit

FiG. 5.13

Ideal Transformer

The circuit of an ideal transformer with a R.C. load is shown
in Fig. 5.13. The transformer voltages and currents are related to
the transformer turns ratio thus,

a=t=t=2 (5.7

From equation (5.7), it can be seen that,

v, = QZ— (5.8)

Now, Y, = % =1 ><IZI‘1,2
= I:E’z xi—z 9
but [%:IZ = a—lz, and Y, = ‘I-i (5.10)

Hence, if Y, consists of parallel resistive and capacitive elements,
it can be seen from equations (5.9) and (5.10) that
Y, G, .B

Y — == 5.11
1 (12 a2+] az ( )

I

however, Y, = G,+jB, (5.12)
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and a comparison of equations (5.11) and (5.12) reveals that

G,
Gl = ?
hence R, = a’R, (5.13)
B,
and B = e
hence wC; = w—(;'z
a
)
therefore, C = o (5.14)

Fic. 5.14(a) and (b).

The circuit of Fig. 5.13 may be simplified by referring the
secondary resistance—capacitance load to the primary side of the
transformer.

Fig. 5.14(a) shows the constant voltage equivalent of the basic
circuit illustrated in Fig. 5.12. Fig. 5.14(b) shows a simplified
equivalent circuit with all relevant quantities referred to the
primary circuit of the ideal transformer. The voltage appearing
across the C.R. network of Fig. 5.14(b) is the voltage across the
transformer primary. If a = T,/T,, the output voltage V, is
obtained by dividing aV, by a. The stage gain of the amplifier
shown in Fig. 5.12, at both medium and high frequencies, may be
determuned using Fig. 5.14(b).

) g
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Gain at Medium Frequencies

At medium frequencies, it is assumed that reactive effects
are negligible, and the shunting effect of C, on R, is ignored.
This means that the equivalent circuit of Fig. 5.14(b) may be
further simplified thus,

B ay

-
- py _

Fig. 5.15. Simplified version of Fig. 5.14(b) valid at medium
frequencies.

From Fig. 5.15, aV, may be written directly as

2
R
aVo = _l—_zi_‘xl‘l’vin
ra+a RZ
VO a}LRZ
and = = +—— 5.1
" Vin —ra+aZR2 ( 5)

The sign adopted when using equation (5.15) depends upon the
manner in which the transformer is connected.

Now, B = guls
=5%x10"3x10x 10 = 50,
and a= E = 1
T, 4

Substituting these, and given quantities, into equation (5.15)
gives
50 % 10
m= + 3

10
4110x 103 +—
( < 16)

50
= +— = + .
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Gain at High Frequencies

"At high frequencies, the equivalent circuit of Fig. 5.14(b)
is valid if it is assumed that all circuit capacitance effects are
included in the capacitance C,/a’. It will simplify the calculation
if Thévenin’s theorem is applied across AB in Fig. 5.14(b) thus,

a? r, Ry
+al Ry

P

2 + £y
_ p¥ipaRy — aVy

2
ra+a2 Rz - T @ l

FiG. 5.16. Thévenin equivalent of Fig. 5.14(b).

It can be seen from Fig. 5.16 that
2R V 2
aVo:_‘ua 22mx 2a 2
(r,+a’Ry) c ( a‘R,r, + a )
Jota r,+a*R, jwC,

_ f"’azRZVin
© (ra+a*Ry)+jwC,Ryr,
Therefore
R
me e o baRy (5.16)

_'_
Vin —(ra+azR2)+ij2R2ra

Equation (5.16) has a maximum value equal to the gain at medium
frequencies (see equation (5.15)), and at the upper 3 dB or half-
power point, the voltage gain given by this equation is 0-707 times
its maximum value. The real and imaginary terms in the denom-
inator of equation (5.16) are, therefore, equal.

Hence, r.+a*R, = w,C,R,r,

where w, = 2nf,, and f, is the high frequency at which the
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voltage gain is 0-707 times the maximum, mid-band, value.
r,+a*R,
- 2aC4R,r,
Substituting known values into equation (5.17) gives
10 x 10*40-0625 x 10
2= 235X 10- 2 x 105x 10° °
_ 72:5% 103 /s
0-57
= 46-2 kc/s.

Thus, £ (5.17)

Example 6

Two identical power triodes, having the static characteristics
shown in Table 9, are to be operated in class A push-pull.
Construct and plot the composite characteristic, showing lines
for a signal input voltage of +-10 V and +20 V.

If the peak input signal voltage to each valve is 20 V, and the
anode-to-anode load is 6000 Q, construct the necessary loadline,
and hence determine the power output and efficiency of the stage.

TABLE 9.
V4 in volts 80 | 120 | 160 | 200 | 240 | 280 | 320
Anode current 0 64 | 104 | 144
in mA for —-10V 12| 40| 76 | 114
grid voltages —20V 10| 30| 60| 94
of Ve -30V 8| 24| 48| 78 | 112
—40V 6 18| 38| 66

Quiescent point V.. =200V; I, = 60mA; Vs = —20V.

Solution

Construction of the Composite Characteristics. 1. It is necessary
to plot two identical sets of anode characteristic curves as shown
in Fig. 5.17, using the values given in Table 9. The total base
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line is exactly 2 V3 1., and the two separate scales of V(V,, and
V,,) are identical at a value equal to the H.T. voltage, i.e. 200 V.

2. A single line composite characteristic may be constructed

as follows:

(a) With no a.c. applied to the grids of V| and V,, the grid
voltage of each valve is V; = —20V. Now, assume an
identical change in the magnitude of anode voltage of each
valve. Let V,, increase by, say, 20 V to 220V, and let V,,
decrease by the same amount to 180 V.

(b) If i,; is noted for the new value of ¥, and i,, for the new
value of V,,,, the first point of the composite characteristic
may be obtained by plotting (i,; —i,,), i.e. 20 mA, vertically
for V,, =200V (P; on Fig. 5.17). Other points are
obtained in the same manner. Thus, a single line character-
istic may be plotted—the no-signal input line of the com-
posite characteristic.

3. For a signal input voltage of + 10V, the instantaneous grid
voltage of V; (v,;) is —10V when V, grid voltage (v,,) is
—30V, and a second composite characteristic may be drawn
which is the difference between the - 10 V anode characteristic
of V; and the —-30V anode characteristic of V,. For instance,
when v,y = —10V and V,; = 160V, i,; = 76 mA, and when
v = =30V and V,, =240V, i, =48 mA. (i,,—1i,,), ie.
28 mA, is plotted vertically for V,; = 160V (P, of Fig. 5.17).
Similarly, characteristics may be constructed for the remaining
values of signal input voltage. In all, there are five composite
curves and these are shown in Fig. 5.17. It can be seen that the
individual anode characteristics of ¥, and V, are curved, yet
the composite characteristics are almost linear.

To Determine the a.c. Power Output

Before the output power can be ascertained, it is necessary
to add a composite load line to the composite characteristics
already obtained. The load line is a straight line which passes
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through the point ¥, = ¥} 1, and has a slope which is numeri-
cally equal to the reciprocal of the composite resistance. Now,
the composite resistance is 6000/4 = 1500 Q, and the composite
load line shown in Fig. 5.17 has a slope of —1/1500. If a single
sine wave of amplitude 20 V is applied to the push—pull stage,
a total change in current of 112 mA occurs and the corresponding
change in anode voltage is 167 V. Both these figures are obtainable
directly from Fig. 5.17. It was shown in Section 1.17 that

P,

P
° 8

Hence, using the values obtained from Fig. 5.17, we have

167x112 -3
= X x 10 W
8

=234 W.

PROBLEMS WITH ANSWERS

1. Give two forms of the equivalent circuit representation of a valve.
What are the limitations of these representations?

A valve of gm =5mA/V and r. =1MQ has an output capacitance
between its anode and earth of 25 pF. The valve is connected as an a.f.
amplifier with an anode load of 250 kQ. Find the voltage gain of the amplifier,
at low frequencies and also at 31-8 kc/s.

1000; 707. LE.R.E., Nov. 1959

2. Sketch the gain-frequency response of a R.C. coupled amplifier and
explain what is meant by the gain-bandwidth product.

A resistance-capacitance coupled amplifier uses a triode having an anode
load resistance of 18,000 © and a coupling capacitor of 0-01 pF. The valve
has an amplification factor of 25 and an anode slope resistance of 10,000 Q.
The grid leak resistance is 0-5 MQ and the total input capacitance is 150 pF.

Calculate the maximum gain, and the frequencies at which the voltage
amplification falls to 70-7% of its maximum value, and hence determine the
gain-bandwidth of the amplifier.

15-86; 31-4 ¢fs, 167-3 ke/s; 2-66 Mc/s. L.E.R.E., May 1956

3. Avalve of gm = 4 mA/V and r, = 20 kQ is used as a voltage amplifier
with an anode load of 50 kQ which is coupled to the grid of the next valve
by a 0-01 uF capacitor. The grid leak of this next valve is 0-5 MQ. Find



166 WORKED EXAMPLES IN BASIC ELECTRONICS

the approximate gain of the stage at mid-band frequencies, and also at an
angular frequency of 100 rad/s. Find also the frequency at which the gain of
the stage is reduced by 3 dB.

56, 25; 31c¢/s. LLE.R.E., Nov. 1960

4. A pentode of mutal conductance 8:0 mA/V and very high anode slope
resistance is used with an anode load resistor of 50 kQ as the first valve of an
a.f. amplifier. The grid leak resistor of the next valve is 250 kQ. Neglecting
the reactance of the coupling capacitor, find the gain of the first stage.
Sketch the form of the graph of gain against frequency indicating roughly
the scales chosen, and account for the shape of the graph.

333. L.E.R.E., May 1960

8. A pentode has a resistive anode load of 2-5 kQ. Find the maximum
permissible value of total capacitance across the output if the upper 3 dB
frequency is to be 4 Mc/s. If the input resistance to the next stage is 200 kQ,
find the minimum value of blocking capacitor if the lower 3 dB or half-
power-frequency is to be 25 c¢/s. State any assumptions made.

15-9 pF; 0-032 uF. LLE.R.E., Nov. 1963

6. A pentode of gm = 3-0mA/V and very high r, has an anode load
of 20 kQ. The output capacitance is 5 pF and the output is fed via a large
capacitance to the load which may be regarded as a resistance of 50 k2 in
parallel with 20 pF.

Calculate the maximum gain and the frequencies at which the output has
fallen, (a) by 3 dB, and (b) to half its maximum value. Explain how the high-
frequency performance of this amplifier may be improved.

42-9; 445 kc/s; 770 ke/s. I.LE.R.E., May 1962

7. An a.f. transformer, which may be assumed ideal, has a voltage step-up
ratio of 5. lts secondary is connected to the grid of a valve which has an
impedance equivalent to that of a 0-5 MQ resistor in parallel with a capaci-
tance of 20 pF.

The primary winding of the transformer forms the anode load of a valve
of ro = 10kQ and g.. = 6 mA/V. Find the voltage gain of the stage at
middle frequencies, and also the upper 3 dB or half-power frequency.

200; 47-8 kc/s. LE.R.E., May 1963

8. An amplifier consists of two identical R.C. pentode stages in cascade
and has a gain which at 200 kc/s falls to 90% of the mid-band value. If the
mutual conductance of each pentode is 5 mA/V and the total capacitance
(including strays) from anode to earth is 20 pF for each stage, calculate the
load resistances required and the overall mid-band gain.

13-3kQ, 73 4B, LLE.R.E,, May 1958
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9. A class A power amplifier uses a triode valve of anode slope resistance
ra, which is transformer-coupled to a resistive anode load R.. The value of
load resistor Ry, is varied, and the values of grid input voltage and grid bias
are adjusted to give maximum undistorted power output. The H.T. supply
voltage is fixed. Show that the value of R. which gives the largest output
power is given by 2r./n?, where n is the transformation ratio T;/7,. If the
power output is to be increased by using two valves, what would be the
advantage of push—pull operation? H.N.C.

10. Discuss the factors which affect the choice of the optimum load for a
class A transformer-coupled power amplifier using (a) a triode, (b) a pentode.

A triode, which has a constant amplification factor of 11, is used as a
transformer-coupled class A amplifier. The transformer primary presents a
d.c. resistance of 150 Q to the anode current, and the effective a.c. load is
1-64 kQ. The H.T. supply is 200 V, and the grid bias used is —10 V. The
anode current-anode voltage characteristic of the triode at zero grid voltage
is given in Table 10 below.

Estimate, using a graphical method, the power output and percentage
second harmonic distortion, when the sinusoidal input voltage has a peak
value of 10 V.

TABLE 10
V. (volts) 30 | 50 | 8 | 100 | 120 f 150
I, (mA) 20 | 35 | 64 85 | 120 ‘ 148
1:26 W; 0-95%. L.E.R.E., May 1963

11. Two triodes are used in a class B push—pull amplifier operated from a
400 V supply. When driven, each valve takes a direct current of 31-8 mA,
and the a.c. potential difference between each anode and earth is 141-4V
(r.m.s.).

Calculate (a) the total power output, (b) the efficiency and (c) the output
transformer turns ratio if the amplifier feeds a 5 Q load.

10 W; 39-49; 40:1 centre-tapped. I.LE.R.E., Nov. 1957

12. Derive an expression for the maximum theoretical efficiency of a class
B push-pull amplifier. Two triodes are used in a class B push—pull amplifier.
The most suitable load line runs between the points V. =250V, I. =0,
and ¥V, = 50V, I, = 50 mA on the anode characteristics.
Determine (a) the total anode dissipation,
(b) the anode-to-anode load,
(c) the power output,
(d) the efficiency of the amplifier.

3W,; 16kQ; 5W; 63%. 1.E.R.E., Nov. 1960
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13. Explain the simple principle, and the advantages of push-pull operation
in a valve amplifier. Draw the circuit of a phase-splitter and a push-pull
power amplifier and explain the action and purpose of the phase-splitter.

Two power triodes, each having characteristics shown in Table 11, operate
in class A push-pull. Draw the composite characteristics if the quiescent
pointis V4 = 200V and Vs = —20 V. Draw the composite load line for an
anode-to-anode line of 5 kQ. Determine the power output of this push—pull
amplifier when the peak input to each valve is 20 V.,

TaBLE 11
V4 in volts ' 40 | 80 | 120 } 160 | 200 | 240 | 280 | 320
Anode current 0 I 13132 52
in mA for —-10V 5| 1s| 30| 47
grid voltages { —20V 3 9 19| 33
of Vs
1
1-53W. H.N.C.

14. Explain what is meant by anode to anode resistance, composite
resistance, and composite characteristic, as applied to a transformer-coupled
push-pull ampilifier.

Two identical power triodes, having static characteristics as in Table 12,
are to be operated in Class A push—pull. Construct and plot the composite
characteristic, showing lines for a signal input voltage of 10V and +20V.

If the peak input signal voltage to each valve is 20 V, and the anode to
anode load is 4-8 kQ, construct the necessary load line and hence determine
the power output.

TaBLE 12
Anode volts 80 | 120 | 160 | 200 | 240 | 280 | 320
Anode current 0 64 | 104 | 144
in mA for —-10V 12 40 76| 114
grid volts -20V 10| 30| 60| 94
-30V 8| 24| 48} 78 | 112
—-40V 6| 18| 38| 66

Quiescent point V.4 =200V; Is =60mA; V= —-20V,
2:64 W. H.N.C.
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15. Determine the maximum collector dissipation of both transistors
in a correctly matched class B output stage, given that the quiescent current
is I,, the collector voltage is V., and the load R..

What is the maximum collector dissipation of both transistors if the
maximum output power without distortion due to clipping is 500 mW?
Assume that the quiescent current and knee voltages are negligible.

204 mWw. 1.E.R.E., Nov. 1962



CHAPTER 6

Radio-frequency Amplification

WORKED EXAMPLES

Example 1

Show that the input admittance of a thermionic valve used
as an amplifier can be represented by a resistor R and a capacitor
C in parallel, where

1
R= oCMsne 6.1y
C = Cy+Cyppy(1— M cos 0). 6.2)

M /8 is the ratio of anode voltage to grid voltage V /V;,.
Calculate the values of C and R for a triode amplifier having an
anode load of (30+/40) kQ.

Assume that
‘1,=20, Fg = IOkQ, Cgk=4pF’
C, = 3pF, = 10°rads.

Comment on the fact that the resistive component is negative.
H.N.C.

Solution

R and C of Fig. 6.1(b) have values given by equations (6.1)
and (6.2) respectively. These formulae were established in
Section 1.11, and will not be justified again here.

170



RADIO-FREQUENCY AMPLIFICATION

171

In order to evaluate C and R, M and / 0 must first be deter-
mined. If the current taken by the anode-to-grid capacitance

C,; is much less than the anode current I,

\ B —uZ
m=MLo= Vin B ra‘*l‘LZZ
_ —20(30+40)
10+ 304540
_ ~15-j20
I+j
o {1, +

2, = @0 + j0kQ

6.3)

KT

B =

@ (b)

Fic. 6.1(a). Basic circuit showing important inter-electrode

capacitance effects.
FiG. 6.1(b). Effective input circuit of Fig. 6.1(a).

Equation (6.3) may be written in polar form thus
25 £233°9

- 9= 2520 7 177 18809
m=MLY =T a5 L188°9

whence

M =177 and 0 = 188°9’,
Now, substituting known values into equation (6.1) gives

1

- - Q
10°x3x 10712 17-7 x sin 188° 9’
1
- MQ
53-1x 1077 x0-1418 x 10°®

= —1-33 MQ,

R=
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and into equation (6.2) gives
C=[4x10"124+3x107*2(1-17-7 cos 188° 9')] F.
= 4+3[1—17-7(—0-989)] pF.
Therefore
C =[4+3(1417-5)) pF
= (4+55-5) pF
= 59-5 pF.
The input resistance has a value of —1-33 MQ; the minus sign

signifies that the feedback between anode and grid via C,; is
positive, and may cause the circuit to act as an oscillator.

Example 2

A pentode has a tuned anode load consisting of a 120 pH
coil of resistance 10 Q in parallel with a capacitor of 200 pF. If
the valve parameters are p = 1000, and r, = 500 kQ, determine
the resonant frequency of the tuned circuit, its dynamic resistance,
and the gain of the stage at resonance.

Solution

oHT.+

—o HT.-

F1G. 6.2(a). Basic circuit.
FiG. 6.2(b). Constant current equivalent of Fig. 6.2(a).
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Tuned Circuit Resonant Frequency (f,)

So if the coil Q factor is high,

1
" 27 JLC’
_ 1
T 27,/(120x 107 ° % 200 x 107 *2)

hence, fo c/s
108
2m \/ 240

c/s

= 1025 Mc/s.

1204 L
¢
200 pF
100 < R

B
F1c. 6.3. Amplifier tuned circuit load.

Effective Resistance Ry, of the Tuned Circuit at Resonance

At any frequency, the impedance of the tuned circuit across
AB of Fig. 6.3 is given by Z,5 where

however, if the coil Q factor is high (wL > R),
L

o)

then ZAB =
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Now, at resonance woL = 1/wyC, whence
e L
"7 cr

Equation (6.4) gives value of resistance, which, if substituted
for the tuned circuit at resonance, would give exactly the same
electrical results as the tuned circuit itself. Hence, at resonance,
the equivalent circuit of Fig. 6.2(b) may be simplified as shown
in Fig. 6.4.

6.4)

g Vi
Om Vin I,

r% H% l
a- lJv L

FiG. 6.4

1000
500 x 103
= 2mA/vY

and R L 120x107°¢
DT CR T 200x107'2x10
= 60 kQ.

Now, the effective load resistance R, at resonance is given by
60 x 500
¢~ 60+500
= 53-6 kQ.

AlV

Now, &m = £
ra

\'
But, =—"= —g R,
u m V. Em

in

= —2x1073x53-6x103

therefore, m = —107-2.
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Example 3

In the circuit of Fig. 6.5, the capacitor C, may be assumed
loss-free, and the reactance of the coupling capacitor C,,
negligible. Calculate

(a) the stage gain at the resonant frequency;

(b) the bandwidth at the 3 dB points.

For part (b), work from first principles, or derive any formulae
used.

_ o HT+
]
800 . H
Wpk ==, % 0=15
182
I
- é Op= 3 mAN
Vm? =0k Ry S TS0k ¥y
== BlkS L 1 T
F1G. 6.5
~Oa¥in I,
rq}j—-g—t’—r—r
< L < ‘
fae L= <Ry Y =
Ll
(@) b
FiG. 6.6

Solution

(a) Stage gain at resonance. At the resonant frequency f,,
the tuned circuit in the anode of the amplifier of Fig. 6.5 is purely
resistive, and its resistance R has a value R, = Q,/w,C if the
coil Q factor is high. The constant-current equivalent of the
amplifier of Fig. 6.5 is shown in Fig. 6.6(a). A simpler version,
valid only at resonance, appears in Fig. 6.6(b).
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Now, for the tuned circuit at resonance, @3LC; = 1 since the
coil Q factor is high,

therefore, rad/s (6.5)

1
“o = JLC,

1
_ d
800 10-5x 200 10-17) 2%/
7

e rad/s.

Qo
w,C

therefore, wg

Now, Rp

75x4
107 x200x 10712

150 k€.

The effective resistance R,, across which the output voltage V,
is developed, is found from Fig. 6.6 and equation (6.6), thus,

%e = [5(1)—0+ $+%} mQ ™1, 6.6)
whence R, = 100kQ
and m= —guR, = —3x1073x100x 103
= —300.

Note

The 500 kQ and 750 kQ resistors damp the anode tuned circuit
of the valve and reduce its effective Q factor. In fact, the load
on the valve may be considered as either

(a) a tuned circuit comprising parallel resistive and reactive

components R,, L, and C, (see Fig. 6.7(a)), or
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(b) a parallel tuned circuit comprising an inductance L’ with
its series resistance R’, and the original loss-free capacitor
C, connected across the series LR circuit (see Fig. 6.7(b)).

_ =3
-3x10 3v,,,I 0V,

Il

@ )

Fic. 6.7(a). Equivalent circuit of Fig. 6.5 showing the effective
parallel resistive and reactive components. At resonance,
L, = Rc/‘”OQn Cy = Qn/woRn-

FIc. 6.7(b). Alternative equivalent of Fig. 6.5 showing the effective
series LR in parallel with the loss-free capacitor C;. At resonance,

L' = Q.R[we, R = 1/ woC1Qe.

From Fig. 6.7(2)
Q. = 0oCiR,.
Substituting values gives

107 -12 5
Q. = —~x200x 10712 x10° = 50.

If the series components L’ and R’ of Fig. 6.7(b) are required,
they may be obtained as follows:

1
Qe h woclR’
1 4
! = = Q
hence, R = 0.~ 107x200x 10" 2% 50

therefore, R =40 Q.
Also, wol’ = QR = 50x40 = 2000 Q
and L' = 2000/w, = 800 uH.
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In the solution to part (b) of this problem R’ may, therefore,
be assumed to be much less than wl’.

(b) Bandwidth at 3 dB points. From Fig. 6.7(b) it can be seen
that, at any frequency,

1 )
- (R'+jwlL")
7. = (]‘”CI

1
R +jlwl ———
+](w wcl)
and if R" € wl'

LI

’ . ’ 1

Now, dividing numerator and denominator of equation (6.7) by
ClR’

(6.7)

Zyp =

R,

1 1
14/ =l wl —
+jR'(w wCl)

where R, is the impedance of the circuit of Fig. 6.7(b) at resonance,

Zyp = (6.8)

ie. R, = R,. (6.9)
From equation (6.8),

Z 1

—4B (6.10)

Ro 1+‘L( -

TR\ wCl)
R’
now, L = Qe— and C, = 1,
Wo woR'Q,

therefore, 48 ! (6.11)
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The impedance Z 5, and therefore the output voltage, will have
reduced to 0-707 of their maximum values when the denominator
of equation (6.11) has values of either (1+j) or (1 —j). At these

3 dB points,
Qe(ﬁ—'w_o) = +1

wo w
and the frequencies at which the response of the tuned circuit is
3 dB down are defined by equation (6.12)

w  wy 1
———=t— 6.12
wo @ —Qe ( )

Multiplying through by (w/w,) gives

2
(—“—’) PRV RIS (6.13)
@y Q. oo
The quadratic equation of (6.13) may be solved in the normal
manner.
w 1 /1 \%2 ]
—_—= + 1 6.14
Hence 5| ) @19

Taking the positive solution of equation (6.14) gives

L. +J—( 1 )2+1
wO—-zQe LZQe A

therefore, — =J ) +1:I—- (6.15
20. 20. )

and a’—z = A/[(ZIQ)ZH]Jr;Qe (6.16)

Subtracting equation (6.15) from equation (6.16) gives

Wy~ Wy 1 r f2—fi _ _1_ (6.17)

=-— 0

Wo Qe fO B Qe
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/1 is the lower 3 dB frequency, f; is the upper 3 dB frequency, f,
is the resonant frequency, and Q, is the effective Q factor of the
equivalent circuit of Fig. 6.7(b) at resonance. Now (f,—f,) is
the bandwidth of the amplifier, therefore, from equation (6.17),

Example 4

A pentode is used in a tuned secondary transformer-coupled
r.f. transformer. It has parameters p = 1000, g, = 2 mA/V,
and r, = 500 kQ. The mutual conductance M is 100 uH, and the
tuned circuit consists of a 160 uH coil with a series resistance
of 8 Q, in parallel with a capacitor of 220 pF. Find the gain of
the stage at resonance.

Solution
T+

oH.T-

@ W]
FiG. 6.8(a). Basic circuit.
FiG. 6.8(b). Constant voltage equivalent of Fig. 6.8(a).

The presence of the secondary tuned circuit modifies the primary
impedance Z, of Fig. 6.8(b). It can be shown that the effective
primary impedance Z,, is given by

w3M?
Z

5

Z, = Z,+ (6.18)
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where w is the angular frequency of the input voltage V;,,,
M is the mutual inductance,
Z, is the series impedance of the secondary,
Z, is the series impedance of the primary.

Now, Z, = r,+ R, +jw,L at resonance, and Z; is purely resistive
and equal to R,.

Therefore, assuming that (R, +jw,L;) is very much less than
either r, or w3M?/R,, from Fig. 6.8(b),

_f"'vin

I, =——F—. .1
1 ngz (6 9)
r,+
R,
L, &
G, %
“ L
F1G. 6.9

The current given by equation (6.19) is the current which flows
through the primary coil of the circuit of Fig. 6.8(b) when the
frequency of the input voltage is the resonant frequency f, of the
secondary series tuned circuit. Fig. 6.19 shows this series tuned
circuit which is supplied by a generator of constant e.m.f. E,
volts, where

E;, = +jwoMI,. (6.20)

Now,
_ 1
“o T LG
1 8 x 107

= X 10 e x20x10-7 ~ 15 "
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At this resonant angular frequency w,, V, = E,Q,, where

_ @ola
Qo =%
8x107x160x10~¢
h = = 1067
whence, Qo 1538
and V, = E, x1067. (6.21)

Substituting I, from equation (6.19) into equation (6.20) gives

. woMpV;
E, = i]_q_wg—M;

R,

(6.22)

r,+

Hence, from equations (6.21) and (6.22), we have,

534%105x 1074 % 1000 V,,

V, = 106-7
0= EJ 5 105 SX10T %107 X
225%x8
534V,
= +j 156 x 1067
and
Im| = % = 0997 x 106-7 = 106-4.

Example 5

A transmitting valve is operated as a class C power amplifier
with an efficiency of 76%,, and an anode dissipation of 1 kW.
Calculate the r.f. power output of the stage, and the peak voltage
developed across the capacitor of the anode tuned circuit.
The tuned circuit inductor is 120 pH, and works with an effective
Q factor of 14. The frequency of operation is 1 Mc/s.
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Solution

R.f. power output.
r.f. power output (P, )
d.c. power input (P )

Efficiency = x 100%  (6.23)

and the anode dissipation P, is given by,
P, = d.c. power input—r.f. power output (6.24)
Now, from equation (6.23),

P
Pd.c = r.f.
n
and for an efficiency of 769,
1
Poc. = 5ae Pec. (6.25)

Substituting P, .. from equation (6.25) into equaﬁon (6.24) gives
P, =P ;(1:32—1) = 0:32P, ;.
But the anode dissipation is 1| kW, therefore
P = 312kW.

Voltage Across the Output Capacitor
The dynamic resistance Ry, of the parallel anode tuned circuit
at resonance, may be expressed in terms of the angular resonant
frequency w,, the circuit parallel inductance L, and the effective
Q factor Q,, thus
Ry

2o _ g, and Rp = w,lO.. (6.26)
woL

Also, P, ¢ may be expressed in terms of R, and V,, the peak
value of voltage across the parallel L.C.R. network.

H P, = (—VL" L 6.27)
ence, rf. = 2) RD‘ .

G
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But Rp/wol = Q. from equation (6.27),
VZ
P, =2 _
r.f. 2woLQe
or, as the peak voltage across the capacitor, V., is the same value
as the peak voltage across the network,
I7¢: = \/(szLPr.f.Qe)' (628)
Substituting known, and previously calculated values, into equa-
tion (6.28) we have,
V,= J@x2x7x10°x120x 107 °%3-12x 103x 14) V,
therefore,
V, = 81kV.

therefore,

Example 6

A class C amplifier has a H.T. supply voltage of 1-6 kV.
The anode current flows in pulses which can be assumed tri-
angular. The peak value of each of these pulses is 1-7 A, and the
angle of flow is 120°. If the current delivered by the tank circuit
to a 600 Q load resistance is 0-707 A (r.m.s.), calculate the
efficiency of the amplifier.

Solution

Anode
current,
mA

0 120 240 | I
Angle of input sine wave in degrees

F1G. 6.10. Diagram showing variation of anode current with angle
of input signal.
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The average value of current I, . may be determined from
Fig. 6.10 using the relationship
_ shaded area of Fig. 6.10
4-¢- ™ total base length (360°) °

Now, the area A4 of the triangle is given by

120
A = -’;xTx 1-7 = 102 deg- ampere

102
hence, I .. = 360 = 0-283 A.

The d.c. power P, .. drawn from the H.T. supply is
Py =13 Vq..
= (0-283 x 1600 W,
therefore, Py, =453W. (6.29)

The r.f. power P, delivered to the load is given by
P = Izr.m.s. X R

= 0-707 x 0-707 x 600
= 300 W. (6.30)
But efficiency n = P[Py .. x100%,
300
- — 6620
therefore 1= 153 x 100 = 66-29,.

PROBLEMS WITH ANSWERS

1. Explain what is meant by “Miller effect”. State how it normally
arises, and its effect on the input impedance of an amplifier.

A valve used as a voltage amplifier has a grid circuit consisting of an
inductance L, which has a resistance R. A capacitance Cis connected between
anode and grid, and the anode load is such that the stage gain is — A, where
A = (a+jb). Show that the input impedance becomes infinite if

b (1+a)

R=crarren ™ L= Gaara ey

H.N.C.



186 WORKED EXAMPLES IN BASIC ELECTRONICS

2. A triode valve, having an amplification factor of 28 and an anode slope
resistance of 20 k(2 is used as a tuned voltage amplifier. The load impedance
at a frequency of 1 Mc/s is 20/45 kQ. If the inter-electrode capacitance of
the valve is 2 pF between anode and grid, and 3 pF between grid and cathode,
calculate the effective input capacitance and input resistance of the valve at
this frequency.

329 pF; —13-8kQ.

3. Obtain expressions for the gain, the input admittance, and the output
admittance of the arrangement shown in Fig, 6.11. If the high-gain amplifier
consists of a pentode having ro =1MQ, g, =2mA/V and Y, =Y,
=2x10"%Q"! Y,=02x10"%Q"!, obtain approximate values for
the output and input impedances.

1kQ; 1 MQ. LE.R.E., Nov. 1960

Output

%

L 4 g L

Input

FiG. 6.11

4. An amplifier uses a pentode valve for which g, = 5 mA/V, C; x= 4 pF,
and the inductance of the cathode lead is 0-05 nH.

Calculate the input conductance of the amplifier at a frequency of 100 Mc/s,
and comment on the practical significance of the result.

Explain briefly how transit time in valves gives rise to a conductive com-
ponent of input admittance.

394 pQ- 1, IL.LE.R.E., May 1960

5. A class A earthed-grid amplifier has a tuned circuit anode load whose
dynamic impedance is 4000 Q. Assuming idealized conditions, calculate the
input impedance at the cathode. The valve parameters are g.., = 5 mA/V
and p = 20.

381 Q. 1.E.R.E., May 1958

6. The earthed-grid amplifier shown in Fig. 6.12 operates at 50 Mc/s
and the output circuit has C = 25 pF and Q = 25. The valve parameters
are p = 20, r, = 6 kQ. Calculate the voltage gain and the input impedance
of the circuit.
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Explain why it is usual for an r.f. stage to precede the mixer stage in a
v.h.f. receiver. Discuss the relative merits of two types of amplifier circuit
commonly used as r.f. input stages.

m >~ 725; R, ~ 437 Q. LE.R.E., May 1963

Fic. 6.12

7. A cascode amplifier is to operate at a frequency of 200 Mc/s. The tuned
anode load of the second valve has an inductance of 0-1 xH, and a Q factor
of 25, If each valve has x = 50 and r, = 10 kQ, calculate the theoretical
gain of the amplifier. Derive any formulae used.

16. LE.R.E., Nov. 1960

8. A single-stage tuned anode pentode amplifier uses an inductor of
150 xH which has a Q factor of 60. The resonant frequency of the tuned
circuit is 1 Mc/s. The anode slope resistance of the valve is 250 kQ. Determine
the bandwidth of the stage.

21-0 kc/s.

9. A coil of inductance 400 ¢H and resistance 5 Q is tuned to resonate at an
angular frequency of » = 10°rad/s, by a capacitor in parallel with it.

This circuit is used as the anode load of a pentode of g.. = 6 mA/Vina
tuned r.f. amplifier. Draw the circuit giving an indication of all component
values and calculate the voltage gain (a) at resonance, (b) at a frequency of
59% above the resonant frequency. Find also (c) the bandwidth between the
frequencies at which the voltage gain is 1/4/2 of that at resonance.

The effect of the anode slope resistance may be neglected.

192; 23-8; 2 kefs. I.LE.R.E., Nov. 1961

10. Show that, for a series resonant circuit, the frequency bandwidth
at the half-power points is given by

1
resonant frequency X —.

o
Derive an expression for the stage gain at resonance of a tuned r.f. amplifier,
having an untuned primary and tuned secondary coupled by mutual induc-
tance, The slope resistance of the valve may be assumed infinite,
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Calculate the stage gain at resonance, and frequency bandwidth for such an
amplifier if the valve used has a mutal conductance of 2 mA/V, and the
mutal inductance is 300 pH. The tuned secondary comprises 100 pF, 1 mH,
and 30 Q in series.

200; 4-78 ke/s. H.N.C.

11. A tuned r.f. amplifier has an anode load consisting of two identical
tuned circuits of magnification factor Q, coupled only by mutual inductance
M. The output is taken across the capacitor of the secondary circuit. Show
that the stage gain, at the common resonant frequency, is given by:

gmufoM
/@) +K*?
The valve anode resistance may be assumed infinite. Hence determine an
expression for the value of coupling factor K which gives the maximum
value of stage gain at this frequency.
Sketch response curves of the output voltage against frequency if the

coupling is (a) greater, (b) smaller than this critical value.
H.N.C.

12. What is meant by critical inductive coupling ?

A pentode valve with a g... of 3 mA/V is used in an i.f. amplifier with an
anode circuit tuned to 465 kc/s. An identical circuit comprising a coil with a
Q factor of 80 and a capacitor of value 450 pF is critically coupled to it.
Calculate the overall gain and the coefficient of coupling.

91-2; 0-0125 LE.R.E., Nov. 1958

13. In a transistor i.f. amplifier, the coupling between two alloy-diffused
transistors is by means of a double-tuned i.f. transformer. Draw a circuit
diagram adding suitable components necessary for stability, and explain
the functioning of the stage.

Determine the value of the mutual mductance required for critical coupling,
if the working Q’s of both primary and secondary are 70, the i.f. is 500 kc/s
and the tuning capacitors are both 500 pF.

2-89 uH. LE.R.E., May 1962

14. A coil has a Q factor of 500 at 10 Mc/s and is tuned to this frequency
by a capacitance of 159 pF. The tuned circuit is then used as the tank circuit
of a class C triode amplifier where its Q factor is degraded to 14 by the load.

The H.T. voltage used is 3 kV, the minimum instantaneous anode voltage
is 200 V and the mean anode current is 1 A.

Calculate

(a) the anode dissipation; .

(b) the power in the load;

(c) the anode efficiency of the triode;

(d) the power loss in the coil.

770 W; 2-17kW; 0-743; 62:5 W. LLE.R.E., May 1961
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15. Why is class C operation normally used in power amplifiers at radio
frequencies? Discuss the factors which influence the choice of angle of
anode current flow.

The anode current pulse in a class C triode has a maximum instantaneous
value of 2 A and an angle of flow of 120°. The H.T. supply is 1:75 kV, the
resonant impedance of the tuned load is 2 kQ and operation may be assumed
linear above cut-off.

Calculate the r.f. power delivered to the anode load and the anode
efficiency. Justify the method used.

610 W; 80%,. LE.R.E., Nov. 1962

16. Explain briefly the operation of a single ended, class C, r.f. power
amplifier stage, showing clearly why the efficiency can be very high.

A class C stage operates with a high tension supply of 1000V, and the
angle of flow of anode current is 120°, the anode current pulses are sine
section in shape, and have a maximum value of 600 mA. The minimum
anode voltage, and maximum positive grid voltage are both 150V, the
amplification factor of the valve is 5, and the tuned anode load impedance
is (4+j0) kQ.

Calculate

(a) signal power output;
(b) the anode efficiency;
(c) the grid bias voltage;
and (d) the peak signal grid voltage.

80W; 699;; 380V, 530V. 1L.E.R.E., Nov. 1963



CHAPTER 7

Negative Feedback and Cathode Follower

WORKED EXAMPLES

Example 1

An amplifier without feedback has a gain of 2000 subject to
a 109%, reduction in use. Determine the percentage reduction
when 1Y%, negative feedback is applied.

Solution

&

Amplifier
gain my

'sa

Amplifier
gain my

L.g

| & [

—J

FiG. 7.2

Let the initial gain of the amplifier without feedback be m,,
and let the gain of the amplifier with negative feedback be

190
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m}. Fig. 7.1 shows the amplifier with feedback applied when m,
= 2000 and 8 = 0-01 or 19.
From equation (1.83),

my, = de’
1 14 8m,
_ 2000
~ 140-01 x2000°
Therefore my = 95-24.

When the amplifier is in use, it is subject to a 109, reduction
in gain without feedback. Let the new gain without feedback be
m,, and let the new gain with feedback be m),. This condition is
shown in Fig. 7.2.

90

Now, m, = ﬁxm1 = 0-09 x 2000 = 1800
and B = 0-01 as before.
my
Henc m, =
© 27 1+ pm,
_ 1800
" 14001 x 1800
= 94-73.
The percentage reduction in gain is
95-24—94-73
— = 0 0
9524 x 100 = 0-5369%,.

Example 2

An amplifier with negative feedback has a gain of 35. With
no feedback applied, a 0-16 V signal is needed to produce a
cerfain output voltage V,. With feedback, an input of 32V
is needed to produce the same output.

G*
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Calculate (a) the amplifier gain without feedback, (b) the
feedback factor, 8.

Solution

Amplifier
) Yo
gain m

J‘ ’q
¢ >
e )

(a) Gain m without feedback. From Fig. 7.3, m =V |V
when XX is open circuit, and the amplifier load consists of R,
and B in parallel.

Now Vu=016V.
A
Therefore, m=ote o V,=016m 7.1

With feedback, 3-2 V has to be applied to the amplifier if the
same output voltage V  is to be obtained. The gain m’ of the
amplifier of Fig. 7.3 with feedback is given by m’' = V[V, .

Hence, 35=V,/32 or V,=235x32=112V. (7.2)

As the output voltage is the same in each case, equation (7.1)
and (7.2) are equal.

Therefore, m = 112/0-16 = 700.

(b) Feedback factor B. Now, m' is given by
m = m
T 14PBm
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700
Theref =—
erefore, 35 157008
and 147008 = 20,
whence B = 002714 or 2-7149%,.
Example 3

Discuss the advantages and disadvantages of applying negative
feedback to an amplifier.

An amplifier of open circuit gain 1500, and internal resistance
7500 Q, has a phase reversal between output and input terminals
in the frequency range over which it is used. It is connected in the
feedback system of Fig. 7.4.

o o
Input Amplifier ko Dutput (Vg)
Vin) R Tka

Fic. 7.4

[

Calculate the gain and output impedance of the feedback
amplifier, taking into account the effect of the feedback network.
LE.R.E., Nov. 1962

Solution
With the feedback network disconnected, the open circuit

gain m, is given by
open circuit voltage

Mgy = =
° ™ input voltage (V;,)

—1500+j0 = — 1500

and

open circuit voltage (V) = —1500 V..
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However, the open circuit voltage is the effective e.m.f. of the
constant voltage output generator of the amplifier. This generator
has an internal resistance (R,) of 7500 Q (see Fig. 7.5).

o
. 75k vl
" 1800V . K

A 4 © s

FiG. 7.5

If now the 10,000 Q series network is connected across the
output terminals without feedback being applied, then gain m of
the amplifier without feedback can be calculated, if necessary,
from equation (7.3). This expression is obtainable directly from
Fig. 7.6.

- mgV,x 10
V= ———— 7.3
° Ry+10 3
v N 75kQ gQ
in Yy
-0V, R ke y
FiG. 7.6

When no feedback is applied, the voltage across the amplifier
input terminals is independent of the output voltage V,; however,
when feedback is applied, the voltage which appears across the
amplifier input terminals (V,,) does depend upon the output
voltage.
From Fig. 7.7,
Via = Via+8V,
when amplified, this becomes
moV 4 = moVi,+moBY,
10

and Vo = (moVin+moBVy) X Ro+10
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hence, Vo(Ro+10) = 10myV,,+ 10m,8V,
therefore,
Vi(Ro+10—10myB) = 10myV;,
10m,V;
and Vi= —— 7.4
Ro+10(1 —Bmy) 74
Fo "
15k Q !
] V
" A -1500vug—r | %a _f
8
!
FiG. 1.7
To find m’. From equation (7.4)
L ) 7.5
T Vi T Ror10(—fmy) 79
Now,
my = —1500, R, =7500Q, and B = 0-1.
Substituting these values into equation (7.5) gives
) —15,000
m=-ce—
7-5+ 10+ 1500
15,000
15175
m = —9-88.
To Find R}
Equation (7.4) may be re-written thus,
1 To_ 10
Vv = _“Rﬁ’"o_xvin. (7.6)
—2—+10

1—Bm,
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A comparison of equations (7.3) and (7.6) reveals that the e.m.f.
and internal resistance of the constant voltage generator, are
both effectively reduced by the factor 1/(1 +15008) when negative
feedback is applied (as my = —1500). The internal resistance
Ry of the amplifier with feedback is given by the first term in the
denominator of the equation (7.6),

Ro

h . R, = —2
ence 0= 1715008

7,500
14150

= 49-6 Q.

If the effect of the 10 kQ resistance network is also considered,
the total output resistance looking into the output terminals is
R in parallel with 10 kQ, i.e.

49-6 x 10,000
- -4 Q.
10,000 449-6 494

Example 4

State briefly the effects of negative feedback on the perfor-
mance of an amplifier.

The overall gain of a two-stage amplifier is 100, and the
second stage has 109, of its output voltage applied as negative
feedback. If the gain and second harmonic distortion of the
second stage are 150 and 59, respectively without feedback,
find

(2) the second harmonic distortion of the amplifier,

(b) the gain of the first stage.

Assume that the first stage introduces negligible distortion.

1.E.R.E., May 1962
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Solution

Block Diagram

Stage 1 Stage 2
Vin ) — . Vo
gain my gain m,

Fia. 7.8

m, is the gain of stage 1 without feedback,
m, is the gain of stage 2 without feedback,

V,./Vi. is the overall stage gain when feedback is applied to
stage 2 as shown in Fig. 7.8.

(a) Second harmonic distortion. Let D, be the second harmonic
distortion introduced by stage 2.
Using equation (1.87) from Section 1.22,

Dy = 2
27 14m,B
D/, is the second harmonic distortion with feedback applied to

stage 2.
B is the feedback factor of the second stage.

Substituting given values into this equation gives,

D, = —005— er unit
2T {Fo1x1507

0-
= —% = 0-00313 p.u. or 0-3139%.
Hence, the application of negative feedback is seen to reduce
the distortion introduced by the two-stage amplifier from 59,

to 0-31259%,.



198 WORKED EXAMPLES IN BASIC ELECTRONICS

(b) Gain of Stage 1. Let m’, be the gain of the second stage with
10%, negative feedback.
From equation (1.83),

, n,
my = ————
1+ pm,
_ 150 _ 150
T 14+01x150 16
Therefore my = 9:375.
Now, = my X mj
100
= = 1067
Hencc m, 5375
Example 5

An amplifier, bhaving a voltage amplification of
m = (3-614+;0-9) in the absence of negative feedback, is provided
with a non-inductive resistance divider network which taps off
44-6%, of the output voltage V. This fraction is applied to a
feedback network (B) which reduces its value by 509, and
advances the phase by 60°. The resultant voltage fed back is
added to V;,, the combination being applied to the amplifier m.
By calculation and vector diagram, determine the gain of the
amplifier with feedback, and state whether the fecdback is
positive or negative.

Solution

-.A [ 2 ¢
Amplifier T
Vin gain m Ya L
e B -
ke
; 0468V | 8 0446V
R A )

FiG. 7.9
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(a) Calculation
The gain of the amplifier without feedback is given by

m = 3-:614j09
and in polar form m= 372 /14°
Feedback fraction B =% /60

When feedback is applied, the proportion of the output voltage
fed to the feedback network is 0446 V.
Now, referring to Fig. 7.9,

Vu = Vi, +0-4468V,
And after amplification,
V, = mV = m(V;,+0-4468V )
Therefore,

Yo___ m
Vin 1-04468m

’

m =

Substituting values gives,

372 L14°
1—-0446(3-72 £14°x0-5 £60°)

372 L 14°
1-0-446 x 1-86 £ 74°

312 014
T 1-0-23—j0-8
312214
07708
31214
T 11 £ —46°
Whence m = 338 /60°

’

m

il

I
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1t can be seen that the application of feedback has the effect
of reducing the amplifier gain from 3-72 to 3-38, thus the feedback
is negative.

(b) Vector Diagram

90°

Not to scale

180° oy % . .
, r¥L
/
/ /
v _
E F
a0
FiG. 7.10

In the diagram of Fig. 7.10

04 =V, OD = 0-4468V,
OB=mV, =V, OF = —0-4468V,
OC = 0446 V, OF =V,

The input voltage to the amplifier terminals (V ,,) is represented
by OA in the vector diagram. This is used as the reference
vector. OB =V and shows that V,, is amplified 3-72 times
and phase advanced by 14°. 0446 V is applied to the feedback
network, and this voltage is represented by OC in the diagram.
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Vin = V,,—04468V_, hence to obtain a vector for V,,
OD(0-4468V ) is rotated through 180° and the resulting vector
OE(—0-4468V ) is added to OA(V,,). The resultant of O4 and
OE is the vector OF which gives the magnitude and phase angle
of V,, relative to V.

The magnitude | m’ | of the amplifier gain is given by
Vol 372
Vi I-1
It can be seen from Fig. 7.10 that V (OB) leads V, (OF) by 60°.
Hence, m =|m] /8 = 338 £60° as before.

|m'| = =22 _ 338

Example 6

Calculate | ¥V, |/| Vi, | for the amplifier shown in Fig. 7.11.
Neglect transformer losses, and assume the reactance of C is
negligible at the frequency of the applied voltage V;,.

o HT.+
§:1
S H % %600(2 Yo
1:5 r; = 40kQ :
gm=2 mAN
“Q g
256Q
® v% o HT-

Fic. 7.11

Solution
The anode load resistance R} is given by

T 2
R} = [-T—:] R,
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where R; is the effect of the secondary load resistance R,
referred to the primary, and T,/7T, is the turns ratio of the
output transformer.
Hence,
R} = 64x600 = 38-4 kQ.

The circuit of Fig. 7.11 may be modified as shown in Fig. 7.12.

Fig. 7.12

Figure 7.12 does not include an overall transformation ratio
between output and input of 5:8. The voltage feedback line is
disconnected and the 76-8 kQ series network forms part of the
effective anode load. Although current negative feedback. is
introduced by the cathode resistor, a value for [ V,|/] V; | can
be obtained from Fig. 7.12 and used to determine the gain of the
stage | V5| /] V,| when the voltage feedback circuit is con-
nected.

To find | Vo | /| V4|
As the reactance of capacitor C can be ignored, the anode
load is actually 38-4 k€2 in parallel with 76-8 kQ.
Therefore,
38-4%x 768

total anode load resist = — = 25§
otal anode load resistance 3841768 256 kQ
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and an equivalent circuit of Fig. 7.12 would be

FiG. 7.13
From Fig. 7.13,
___=rVee
L= 40+256+0-256 .7
But Vl = ng+Vke and ng = VI—ch.
And equation (7.7) becomes
_ —p(Vi—Vio)
* = 20+ 25610256
Now, Vie = —1,x0:256 V.
=V, +1,x0-256)
Therefore, L = 46125610256
- —uV¥,
404256 +0-256(1 + 1)
—uV,256

and V2 = IaRL

T 40+256+0256(1 +p)
From which,

Vv, —p25:6

V,  40+256+0-256(1+p)

stage gain m =
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This expression may be written in general form thus:

—uR,
= 7.8
" r,+ R+ R (14 ) (7.8)
Now, = g, = 2x1073x40x10° = 80.
—80 %256
h =—
Therefore m 65612073
= =23-72
and Imi={V,|/|V:]=2372

The gain of the amplifier of Fig. 7.12 is |m| = 23-72. The
minus sign in equation (7.8) indicates the 180° phase reversal due
to the valve.

As the feedback network is purely resistive at the frequency of
the applied voltage, there is no phase shift introduced by the
network. This means that equation (1.83) can be used to calculate
a figure for | V, | /| V, | if B and | m | are taken as 6-8/(70+6-8)
and 23-72 respectively.

To find | V31 /| V1|

Amplifier

) B/4kQ ¥,
gain m

{ £ -

Fic. 7.14

From Fig. 7.11,
68

P =58+70
and.with the feedback loop connected as shown in Fig. 7.14,
Vil 23-72 2372
Vi 1+0-0887 x23-72 3-1
= 7-65.

= 0-0887




NEGATIVE FEEDBACK AND CATHODE FOLLOWER

Reference to Fig. 7.11 now reveals that,

V; 1 vV, 8
= d M
v, T5 v T
V 5 |V, 5
H , Sl ==-x|=—=| = =-xT65 = 478,
ence 1 V. 2 X ARE X
Example 7

205

A triode used in a cathode follower stage has an anode slope
resistance of 8 kQ and an amplification factor of 25. The load
resistance in the cathode circuit is 12 kQ, and the resistance
between grid and cathode is 2 MQ. Deduce expressions for, and

hence evaluate, the input and output resistance of the stage.

LE.R.E., May 1963

Solution

o H.T.+

HT.-

FiG. 7.16. Cathode follower equivalent circuit derived in Section

1.19.
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The following points were established in Section 1.19 and should
be justified again here as part of this solution. However, to
avoid undue repetition, these points will merely be stated without
proof.

1. Vin = IinRg+Vo
where V,, is the r.m.s. value of input voltage;

L, is the current which flows in the input circuit (not
grid current as such);

R, is the grid leak resistance;
V, is the r.m.s. value of output voltage.

Vu _ f"’Rk
Vie FetR(1+p)

2. Stage gain m =

where R, is the cathode load resistance;

w is the amplification factor of the valve;

and  r,is the anode slope resistance of the valve.

Input Resistance R;
It was shown in Section 1.19 that

Vin = LR+ Y,

but Vo = mvin
Therefore Vin = L R4+mV,,
and Vin(l —-m) = IinRg

Now, input resistance R; of the circuit of Fig. 7.15 is given by
Vin/Iin'

Ry 7.9

V.
Therefore R =—"=
L, 1-m
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From equation (1.72) stage gain m is given by

Vo _ F’Rk
Vio  Fat R(1+4)

m =

Substituting values gives

= 25x12 300
T 84+12(1+25) 320
Therefore m = 0-9375.
And input resistance from equation (7.9) is
R - 2x 106
" 1-09375
_2x10°
00625
Whence R, = 32 MQ.

Output Resistance R,

The output resistance R, of a cathode follower is the resistance
which appears across terminals A and B of Fig. 7.16 with R,
disconnected, and the internal e.m.f. [V, /(1 + )] reduced to
zero. Hence, from the simplified equivalent circuit of Fig. 7.16,

1+p
Substituting values gives
8000
= —— = 308 Q.
Ro 1425 8

Example 8
A triode valve is connected as a cathode follower. The valve
parameters are g, = 3mA/V and r, = 15kQ, The anode
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to grid capacitance C,, is 3 pF, and the capacitance between
grid and cathode Cy is 2:5 pF. If the cathode load resistance is
4kQ, calculate (a) stage gain, (b) output resistance and (c)
input capacitance from first principles.

Solution

T+

F1G. 7.18. Constant voltage equivalent of Fig. 7.17.

(a) From equation (1.72)*, stage gain is given by

me — PR
r,+R(1+)
and B= guts = 3x1073x15x10% = 45.
Therefore m = —>>4_ _ 130 _ 09044,

*The expressions obtained in Section 1.19 for m and R. are not invalidated
by the presence of small interelectrode and stray capacitances.
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(b) The output resistance R, is found in the usual way from

r, 15000
I+p  1+45
Therefore R, = 326 Q

(¢) From Fig. 7.18,

R, = Q

Iin = II+IZ
= Vinwcag'*'wcgk(vin—vu)'

Now, input admittance Y;, = I,,/V;

1n

v,
= wCag-{- ngk(l -—V—m) .

Therefore, Yino = 0Cuy+ oCy(l—m)
However, if C,, can be neglected, and if R, is resistive,
Yin = 0Ciy
where Cin = Cup+ Cy(1— [ m ). (7.10)

C;, from equation (7.10) is the input shunt capacitance. Sub-
stituting values into this equation gives,

Cin = 3x1071242:5x 107 12(1 —0-9044) F.
Therefore
C;, = 3249 pF.

It can be seen from equation (7.10) that the larger the stage
gain | m |, the larger the input impedance and the smaller the
input admittance. Also, as | m | — 1, the input shunt capacitance
is due almost entirely to C,,.

PROBLEMS WITH ANSWERS

1. An amplifier has a gain of 600 without feedback. What value of input
signal voltage will produce a 1 V output if 8% negative feedback is applied?

81-6 mV.
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2. A single stage amplifier without feedback has a gain of 10. A second
amplifier, operated from the same power supply, has two stages each with a
gain of 10, but there is negative feedback reducing the overall gain to 10.
Calculate the percentage feedback. As a result of voltage variations, the
gain of the first amplifier drops to 9. What is the gain of the second amplifier?

99; 9-78.

3. An amplifier, in the absence of feedback, has a gain which is liable to
fall by 409 of its rated value due to uncontrollable supply variations. If,
by application of negative feedback, an amplifier is to be produced with a
rated gain of 100, determine the gain before feedback if the gain with feedback
never falls below 99,

6000.

4. Draw a simple closed loop diagram, and obtain an expression for
the output voltage V' of a valve amplifier with 1009 negative feed-back,
in terms of the input voltage Vi, and the voltage gain m. What is the input :
output ratio if the gain is very high?

mVi/(1+m); 1:1,

5. Determine the percentage change of gain of the amplifier of Fig. 7.19
if u changes from 40 to 35, and at the same time r. changes from 10 kQ

® o KT+

FiG. 7.19

to 12kQ. The reactance of C may be assumed negligible, so also may be
the shunting effect of the coupling components on the 25 kQ load resistor.

4-81%.

.

6. A single-stage amplifier has a gain without feedback of 20, and an
output of 105 V with 89; distortion. If feedback is applied, calculate
(a) the value of B necessary to reduce the distortion to 29;;
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(b) The output voltage of the amplifier when an input is applied which
produces 27 V output voltage from the same amplifier with no feedback.

15%; 6-75.

7. An amplifier has a gain of 125 without feedback and provides 50 V
across the output load with 129 second harmonic distortion. What value of
feedback fraction g will reduce the distortion to 1%4? What must be the gain
of an additional stage placed before this amplifier, if the signal voltage is to
remain at 50 V?

889%; 12.

8. State the conditions for stability as applied to amplifiers using feedback.

An R.C. coupled amplifier consists of a triode for which g.. = 3 mA/V,
and r. = 8kQ. A non-inductive resistance of 480 Q is connected in the
cathode lead. The load resistance in the anode circuit is 12 kQ, and this is
tapped to give a feedback factor B of 0-05. Calculate the effective gain of
the stage.

6-2. L.E.R.E., May 1963

9, Discuss the advantages and disadvantages of applying negative feed-
back to an amplifier.

An amplifier has a gain of 200—j300 before feedback is applied. What
will be the overall gain if 4 9 of the output is applied in series with the input
as negative feedback?

25-9 /. 183-45°, H.N.C.

10. Calculate the stage gain (| Vo |/| Via |) and phase shift for the feed-
back amplifier shown in Fig. 7.20.

4-84; 184°2". H.N.C.

—eo HT.+

i)

F1G. 7.20
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11. Calculate | Vo |/| Via | for the amplifier shown in Fig. 7.21. Neglect
transformer losses and assume the reactance of C to be negligible at the
frequency of the applied voltage.

7-07.

—o H.T-

Fic. 7.21

12. A triode valve has an anode slope resistance of 20 kQ and amplification
factor of 25. The input is applied between control grid and negative H.T.
and the cathode is connected to the negative H.T. line through a resistance of
1 kQ. The resistance of the anode load is 10 kQ. The valve is R.C. coupled
to the next stage, the components used being a capacitor of 0-01 uF, and a
resistor of 50 k€. Calculate the gain and phase shift of the stage if the output
is taken across the 50 kQ resistor and the input sine wave has a frequency
of 400 ¢/s.

314 £.214-5°.

13. (a) An amplifier consists of » identical stages, each of gain m, connected
in cascade. If identical negative feedback is applied to each of the n stages
such that the overall gain with feedback is m’, show that dm’/m’ is given by

dn’ __n__ dm
m (Lt m) m
(b) If, instead of applying negative feedback as in part (a) above, feedback

is applied between the nth stage and the first stage only, such that the overall
gain with feedback is still m’, show that dm’/m’ is given by

am’ n dm
T
Which of the above methods is better from the point of view of gain
stability?
B is the feedback factor in each of the above cases.
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14. Explain what is meant by negative feedback as applied to an amplifier,
distinguishing between current and voltage feedback. What are its advantages
and disadvantages?

Derive an expression for the gain at the fundamental frequency of a negative
feedback amplifier in terms of the feedback factor and the gain without
feedback.

Using this result, or otherwise, determine the gain of a cathode follower in
terms of the cathode load Ri and the valve parameters. Deduce that the
equivalent constant voltage generator has an e.m.f. of uVia/(1+4), and an
internal resistance of approximately 1/gm, where Vi, is the voltage across the
input terminals. H.N.C.

15. Find the impedance of the circuit of Fig. 7.22 “looking into”> AB
in the direction of the arrow.
2:21 kQ.

HT+

HT-

Fic. 7.22

16. Derive expressions for the output voltage and output resistance of a
cathode follower stage. A cathode follower employs a triode having p = 45,
and r, = 10kQ. If the cathode load resistance is 1-5 k€, find the gain of
the stage, and also the output impedance.

0-854; 2175 Q.

17. The anode load resistor of a triode valve is 50 kQ and so also is the
resistor which connects the valve cathode to the H.T. negative line. If
ra = 10kQ and ¢ = 25, find the gain of the stage to the anode. If a 1:5 MQ
grid leak resistor is connected between grid and cathode, find also the input
resistance of the stage. Stray capacitance and inter-electrode capacitance
effects may be neglected.

—0-918; 18-3 MQ.

18. A triode valve is connected as a cathode follower. The valve para-
meters are g» = 25 mA/V and r. = 10kQ. The anode to grid capacitance
is 2:6 pF, and the capacitance between grid and cathode Cgx is 2-1 pF. If
the cathode load resistance is 12 kQ, calculate from first principles the stage
gain, output resistance, and the shunt input capacitance of the stage.

0-932; 384:5 Q; 2-743 pF.
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19. A triode valve operated as a cathode follower has a resistive cathode
load R« and an a.c. input V volts r.m.s. Find an expression for the power
developed in the load and determine, in terms of the usual valve parameters,
the value of Ry for which this is a maximum. Hence deduce the impedance
of the equivalent generator.

A triode of anode slope resistance 20,000 Q and amplification factor of 19
is operated as a cathode follower, and an input signal of 3 V... is applied
between grid and earth.

Calculate the value of cathode resistor which will develop maximum
power, and calculate, for this condition, the output voltage and power.

1kQ; 2:03 mW; 1-425 Vimos. H.N.C.

20. The anode load resistor of a triode valve is 60 k2, and so also is the
resistor connecting the cathode to earth. The input voltage to the triode is
applied between grid and earth. A 2 MQ grid leak is connected between
grid and cathode. Outputs are taken from both anode and cathode. The
valve has an anode slope resistance of 20 kQ and an amplification factor of 30.
Calculate

(a) the stage gain from grid to anode,

(b) the input impedance.

What would be the stage gain at o = 10¢ from grid to anode if the cathode
resistor is made zero, and a 50 pF capacitor is shunted between anode and
earth? Assume that the valve parameters are unaltered.

—0-928; 27-8 MQ; 18/143° 8", H.N.C.



CHAPTER 8

Oscillators

WORKED EXAMPLES

Example 1

The simplified equivalent circuit of a quartz crystal used in a
crystal oscillator is shown in Fig. 8.1. Show that the two resonant
frequencies of this crystal are given by

() w2LC; =1

c,
1+—].
( +co)

Calculate the series resonant frequency from (i), and the anti-
resonant frequency from (i), for a crystal in which L = 7-82 H,
C, = 0-02 pF, and C, = 15pF.

and (i) w?LC,

Solution

Referring to Fig. 8.1,
1 1_ _Z+2Z,

1
Zw Zi Z, zz,’
215
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ZZ,
Therefore Zyp=—"", 8.1
erefo aw= 8.1)
but Z, = joL+- (8.2)
JoCy
1
and 5 =jw C. (8.3)

Hence, substituting for Z, and Z, from equations (8.2) and (8.3)
into equation (8.1) gives

(w®LC;—-1)

wzCICO[ij—f-jLw(CLI-{-%;)jI
w?LCy—1
Ci+Co—w?LC,C,

JeCoCy )

J (wZLC1 =1
T w(Ci+ Co—w?LCoCy)
Now, when the circuit is at series resonance, Z z is zero as there
is no resistance included in the equivalent circuit of Fig. 8.1.
If Z 5 = 0 in equation (8.4),
w?’LC,~1=0

therefore, w?lC, = 1. (8.5

When the circuit is at parallel resonance Z ,; is infinite. However,
the denominator of equation (8.4) is zero when Z ,, is infinite,

wZCICO(

Whence Z,p (8.4

therefore, o(Cy+ Cy—w?LC,Cy) =0
C

and w?LC, = ( 1 +—‘) i (8.6)
Co
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The series resonant frequency of the crystal given in the problem
may be found using equation (8.5).
1

2
LC,

w

where w = 27f and fis the series resonant frequency.

1 1
T 27 J(LCy) ~ 6284./782x2x107 14

Hence, f

= 402-4 kc/s. 8.7

The parallel, or anti-resonant frequency, may be found using
equation (8.6),

171 c\ T
f= 277[Lc1<1+c0)]

= %_J(IL‘CT)(”%Y'

However, from equation (8.7), 1/(2 \/ (LCYy)) is 402-4 kc/s.

2x 10"4)*
c/s

TherefOl'e, f = 402'4 X 103 (1 + m—d——lz

this may be expanded using the Binomial Theorem thus,
f =~ 402-4 x 103(1 +34 % 0-00133) ¢/s
= 402-4 x 10> x 1-000665 c/s,
whence, J = 402,668 c/s. (8.8)

It can be seen from equations (8.7) and (8.8) that the separation
between the series resonant frequency and the parallel resonant
frequency is only 268 c/s.

In practice, a resistive component will be present in branch ()
of the equivalent circuit of Fig. 8.1. This means that the im-
pedance of the crystal at series resonance will not be zero, and at



218 WORKED EXAMPLES IN BASIC ELECTRONICS

parallel resonance it will not be infinite. Figure 8.2 shows how
the current through a crystal varies with frequency.

The crystal behaves inductively for frequencies between f;
and f,. Figure 8.3 shows this component in the grid circuit of
an oscillator. Here, both the crystal and the anode tuned circuit

Current taken
by crystal

f; is the series resonant frequency
fyis the anti-resonant frequency

1
1

fy fZ ——
Freguency
Fic. 8.2

BT+

HT-

FiG. 8.3

behave inductively, and the capacitive element necessary to
complete the oscillator circuit (see Section 1.24) is provided by the
anode—grid capacitance of the valve, C,,.

Example 2

Derive expressions giving (a) the minimum value of mutual
inductance between anode and grid coils required to maintain
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oscillations in a tuned grid oscillator, (b) the frequency of
oscillations of a tuned grid oscillator.

A certain pentode has a mutual conductance of 4 mA/V. It
is used in the circuit of a tuned-grid oscillator which has a grid
tuned circuit comprising a 31 mH coil having a series resistance of
250 Q, and a tuning capacitance of 400 pF. Determine the
minimum value of mutual inductance which will enable oscilla-
tions to be maintained, and also the frequency of oscillations.

o KT+

o HT-

Fic. 8.5. Constant current equivalent of Fig. 8.4.

Solution

Let the input voltage V,;, of Fig. 8.5 be applied between grid
and cathode of the oscillator valve from an external generator,
and let the output voltage V, be taken across the tuning capacitor
C. If continuous oscillations are to be obtained when the external
gencrator is removed, and the capacitor output connected
between grid and cathode of the triode, the vector V, must have
the same argument as V;,, and have at least the same magnitude.
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The following derivation assumes that
(i) grid current does not flow,

(ii) valve parameters are constant,

(iii) sinusoidal waveforms are obtained,

(iv) r, is infinite.
Now, under these conditions, the current I, which flows through
the primary coil is given by

I = —"nVis
and the e.m.f. E, induced in the secondary winding is, therefore,
E; = tjoMI, = +joMg,V;,

E, is the source of e.m.f. which feeds the grid tuned circuit.

r 12

o ]

FiG. 8.6

.
|

It may be seen from Fig. 8.6, that
E, + JoMgnVin

Iz ==
Z2 r+jol 4+ L
wl, 4+ ——
J joC
and vV, = i~——JwMg'”Vi" ><———,1
( _ 1 ) jwC
rtjol+———
JuC
v, JoMg,

h LU
ence Via 1—w’LC+jwCr
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For oscillations, V, and V;, must be equal, whence

| = JoMg,
" T 1-w?LC+juCr
and l1-w?’LC+jwCr+joMg, = 0. (8.9)

Equating the real parts of equation (8.9) to zero gives
1 = w?lLC
where w = 2#f, and f is the frequency of oscillations,
_
C 2rJ(LCY
Equating the imaginary parts of equation (8.9) to zero gives
wCr = +wMg,,

thus, f (8.10)

hence, it can be seen that the minimum value of mutual inductance
which will allow oscillations to be maintained is

+M = 2 (8.11)
Em
However, oscillation will only occur if the sign of M is positive.
The minus sign denotes that the coil L may be wound or con-
nected in such a way as to apply negative feedback to the stage.
Under these conditions, oscillations could not be maintained.
For the component values given in the problem,

1 1
= 2 0 = 27 JBIX 10 x4 x 10-19)
_10°
27 J12:4
= 45 kc/s.
Cr  400x10712x250
and M= = axi0
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Example 3

A parallel tuned circuit has a capacitance of 350 pF, a coil of
Q factor 45-5, and a resonant frequency of 50 kc¢fs. Itisusedina
tuned anode oscillator with a valve of anode slope resistance
10 kQ, and amplification factor 30. Find the frequency of oscil-
lation, and the value of M between anode and grid coils for
maintained oscillations.

Solution

o KT+

e HT-

It was shown in Section 1.23 that the frequency of oscillations
in a tuned anode oscillator, such as the one shown in Fig. 8.7,

is given by
1 1 r
/= zm/[za(‘ ﬁ;)]

and that in order to maintain oscillations, the mutual inductance
M must have a minimum value given by

_L+Crr,
P

M

In order to calculate numerical values for both f and M, the
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inductance L and series resistance r of the anode coil must first

be found (see Fig. 8.8).

This shows the series
~~~~~~~~~ .| —=~ osciliatory path
on one half cycle

To find r

Figure 8.8 shows a parallel tuned circuit which has a series
oscillatory path. Such a circuit was used in Section 1.23 when the
above-mentioned formulae for f and M were derived. Now, at

resonance,
wl 1
=7
hence !
w s r=——0
oCQ
but w = 27rf= 27 % 50 x 103
= 314 x 103 rad/s,
1
= Q
therefore, 7 T 314% 103 % 350 10~ 1% x 455
= 200 Q.
To find L
From equation (8.12),
I Or _ 45-5 % 200
T w 314x103
9-1
= — = 29 mH
A 9 m

(8.12)
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These values for L and r may now be used, along with given
quantities, to determine the frequency of oscillations and the
mutual inductance.

Frequency of Oscillation
1 1 r
= — —_— 1 —_
4 2m l:LC ( +ra)]

iy 1 (1+ 200 tc/s
T 628 29x 1073 x 350 x 107 12 10,000)
1 (1-02x1012)

T 628 10-16
= 50-4 kc/s.
To find M
L+C
M= +Crr,
i,l,
29%x10734+350%x 10712 x200x 10x 103
= H
30
29-7% 1073
=22 Hu
30
= 099 mH.
Example 4

A sinusoidal voltage V, is applied to the input of the network
shown in Fig. 8.9. Show that

Yo 1
V, 1+6k+5k*+k3
Z,

where = —,
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A network of this type is used in a phase shift oscillator.
Draw a suitable circuit and use the equation above to find the
condition for oscillation and the oscillation frequency. State
clearly any assumptions made. LE.R.E., May, 1962

Fic. 8.9

Solution

FiG. 8.10
From Fig. 8.10,
v
V,=15Z, or I;=—% (8.13)
Z,
_ Ve . I:(Z,+Z,)
Now, 1, = z, - Z
but ZI/ZZ = k, and Is = V2/Zz,
V,(k+1
therefore, I, =Is(k+1) = ——ZLZ—l (8.14)
2

AISO, 13 = I4+15
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Therefore, from equations (8.13) and (8.14) we have

V2(k+1) Vv,
=2t Y Va4
3 Z, 22 Zz( +k)
_ Vs _LZ+1Z, _
L= 7 = Mt

From equations (8.15) and (8.14)

V. \E)
=k =2 2k
I k[zz( +k)]+zz( +1)

v \%
= 2 (2k+k*+k+1) = =2 (k2 +3k+1).
z, z,

Now, v, =1Z,+1,7Z,

and I, =L+1,.
Therefore,
vV, = Z,L,+)+1,Z,
= IZ(ZI +Zz)+I3Zl.
Hence, from equations (8.15) and (8.16)
Z,+Z zZ
v, = v, G F2) ey gy, gy
Z, Z,
= V,[(k+ D)(k>+3k+1)+2k+k%]
A% 1
and 2

V,  1+6k+5k2+k%

Circuit Diagram
It will be assumed in Fig. 8.11 that,
(i) the network input impedance is infinite,

(ii) the input impedance of the valve is also infinite,

(iii) the valve is a pentode,

(8.15)

(8.16)

(8.17)
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(iv) the valve parameters are constant,
(v) grid current does not flow,
(vi) sinusoidal oscillations are produced.

Fic. 8.11
From Fig. 8.11,
J
Z, = ———
! wC
and Zz = R,
Z, J

hence =z " ——CR
and equation (8.17) becomes

v, 6 5 1

wCR_(@CR)Z " (wCR)?
_ 1
- 5 iT 1
1— -6

(@CR)* " wCR|_ +(wCR)2]
For oscillations, both phase and magnitude conditions must be
satisfied. As far as phase shift is concerned, when the circuit
oscillates continuously there is 60° phase advance due to each
series CR branch of the network, making 180° in all. There is

also 180° phase shift due to the valve, thus the phase shift around
the loop is 360°.

(8.18)
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For magnitude conditions to be satisfied, it is necessary that
the attenuation through the phase shift network be made up by
amplification through the pentode. Hence, as the loss through the
network is | V,/V,|, the pentode gain must be at least
| ¥, | V, | in magnitude if oscillations are to be maintained.

When the phase shift through the network is 180°, imaginary
terms in the denominator of equation (8.18) are zero,

1
therefore 6 = (_wER—)E
1
and w = Eﬁi/—é (8.19)

where w = 2af, and fis the frequency of oscillation.
Inverting equation (8.18), and ignoring imaginary terms,
v, (wCR)?

However, 1/(wCR)? = 6,
\%
therefore ‘7‘ =1-5x6= =29, (8.20)
2

Hence, oscillations will be maintained at a frequency obtainable
from equation (8.19) provided the gain of the pentode amplifier is
29, The minus sign of equation (8.20) denotes the 180° phase
shift due to the valve.

PROBLEMS WITH ANSWERS

1. Derive from first principles an expression for the necessary relationship
between circuit and valve constants for oscillations to commence, and an
expression for the frequency of oscillations produced in a tuned-anode
oscillator. Indicate how the stability of the oscillator is affected by the anode
slope resistance of the valve,

A parallel tuned circuit has a capacitance of 400 pF, a coil of Q factor 35,
and a resonant frequency of 45 kc/s. It is used in a tuned-anode oscillator
with a valve of r. = 8k, and p = 32. Find the frequency of oscillation,
and the value of M between the anode and grid coils for maintained oscilla-
tions.

45-8 kefs; 1 mH. LLE.R.E., May 1956
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2. Discuss the importance of the polar plot of the open-loop gain of a
feedback amplifier.

Consider the tuned anode oscillator as a feedback amplifier, derive an
expression for its open-loop gain and hence obtain the maintenance con-
dition and the oscillation frequency. LE.R.E., Nov. 1962

3. The anode load of a tuned-anode oscillator has a coil of Q = 50
at the resonant frequency in parallel with a 500 pF capacitor. If the alternat-
ing anode current has a value of 12 mA peak, and the power dissipated in the
coil is 1 W, calculate

(i) the peak current in the coil;
(ii) the resonant frequency of the circuit;
(iii) the dynamic resistance.

20-5mA; 3-6 Mc/s; 14kQ. LE.R.E., May 1959

4. A parallel tuned circuit has a capacitance of 400 pF, a coil Q factor 40,
and a resonant frequency of 500/2= kc/s. It is used in a tuned-anode oscillator
with a valve of r. = 10 kQ, and p = 40. Find the frequency of oscillation,
and the minimum value of mutual coupling between anode and grid coils for
sustained oscillations.

8 kc/s; 262-5 pH.
5. Find approximately the condition for sustained oscillations in a triode

with a tuned grid circuit, given that the tuning capacitance is 0-01 uF, and the
loss resistance 200 Q. The valve parameters are p = 10, and r, = 10kQ.

2 mH.

6. For the tuned-grid oscillator of Fig. 8.12, show that
Ly C2R2)

(LZC 4—
Show also that oscillations will be maintained if the mutual inductance M
has a minimum value given by
. C2R2 Ll 2R2
&m pral,+pLi Ry’
State clearly any assumptions made.

HT.+

Fic. 8.12
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7. The circuit of a Hartley oscillator is given in Fig. 8.13. Show that the
circuit will oscillate when the mutual conductance g.. has a value
L [’a(Rx‘l‘Rz) ]
T Ly L (wLp? +1)
State clearly any assumptions made.

Em

T+

HT-

Fic. 8.13
8. The circuit of a Colpitt’s oscillator is given in Fig. 8.14. Show that the

circuit will oscillate when the amplification factor (1) of the valve has a
value

C
= Fj+ w2CyCoR Ve,

State clearly any assumptions made.

HT+

ity
BiAS
I 9 o HT~

9. The circuit of a negative resistance oscillator is given in Fig. 8.15.
Show that the maintenance condition is given by r, = L/CR, and that the
frequency of oscillation ( f) is given by

r-5:dlze1-7)]-
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The tetrode valve used in such an oscillator has an anode slope resistance
ra = —35kQ. The anode load consists of a coil of inductance 159 uH
and resistance 25 Q. What is the lowest frequency at which the valve will
oscillate?

940 kc/s.

The H.T. voltage is
lower than the screen voltage

VSGREEN
| T

BIAS —l——

Fa. 8.15

10. Draw the circuit of a R.C. oscillator which employs a three-section
ladder phase shifting network consisting of three similar phase retarding
sections. If C = 0-0004 uF, and R = 120 kQ, calculate the frequency of
oscillation of the oscillator from first principles, and show that, for oscilla-
tions to be maintained, the valve must have a gain of 29. The output of this
oscillator may be taken from either the anode or the grid. At which point is
the purer waveform obtained? Give reasons for your answer.

3-32 kcfs.

11. Explain the behaviour of a slab of quartz or Rochelle salt as a circuit
element in an oscillator, and establish an equation for the equivalent circuit
of the element under steady voltage conditions.

In a certain Wein bridge type oscillator, the frequency selective network
employs 120 kQ resistors, and 0-001 @F capacitors. Deduce, from first
principles, the frequency of oscillation.

1-325 ke/s. H.N.C.

12. The equivalent circuit of a quartz crystal is shown in Fig. 8.16. Show
that the resistive component of such a crystal is R, at the series resonant
frequency, and (X.%+ R;?)/R; at the parallel resonant frequency.

[+
L By 1 .
A o— T —AAA—]—o—o B

FiG. 8.16
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13. Draw the circuit and explain the action of a crystal controlled oscillator.
What precautions must be taken in order to obtain the highest possible
frequency stability with this circuit?

|
I

Fia. 8.17

Figure 8.17 shows the equivalent circuit of a quartz crystal which has a
minimum impedance of 2 k€ at 100 k¢/s. The impedance reaches a maximum
and has a value of 300 kQ when the frequency is increased by 150 c¢/s. If
the capacitance C’, measured at a low frequency is 18 pF, calculate the
approximate values of L, r, C and R.

47 H, 2 kQ, 0-054 pF, 325 kQ. I.E.R.E., May 1959

14. The electrical constants analogous to mass and compliance of an
X-cut piezo-electric plate vibrating in the thickness mode are given by
L = 118 t3/lw henry, and C = 0-0029 Iw/t pF, where I, w and ¢, denote
length, width, and thickness of the plate in cm.

An X-cut having dimensions / = 2-5cm, w = 2cm and t = 0-5¢cm, is
to be used as a generator of ultrasonic waves. Determine the resonant and
anti-resonant frequencies of the plate when it is operated between plane
electrodes having the same dimensions for / and w. The permittivity of
quartz is 4-5, and the electrodes may be assumed to be in uniform light
contact with the faces of the crystal.

555 kc/s; 557-2 ke/s. I.E.R.E., May 1957

15, What properties of a quartz crystal enable it to be used in a valve
oscillator? Give a circuit diagram and an explanation of the action of any
one type of crystal oscillator. What are its advantages and disadvantages
compared with a valve oscillator not using a crystal element? H.N.C.

16. With the aid of a circuit diagram and suitable waveforms, explain the
action of a free-running multivibrator. What are the effects of returning one
of the grid resistors to a large positive bias? Draw a control grid voltage
waveform for this condition. What is the practical advantage of returning
both grid resistors to a large positive bias? H.N.C.



CHAPTER 9

Transistors

WORKED EXAMPLES

Example 1

The equivalent circuit for a low-frequency small signal tran-
sistor amplifier in the grounded-base configuration is shown
in Fig. 9.1. Deduce that

(ar,+r1)

a) Current gain = ——"———
@ & (re+rs+RD)

(b) Input resistance = r,+r,(1 +current gain),

ryr, + arc)]

c) Output resistance = ry,+r, —
( ) p b c [Rg+re+rb

H.N.C.

FiG. 9.1

Solution
The voltage generated in the collector circuit of Fig. 9.1 is
ar X, only if r, < r, and mutual resistance r,,.

233
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(a) Current gain. See Section 1.27 for the solution to this part
of the problem.

(b) Input resistance R;,. The following network equations may
be obtained from Fig. 9.1.

Vin = Ie(Rg+re+rb)+Icrb (9'1)
0= Ic(rb+rc+RL)+Ie(rb+arc)' (9'2)
From equation (9.2),
(rb+ arc)
L= - oy 9.3
re + Iy + -RL ( )

Substituting the value of I, from equation (9.3) into equation
(9.1) gives
ry(ry+ar,)
vV, =L (R T
" e|:( s ¥t ) (rc+rb+RL)]
V.
and I, = 2 9.49)
Rodrtr— ri(ry+ar,)
OTET Y (retryt Ry

Now, the input resistance R;, of the transistor is that resistance
which appears across terminals AB in Fig. 9.1, and

V.
L=—F"— 9.5
R,+ Ry ©-3)
Comparing equations (9.4) and (5.5) gives
ry(r, +ar.)
Ryg= Ry, =r.+r,————
48 ° * (ro+ry+Ry)
However, the current gain for this circuit is given by
Current gain = —M
(ro+r,+R))

whence, input resistance R;, = r.+r, (1 +current gain).
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(¢) Output resistance (R,). From equation (9.2)

(rc+rb+RL)

L =
¢ (ryt+ar,)

x1, 9.6)

Substituting I, from equation (9.6) into equation (9.1) gives,
Vin = _Ic[(rc+rb+RL)(Rg+re+rb)_rb}

(rb + arc)

(rb+°"rc)

or -1, = — Retretn) : ©.7)

ry(ry+ar,)
tryt Ry — )
[r” T (R,,+re+rb)]

The minus sign in equation (9.7) indicates that the load
current (I) flows through R, in the opposite direction to that
shown in Fig. (9.1). This current is produced by a generator of
emf. (r,+ar)V,,/(R,+r.4+r,) volts and internal resistance
re+ry—ryry+ar)/(Ry+r.+r,) ohms. This is the output resis-
tance of the generator.

Example 2

A transistor may be used as a small signal amplifier in three
useful configurations. Compare the properties of the three
possible forms of the amplifier.

B

|

10000 Vg
Ry 2 Ry ‘

TmV i

FiG. 9.2

HiH
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If the parameters of the transistor shown in Fig. 9.2 are
r,=20Q, r,=500Q, r,=1MQ and o = 0-98, calculate the
signal output voltage V,. Neglect the effects of the bias and
coupling components on the signal, but comment on the bias
arrangement shown. I.LE.R.E., May 1962

Solution

Equivalent circuit. Assuming that the effects of the bias and
coupling components on the signal can be ignored, a T-equivalent
circuit would be shown as in Fig. 9.3.

ar 1
¢ Gc

Iy & £ i} oL

Voltage Gain
Applying Kirchhoff’s Second Law around loop AOEB of
Fig. 9.3 gives,

Vin = Ib(re+Rs+rb)+Icre (98)
and also around the loop OCDEO,
—alr, = 1(r.+ R +r)+1,r,, 9.9

rearranging and putting I, = — (T, +1) gives
0 =1I[r.+R +r(l —a)]+1,(r,—ar,). 9.10)

Now, voltage gain = —I_R;/V,_, and it is necessary, therefore,
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to obtain an expression for I. This may be done using equations
(9.8) and (9.10). Multiplying equation (9.8) by (r,—ar,) and
equation (9.10) by (r,+ R,+r,) gives,

Vialre—ar) = Lre+ R+ r)(re—ar) + Lr(r,—ar,)
and

0 = L(r,+ R, +r)r.—ar)+Llr,+ R +r.(1—a))(r.+ Ry+1s).
Subtracting gives,

Vinlar,—r)) = L{rdorc—r)+lre+ Ry +rl—a)l(r.+ R +13)}
whence,

I = (ar;—r)Vin
¢ rfar,—r)+[r.+ R +r(1—a)(r,+Ry+ry)

but voltage gain = —I R;/V;,
_ (a’rc—re)RL
B re(arc—re)+[re+RL+rc(l—a)](re+Rs+rb)

9.11)

In this case,
R =1000Q, r,=20Q, r,=500Q, r,=1MQ,
a =098, and R; = 20,000 Q.
When these values are substituted into equation (9.11), r, will
be ignored when compared with ar,, R; and r(1—a),
hence,
voltage gain
_ —0-98x 108 x 20 x 103
" 098 x 10 x 20+ (20 x 103 402 x 105)(20+ 1000+ 500)
—196x 103
19-6+40x 1-52
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Therefore, with a 1 mV input signal, the resulting signal output
voltage | V, | is given by

[V, | =244 V,,| = 244 mV.

Due to the inherent properties of a transistor connected in the
common-emitter configuration, there is a phase shift of 180°
through the device. This phase reversal is indicated by the minus
sign in the above solution for voltage gain.

Bias Arrangement

Transistors connected in the common-emitter configuration
must be bias stabilized to avoid the possibility of thermal runaway
by preventing excessive shift of the d.c. working point. In
Fig. 9.2, bias stabilization is achieved by components R;, R, and
R,. Capacitor C is a bypass capacitor which prevents feedback at
the signal frequency. The potential divider network (R, and R,)
holds the base constant relative to earth. If leakage current
rises, the voltage drop across R; increases, reducing the amount
of forward bias applied to the emitter-base junction. This has
the effect of limiting the rise in collector current.

Example 3

Explain briefly what is meant by n-type and p-type conduction
in semi-conductors. Hence, explain the rectifying action of a
p-n junction.

The hybrid parameters of a p-n-p junction transistor used as an
amplifier in the common-emitter configuration are: A7, = 800 Q;
hy, =46; by, = 80x107Q~ 1, and k), = 54x107% 1If the
load resistance is 5 kQ and the effective source resistance 500 €,
calculate the voltage and current gains, and the output resistance.

I.LE.R.E., May 1959
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Solution
11 ]2 +
* x - hiy h2
vy 2 R
P G [ 'y ¢

Fi1G. 9.4. Four-terminal network with hybrid parameters

[
|
!
!
!
[

*

FiG. 9.5. Linear model of a transistor with hybrid parameters.

The network equations from Fig. 9.5 are

V, = k1, +4,,V, (9.12)
Iz = h’2111 +h’22V2 (9.13)
and V, = —1L,R; 9.19)

Voltage Gain
Multiplying equation (9.12) by h5; and equation (9.13) by
h, gives,

R Vi = hy by 1 +h50A,Y, (9.15)
hi Xy = R b L+ R BV, (5.16)

Subtracting equation (9.15) from equation (9.16) gives
h’1112—h,21V1 = (h’1 1h,22—h’12h'21)vz (9-17)

where h},h,,—hi,hy, = A,, the determinant of the A matrix.
Using I, = —V,/R, from equation (9.14) in equation (9.17) gives
Ry

. Y
—hy ¥y = Vz(Ah'*‘]TL) = R—IZ‘(AhRL'*'h,ll)'
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Y, Ry Ry
== 2 9.18
Therefore, voltage gain v, W +AR, (9.18)
46x5x 103
T T(8x102x80x 107 5—54x46x 10~ )5 x 10> +8 x 102
230,000
= ——————— ~ 230 £ 180°.
198+ 800 <
Current Gain
From equations (9.13) and (9.14),
I, = by 0, —hya R0,
or  L(+hy,Ry) =yl
hl
and Current gain = I—j = T:I-TZ’;?L (9.19)
_ 46 _ 46 1
T 14+80x1076x 5000 14
Output Resistance
¢
V) ——

e

FiG. 9.6. Modified version of Fig. 9.5 including source resistance
Rﬂ'-

It is assumed in the question that A}, is real at the frequency of
the applied voltage V,, and that the source impedance R, is
resistive, Hence, under these conditions, it is permissible to use
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the equivalent circuit of Fig. 9.6 in order to compute the output
resistance. The new network equations are,

Vi = Re+h LR,V 9.20)
12 = h’ZIII +h’22V2 (9.21)

Multiplying equation (9.20) by A5, and equation (9.21) by
(R,+hy,) gives,

W3y Vy = By (Ro+ Ry )l + ko koY, 9.22)
(Rs+hi )y = by (Re+ by )y +hyy(Ro+hy OV, (9.23)
Now, subtracting equation (9.22) from equation (9.23)
L(R,+hy)—h5,Vy = [h,(Ry+ by ) —hioh,1V, (9.24)
By definition, the output resistance R, ‘“looking into” terminals
CD of Fig. 9.6 in the direction of the arrow, is given by
_Y:

R, =
L (vi=0

0

Therefore, putting V,; equal to zero in equation (9.24) gives,
V. R+hyy _ Ri+hy,

Ro =37 T ’ ropr T (9’25)
IZ hZZ(Rs+h1 1)_h12h21 h22Rs+Ah
Substituting given values into equation (9.25) gives,
500+ 800 1300
R, = = = 16-4 kQ.
®  80x107%x 500400392 0-0792 164

If the 5 kQ load is taken into consideration, the effective output
impedance is 5 kQ in parallel with 164 kQ, i.e. 3-94 kQ.

Example 4

The hybrid parameters for a transistor used in the common
emitter configuration are: k), = 1-5kQ, h}, = 1074, by, = 70,
and k), = 107* Q~!, The transistor has a load resistor of 1 kQ
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in the collector circuit, and is supplied from a signal source of
resistance 500 Q. Calculate (a) input resistance and (b) power
gain of the stage.

Solution

(a) Input resistance R;. As in Example 3, the network equations
are

Vl = h’llll +h’12V2 (9.26)

I, = by, 1 +15,Y, .27
and V, = -LR; (9.28)

From equations (9.26) and (9.28),

Vy = kL =R, R, 9.29)

Now, from equation (9.19),
A
27 1+hy,R,

using this value of I, in equation (9.29) gives

Kb, R
V — h, _ 127214 L I
! [“ 1+h,R, | !

v, Hishy Ry,
H R, = —="-———"— 9.30
ence in I1 11 1 +h’22RL ( )

and the effective input resistance including the source resistance
R, is Ry+hyy—Hyho Re/(1+h3,Rp).
Substituting known values into this expression gives,
10”*x70x 10°

Total input resistance = 500+ 1500 — T110°%x10°

7
= 2000 — —
000 “Q

~ 2kQ.
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(b) Power gain. Tt was shown in Example 3 that

’
2Ry

Voltage gain = ——"———
11+AhRL

h 4
1+h5,R,

Valy
Vi

and Current gain =

Now, Power gain

voltage gain x current gain
)R,
(hi1+RAY(1+Ry,R,)

In this case,
A, = ) hyy—hyohh = 1:5x103x 1074 —70%x 104

= 0-15—0-007
= 0-143

70 % 70 x 103
(1-5% 103103 x 0-143)(1 +0-1)
___49x10°
T 103(1-643)(1+1)

and Power gain =

= 2710.

PROBLEMS WITH ANSWERS

1. Several different systems of equivalent circuits or of parameters may be
used to specify the low-frequency properties of transistors. Describe any one
system and use it to derive expressions for current gain, and for input
impedance of a simple common-emitter amplifier stage with a resistive
collector load. LE.R.E., Nov. 1963

2. A transistor may be used as an amplifier in common-base, common-
emitter or common-collector connections. Compare the properties of these
three configurations, and give suitable applications for each. Draw an
equivalent circuit appropriate to low-frequency operation of transistors, and
use it to derive expressions for the input impedance and voltage gain of an
emitter-follower circuit. L.E.R.E., May 1963
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3. A grounded-base transistor voltage amplifier has a load resistance R.
and is fed by a signal source having an internal impedance R,.
Show that the voltage gain (4) and the input resistance (r;) are given by

(r...+rb)RL

A= (Rs+re+ro)(Re+re+ro)—ro(ro+rm)
rolro+7m) ]
and r=retro— [RL+rb+rc

where ry, r., ¥ and r,, are the T-network parameters of the transistor.
L.E.R.E., Nov. 1957

4. Find, from first principles, the current gain, voltage gain and power
gain for a low-frequency common-emitter transistor amplifier having para-
meters: 7, =209, r=700Q, r.=05MQ, a=096, R.=25kQ,
R, = 100 Q.

10-7; —264; 2820.

5. The T-parameters of a junction transistor connected as an emitter-
follower are: re =20 Q, r. =2MQ, r, = 1kQ and a« = 098. Calculate,
from first principles, the input resistance for a resistive load of 10 kQ,

668 kQ. LE.R.E., Nov. 1960

6. The low-frequency equivalent-T presentation of a transistor has the
following values:
re =300, r=5009Q, r.=2800kQ, a=0975.
The transistor is used as a common- (or grounded) emitter-amplifier with a
collector load of 5 kQ.
Draw the equivalent circuit and use it to find the current gain and the input
impedance of the stage.

31-2; 1-466 kQ. ILE.R.E., May 1964

7. Discuss the phenomenon of current flow in junction transistors in
terms of the physical properties of p- and n-type semi-conductors. A p-n—p
junction transistor is used as a voltage amplifier in the grounded-base con-
nection, the load resistance being 300 kQ and the internal resistance of the
generator, 200 Q. Derive an expression for the voltage gain of the amplifier,
and calculate its magnitude if the transistor T-network parameters are as
follows:

re=18Q, r =709, r.=1MQ and r.=976%kQ.
(ro+7m)RL/(Rs+ ro+ro)(re+ro+ RL)—ro(rs+rm) : 573.
LE.R.E., May 1957
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8. Identical transistors in the common-emitter connection are used in a
two-stage low-frequency amplifier.

Deduce the overall voltage gain, power gain, and the input resistance of the
amplifier for small signals if ro = 20 Q,r, = 500 Q,a = 0-98andr. = 1 MQ.
Both collector load resistors are 5 kQ, the input signal source has zero output
impedance and the effect of coupling and bias networks may be neglected.

4-95%x10%; 7x10°%; 1-45kQ. ILLE.R.E., Nov. 1961

9. The common-base hybrid parameters of a transistor amplifier are:
hyy = 18Q, hy, =8x107% hy; = —098 and Ay, = 1:6x10-6 Q-1, If
the collector load is 5 k€, calculate the power gain of the stage.

216.

19. The common-base hybrid parameters of a transistor are given by
hip =40 Q, h,, =04 pQ" ", by = 5x107%, by, = —0-98. The transistor
is connected in the common-emitter configuration with a load resistance of
5 kQ. Calculate the voltage gain and input resistance of the circuit.

~116; 1-93kQ. LE.R.E., May 1964

11. Define the hybrid parameters of a four-terminal network and prove
that the input resistance of such a network when operating into a load of
conductance Gy is given by Ri+hyy—hy2ha:/(haz +GL).

The common-emitter hybrid parameters of a transistor are

hlll = 800 Q, h, =47, h’zz = 80 ,LLQ_I, and h,12 = 5x10"%,
Calculate the output voltage and output resistance for a common-emitter
voltage amplifier using this transistor with a load of 5kQ and a 10 mV
source of internal resistance 500 Q.

1-38 V; 3-82 kQ (162 kQ in parallel with 5 kQ).
LE.R.E., Nov. 1962

12. Discuss the factors which limit the high-frequency response of junction
transistors and explain the methods by which this response may be extended.

A junction transistor has the following hybrid parameters when used in
the common-emitter connection: 4’y; = 800 Q, A’,, = 80x10-¢ Q-1
Wi, =5%x10"% and A’;; =48. It is used in this configuration as an
amplifier with a load resistance of 8 kQ. If this source has an e.m.f. of
100 mV and an internal resistance of 500 Q, calculate the power developed
in the load.

2:08 mW. LE.R.E., May 1960

13. Explain the terms ‘‘space charge capacitance’” and “diffusion
capacitance” used in connection with a junction transistor. In Fig. 9.7
is shown a simple form of the equivalent circuit of a transistor valid at
relatively low frequencies. The transistor is connected as an amplifier in the
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common-emitter configuration with a choke as the collector load. Calculate
the input admittance for a frequency such that the load impedance may be
taken as jx 10° Q, and C. has a reactance of 10¢ Q.

(2357 —864j) u Q1. L.E.R.E., May 1961
G
1
11
I 098x10° 1,
e »’\/\/\/\/—@——0——0 C
200 mMQ
500Q
b
FiG. 9.7

14. Figure 9.8 shows an astable multivibrator in its semiconductor form.
Explain in detail how it operates, illustrating your answer by clear sketches

) s
F1G. 9.8

of the appropriate electrode waveforms. Show that, for the circuit of Fig. 9.8,
the time period of oscillation 7T is given by

T ~ 2CR log.2.
LE.R.E., Nov. 1963

15. Sketch typical I.—V. curves for a transistor operating in the grounded-
emitter connection having a current gain Arz of 20 for collector currents
between 0 and 50 mA and collector voltages between 0 and 12 V.

On these curves sketch a typical bi-stable characteristic with a load line
and, hence, explain the mechanism of bi-stable circuits and describe the re-
setting of each stable state.

A transistor cross-coupled bi-stable has collector loads of 1000 Q and an
H.T. supply of +12 V. Assuming that leakage current is negligible, design
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the d.c. circuit of the bi-stable for a minimum Are of 11 and indicate the
method of compensating the stored base charge.

Rcr = 1000 Q (given), R, = 10,000 Q. L.E.R.E., Nov. 1962

16. A transistor has a grounded-emitter frequency of unity current gain
(Fy) of 100 Mc/s, a low-frequency grounded-emitter current gain (/) of
20, and a grounded-emitter input impedance (k:.) of 500 Q at 5 mA.,

The transistor is to be driven on the base from a source having a negligibly
low impedance compared with &;. and it is required that the “device band-
width”’ neglecting the load bandwidth should be 20 Mc/s. If the output load
has a capacitance of 32 pF and bandwidth of 5 Mc/s, ascertain the value of the
degenerative emitter resistor necessary to achieve the design objective and
evaluate the low-frequency voltage gain of the complete amplifier.

R.=100Q, 4,~ 10, LE.R.E., May 1962

17. Sketch typical common-emitter I.—V. characteristics for a transistor
and then superimpose a family of curves showing the variation of F, (unity
gain frequency) over the surface of the I.-V. characteristic. Draw a typical
load line and comment briefly upon the problem of video amplifier design
under these conditions.

An uncompensated transistor video amplifier is required to produce a
pulse of 15 V amplitude, 10 ms duration, and of 0-05 us (50 ns) rise and fall
time (10-90%}) across an output capacity of 50 pF. The output pulse is to be
a.c. coupled to the grid of a cathode ray tube, and a droop of 5% is to be
allowed.

change of amplitude during pulse)

Droop ~ ( initial amplitude of pulse
Determine:

(a) the current capability of the transistor;

(b) the load resistor;

(©) the output coupling capacitor if the grid resistor is 100 kQ.
48 mA; 450 Q; 0-2 uF. I.E.R.E., May 1961

18. A transistor, operated in the common-emitter configuration, has the
following brief specification:

Voimax) = 10V,
I.(max) = 100 mA.

Large signal current gain (#rx) = 40 when: I, = 30 mA and V. = —0-25 V.
Maximum stored base charge (Q.) = 720x 10-12 C. This transistor is
assumed to have a defined saturation characteristic and to be substantially
linear over the whole operating region.
(a) Draw on graph paper the I.-V. curves appropriate to this specification.
(b) On the transistor curves construct a bi-stable characteristic for the
circuit shown in Fig. 9.9, and a suitable load line.
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The design should be such that the circuit will function with a minimum
hee of 20 and with a rise time (10%; to 90%;) of 100 ns, assuming a total
output capacitance of 200 pF. The H.T. supply is —6 V. Give reasons for
the choice of component values, and state the values of R. and Rk.

C 4

=
F1G. 9.9

(c) Briefly describe the conditions determining the four regions of the bi-
stable characteristic,

(d) Estimate the minimum change of base current necessary to trigger the
circuit assuming that the drive is in the form of positive going pulses
and that hrp = 40.

(e) Calculate a suitable value for the capacitor C in Fig. 9.9.

220 Q, 4-3 kQ; approx. 650 nA; 120 pF. LE.R.E., Nov. 1960



CHAPTER 10

Electronics Measurements

WORKED EXAMPLES

Example 1

Describe with the aid of a simple diagram, the principle on
which a Q-meter operates.

A coil connected across the inductor terminals of a Q-meter is
tuned to resonate at different frequencies by the calibrated
variable capacitor, and the following results are obtained.

TasLE 13

Frequency in Mc/s | Capacitance in pF

2 225
2:5 125
4 35
5 10

Find the inductance of the coil and its self capacitance, preferably
by a graphical method. LE.R.E., Nov. 1963

Solution

The block diagram of a Q-meter is given in Fig. 10.1. This
composite equipment may be used to measure the magnification
factor, self capacitance, and inductance of coils by measuring
the voltage drop across a capacitor when it is adjusted to produce
series resonance with the test coil.

249
I#
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Q-meter Operation with High-Q Coil

The output meter of the device is calibrated directly in Q-factor
(Vo[ Via of Fig. 10.1). Some method of monitoring and adjusting
V.. is necessary, as the input voltage to the LCR network should
be the same for each setting of the variable frequency oscillator.

The test coil consists of an inductance L in series with residual
resistance r. Cy is a calibrated tuning capacitor, and C, is a
trimmer capacitor for incremental adjustment. In addition to
the external terminals AB across which the coil under test is

,r— Goil under test ]
| "———m * &

i Variable nductor ~ #C t Internal

|

1 2

|

|

|

frequency | Vin Capacitors2 Vo | valve- !
generator | § 90 16 {6 y | voltmeter }
|

I._ Q-meter

Fic. 10.1. Block diagram of Q-meter.

connected, external terminals CD are also provided for con-
necting additional capacitance into the circuit. The calibration
of C, takes into account stray capacitance effects and the input
capacitance of the valve-voltmeter.

If the input impedance of the valve-voltmeter indicator is
assumed to be infinite and the output impedance of the variable
frequency oscillator to be negligible, a series LCR circuit exists
which may be tuned to resonance using C; (with C, set at zero).
At resonance, the circulating current and output voltage ¥,
are both maximum. This condition is indicated by a maximum
reading on the output meter of the internal valve-voltmeter.

Now, at resonance,

T
V, = Lw,L = 2, , and Vi, = Lr.

woly

I, is the circulating current at resonance, and w,, is the resonant
angular frequency.
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Therefore, 7, = LowolL =
Vin Ir
and V, = 0V;, (10.1)

Since the input voltage V;, is checked before each reading,
the output meter may be calibrated directly in Q-factor.

To Determine Inductance and Self-Capacitance by the
Intercept Method

L

] T

t 1
Vin % Gy Yo

Fic. 10.2. Simplified circuit.

If the resistance of the test coil is negligibly small, and the
self capacitance of the coil C, is distributed as shown in Fig. 10.2,
it can be shown that the series resonant frequency f, of the
circuit is given by

3 1
fo= 27 J{L(C, + Cy)}

and l2 = 4n?L(C,+C). (10.2)
/o

Equation (10.2) is the equation of a straight line having slope
472L.

If a graph is plotted of 1/f* against C;, and projected so as to
cut the horizontal axis OX at P, OP will give the self capacitance
of the coil (see Fig. 10.3).
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The inductance of the coil is found from the graph using

tan a
T 4n?
AN
f2
|
; slope = tana
| = 4n?|
|
Ve = ]
7 2@ Gy
7/
7/
v
7
L/
—
X P 0 CyinpF
Gy

Fi1G. 10.3. Graph of 1/f2 against (Cy+ Cs).

In this problem it is necessary to plot a graph of 1/f? against C.
Hence, a table is constructed thus,

TaBLE 14

1/f2 Cin pF

25x 10~ 14 225
16x 10~ 14 125
6-25x 10~ 14 35
40x10-14 10

A graph of 1/f? against C is shown in Fig. 10.4. From this,
C,= OP = 30 pF

Example 2

If the bridge shown in Fig. 10.5 is balanced, derive expressions
for L and r in terms of the other components. When a certain
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coil is used, balance is obtained with C; = 0-1 uF, R, = 8000 Q,
C, = 04 uF, R, =100 Q. An additional identical coil is con-
nected in series with this first coil, and mounted close to it.
The values now obtained are C; = 0-1 uF, R, = 20,000 Q,

F2 101 |25
sec™?
2

tan «

022 x 107
225x 10712 15 ¢

0-00098
30 pF 10}

slope of graph

and 0P

X100 P 0 100 200

Capacitance, pF
FiG. 104

&

Fic. 10.5

C, =02uF and R, = 100 Q. Find the inductance and re-
sistance of the coils, and the mutual inductance between them.
ILLE.R.E., Nov. 1963
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Solution

When the bridge is balanced, no alternating current flows
through headphones and Z,3Z -, = ZgcZ 4p-

1 .
Hence, R4(R2 +jw_Cz) = (r+]wL1)ij1
R, r L,

RRy+—— = ——+—. 10.3
and 2 4+ij2 jCUC1+C1 ( )
Equating real parts of equation (10.3) to zero gives

L
R,R, = C—i
therefore, L, = R,R,C, (10.4)
Equating imaginary parts of equation (10.3) to zero gives
Ry r
wCz - wCl
CiR
therefore, r=——2 (10.5)
G,

Now, substituting figures into equation (10.4) gives,
L, =01x10"%x8x10%x 102 = 0-08 H or 80 mH,
and into equation (10.5) gives,
0-1x10" %102
=——— =25Q,
0-4x10~° >
When an additional identical coil L, is connected in series with

L, and close to it, the new apparent inductance L, found from
equation (10.4) is

Ly =0:1x1075x20x 103 x 102 = 0-2 H or 200 mH.

It can be seen that this is more than twice the value of either L,
or L,. This implies that the coils are connected in the same sense,
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mutual inductance M accounting for the balance of the 200 mH.
M can be found using the equation,

Ly = L+L,+2M.

However, only the positive solution satisfies the equation here,
therefore,

200 = 80+80-+2M
and 40 =2M or M = 20mH,

Example 3

Find the characteristic impedance and the attenuation co-
efficient of the T-section shown in Fig. 10.6. If the network
is used between an a.c. source of internal resistance 20 Q, and
a 20 Q resistive load, find also the attenuation and insertion
loss.

.

Fia. 10.6

Solution

Characteristic impedance R,. It can be shown that
Ro = \/(Ro/c X Rs/c) (106)

where R, is the resistance measured across the input terminals
of Fig. 10.6 with the output terminals open circuit, and R,
is the resistance measured across the input terminals, this time
with the output terminals short circuit.
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Now, from Fig. 10.6,
R, = 40+60 = 100 Q

60 x 40
=40+ -—-= Q
and Ryje = 40+ a0 = &
hence R, = /6400 = 80 Q.

The resistance across the input terminals is, therefore, 80 Q
when a resistance of 80 Q is connected across the output
terminals (see Fig. 10.7).

.__ e
400 400
Ry —» j 800 Ry 8002

Fic. 10.7

Attenuation Coefficient

This is the attenuation of an attenuator when the source
and load resistances are equal to the characteristic impedance R,
of the network.

iife}

Now,

P
attenuation in dB = 10log, , Fl (10.7)
2

where P, is the power delivered by the generator to the network,
and P, is the power which is delivered to the load.
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Hence, from Fig. 10.8,

Lo E
160
ETT E?

d P, =I}R, = — = — )
an L R, [160] x 80 0 (10.8)
Also, 60(1,— Iy) = Ix(80+40)
whence, L = I

3
E 2
theref P, = I} = .
erefore, . = Iz x 80 [3x160] x 80 (10.9)

P
and, attenuation in dB = 10 log,, P_l
2

E* 160x18
=10 10g10|:‘3‘2—6>< _EZ—]

10log,, 9 = 9-542 dB.

Attenuation
The attenuator is to be used between a source of resistance
20 Q and a load of 20 Q as shown in Fig. 10.9.

Is IR

200 400 40Q
602 200

FiG. 10.9

bk ]

=] ]

It is again necessary to find P, and P,, but this time using Fig. 10.9.

Joo
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(10.10)

(10.11)

To find P,
The resistance across 4B due to the network and the load is
60(40+20)
= _— = Q
Ras = 04 G0 sa0120 = 0%
E
I I =—
also s =3
E\? 7E*
therefore, P, = 5(—)) x 70 = 310
To find P,
(I,— Iz)60 = I(40-+20)
I E
h —Is_ =
whence, Ip 2~ 130
E 2 E2
heref = |— 20 =
therefore, P, 180) x 20 180%9
. Py
and attenuation = 10 log,q —
P,
7E* 1809

=10 10g10 '81—0X—ET

= 10log,, 14 = 11-461 dB.

Insertion Loss
Again referring to Fig. 10.9,

- - P
Insertion loss in dB = 10 log; 0173

4

(10.12)
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where P, is the power delivered to the load when the load is
connected directly across the generator terminals as in Fig. 10.10,
and P, is the power delivered to the load when the circuit is
connected as in Fig. 10.9. (This is also the definition for P,.)

®
ANt

200 <
+ 204
; i

Fi1G. 10.10

From Fig. 10.10,

E\? £
Py= () x20=2"
3 (40)>< 80

and P, = P,, hence, from equation (10.11),

E2
Pa = T50%9
2 180%x9
therefore, insertion loss in dB = 10 log, o E—x ——;(—
80 E
= 13-064 dB.

Example 4

When a high Q coil was connected to the inductor terminals
of a Q meter, resonance was obtained with a tuning capacitance
of 400 pF at 1 Mc/s. With a standard coil connected to the
inductor terminals it was found that, at a frequency of 9-6 Mcf/s,
resonance was not affected by connecting the test coil in parallel
with the standard coil. Find the self-capacitance and the induc-
tance of the coil under test.
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Solution

p——————

é To valve -
voltmeter

b————

F1G. 10.11. Basic circuit at 1 Mc/s.

When C, is adjusted to give a maximum reading on the valve
voltmeter,

wiL/(Ci+C) =1

1
or Liy=—5——= 10.13
TG0 (0.1
where w, = 2xf; rad/s and f; is 1 Mc/s.
Standard coil
¢ * <
L Tol;ralvte -
Vi o yolimeter
n T A o
¢

F1c. 10.12. Basic circuit at 9-6 Mc/s.

With the test coil Ly out of circuit, C, is adjusted to resonance
with L, the standard coil (see Fig. 10.12.)If, when L is connected,
the resonance condition is unaffected, the supply frequency is
the natural resonant frequency of the test coil. If this frequency
is f, then

w (Z)LTCS = 1

1
or LT = "‘;%- (1014)
O™s
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where wqy = 2mf,
and fo = 96 Mc/s.
Eliminating L, from equations (10.13) and (10.14),
@}(C1+Cy) = wiC,,
whence, wiCy = Cwi—w?)
0iC, _ fiC

wo—wi  fo-f7

and C, =

Substituting values gives
2

1
= 12—
C, = 400x 10 X(9-62 B

F

400
=512 PF
= 4-39 pF.

Using this value for C, in equation (10.13) gives

1
Axmt2x 107 12(404-4 x 10~ 12)

LT=

Example 5

= 62-6 uH.

261

(10.15)

The bridged-T network shown in Fig, 10.13 is to have zero
transmission at a frequency of 159 kc/s. If L = 10 mH, and

r = 5 Q, find the necessary values of C and R.

Solution

For a certain combination of frequency and component
values, the current fed to the detector is zero. In order to obtain
the relationships among circuit quantities which produce isolation
between output and input of Fig. 10.13, the circuit needs to be
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simplified. The star circuit comprising C, C, L and r may be
transformed into an equivalent delta network using the formula

Z.Z
Z,=Z+Z,+—22 (10.16)
Zy
where
Z, = —jX., Z,=—jX, and Z; =r+jol. (10.17)

Fic. 10.13

The new circuit is shown in Fig. 10.14.

Input g

VR S GRS
Fic. 10.14

It is possible to obtain values for Z, and also Z, using equation
(10.16), but these are not needed in the solution of this problem.
However, a value for Z is required.

Substituting the values for Z,, Z,, Z; from equation (10.17)
into equation (10.16) gives,

J 1
A S B U —
* = Tl Wl el el
2 1

= Tl @O ijel) (10.18)
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Now, from Fig. 10.14,
_ RZ,
AB — R+Zx )

and for zero transmission at a particular frequency,
R+Z,=0.
Under these conditions, there would be an effective open circuit

between output and input. Using this relationship, and Z,
from equation (10.18),

i2 1

———————>—}+R=0
oC (r+ij)w2C2+
j2 r—jowL
- A =0
or wC P i@liwici T R
and
wl 2 r
j - |+R——————=0.
][wzcz(rz+w2L2) wC:]+ W CHr + w?l?) 0
(10.19)
Equating imaginary parts of equation (10.19) to zero gives,
2 _ wl
wC o?CHr* + w?L?)
heref C= __L (10.20)
therefore = 2t wlld) .
Equating real terms of equation (10.20) to zero gives
R= 50— 1021)
T w2 CHr* + w?L?)’ )

Equations (10.20) and (10.21) may be used to obtain the numerical
values of C and R which will give zero transmission when the
frequency of the applied voltage is 15-9 kc/s.

r? will be neglected when substituting values, as it is much
smaller than L2
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Hence, from equation (10.20),

C 107 F
T 2(100x 103 x 10x 107 %)?
-8
= 10 = 0-005 uF
2
and, from equation (10.21), using C = 0-005 nF,
5 5
R = =-—=20Q,

1019x25x 10718 % 10°  0-25

PROBLEMS WITH ANSWERS
1. .-

Fic. 10.15

The circuit of Fig. 10.15 shows an a.c. bridge for the measurement of
resistance » and inductance L. Derive the condition of balance of this bridge.
If C; =0002uF, C; =0008uF, R, = 100Q and R, = 5kQ, find the
resistance and inductance of the coil.

25 Q; 1 mH. LE.R.E., Nov. 1960

2. A Maxwell bridge consists of four arms joined to form a square, the
corners of which are lettered ABCD. The components used in the bridge
network are as follows:

AB—a calibrated variable resistor P having a range of 10 Q to 1000 Q,

BC—a fixed standard 0-1 uF capacitor C in parallel with a calibrated

variable resistor R, having a range of 10 Q to 10k,

CD--a fixed standard resistor @ of 100 Q,

DA—coil to be measured.

Derive expressions, in terms of the bridge parameters, for the inductance and
resistance of the coil under test. Is the balance condition affected by the
frequency of the a.c. supply to the bridge? Using the components listed
above, what will be the maximum and minimum values of inductance which
can be measured?

L. = PQC; R. = PQJR, 10,000 xH— 100 uH. H.N.C.
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3. The four arms of a Schering bridge are arranged as follows:

AB—3 loss-free capacitor Cy,

BC—a loss-free capacitor C, in parallel with a resistor R;,

CD—a pure resistor Rj,

DA—the capacitor under test, which may be taken as an unknown
capacitor C. in parallel with a resistor Ra.

An a.c. supply of 10kV at 50c¢/s is applied across AC, and the bridge
parameters adjusted until no voltage appears across BD. Obtain expressions
for the unknowns C. and R, in terms of the remaining parameters.

If C; = 100 pF; C, = 0-312 uF; R, = 125 Q and R; = 200 Q, calculate
(a) the loss angle of the unknown capacitor and (b) the voltage across
capacitor C,.

Cx = CiR; l (w2C22R22R3+R3)§ e =1 l ‘IJZCszCx; 0° 42/;
32V. H.N.C.

4. Describe fully a method of determining the frequency of a sinusoidal
audio-frequency voltage by means of a Wein bridge. Suggest a suitable
detector. Derive an expression which may be used to calculate the frequency.
What would be the effect on the bridge if the input signal were not sinusoidal,
and how might this disadvantage be overcome?

A Wein bridge is balanced when R; = R, =1250Q, and C, = C;
= 0-03 uF. What is the frequency of the supply voltage?

(DZRIRzClCz = 1; 424-4 C/S. H.N.C.

5. Derive the equations of balance of the bridge network shown in Fig.
10.16. If balance is obtained with R, = 100 Q, R, = 1000 Q, R; = 1000 Q,
r =500 Q, C = 5 uF, find the values of the two circuit elements which will
represent Z in series form.

P

Fic. 10.16
R,=100Q, L =325H. LE.R.E., May 1963
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6. Give the names and circuit diagrams of three bridges which are com-
monly used for the measurement of inductance. Select one of these which is
also particularly useful for the measurement of the Q factor of a coil and
derive the equation of balance.

A Hay bridge balances at 1 Mc/s with a capacitance of 1000 pF and a
resistance of 1-59 Q in the measuring arm. What is the Q of the unknown
coil? What are the probable balance settings at twice the frequency?

100; 250 pF, 1-59 Q. LE.R.E., Nov. 1961

7. How would an inductance of about 100 pH be measured

(a) at audio frequencies using a bridge method,

(b) at radio frequencies using a resonance method ?
In each case describe in detail the measurements to be made, and how the
inductance would be calculated, deriving any formulae used.

L.E.R.E., Nov. 1962

8. What are the essential features of the circuit of a valve-voltmeter
consisting of a diode detector and d.c. amplifier? Discuss the factors which
limit the highest frequency at which the instrument can be used. H.N.C.

9. Describe the operation of a peak-reading valve-voltmeter and comment
on its merits and demerits within its field of application. Calculate the relative
reading when measuring a full-wave rectified sine wave if the diode probe is
arranged (a) in series, (b) in parallel. Include calculations for reversed diode
connections. Assume that calibration has been adjusted to read r.m.s.
values on sine wave input.

97-45%, 98-:09%. LE.R.E., May 1963
10. Fig. 10.17 shows the circuit of a d.c. valve-voltmeter. Describe the

manner in which the circuit operates and the function of each component.
State the main disadvantages of such a circuit. If the valve has p = 20 and

Fig. 10.17

ra = 9000 2, R is set at 9700 Q and the meter resistance is 500 Q, find (a)
the anode current when the meter reads zero, (b) the d.c. input voltage
required to produce a current of 1 mA through the meter.

3SmA; 0-83 V. LE.R.E., May 1960
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11. Draw a complete circuit diagram of a d.c. valve-voltmeter using four
transistors in a balanced arrangement and explain concisely how the circuit
functions. Indicate component values, and use these to calculate the input
impedance. Compare the performance with a d.c. valve-voltmeter using
vacuum valves. LE.R.E., May 1963

12. The magnification factor of a coil is to be measured with the aid of the
following apparatus:
(a) a fixed-frequency, fixed voltage radio-frequency oscillator of negligible
internal impedance,
(b) a calibrated variable capacitor, and
(c) an ammeter.
Describe the method fully and show that

C+AC
Qo= TC—\/(H’—I)

where C = resonant tuning capacitance,
C+AC = value of tuning capacitance to reduce the current to 1/nth
of the resonant value.
What are the points to be noted if an accurate result is to be obtained?

H.N.C.

13. An e.m.f. of constant voltage at a frequency of 1-2 Mc/s is induced
in a coil having a calibrated variable capacitor and ammeter connected in
series across the coil. The current is observed to fall to 609 of its maximum
value when the capacitance is adjusted to either 140 pF or 145 pF. Neglecting
the capacitance of the coil, and the impedance of the ammeter, calculate the
effective resistance of the coil at 1-2 Mc/s.

1223 Q. LE.R.E., Nov. 1963

14. In a Q meter, a coil resonates at 2 Mc/s with a capacitance of 320 pF
and then shows a Q-factor of 200. When a resistor is connected across the
coil, resonance is restored by retuning to a capacitance of 315 pF and the Q
factor is then 150. Calculate the value of the resistor and its shunt capacitance.

150kQ; S pF.

15. If C, is the value of capacitor C needed to cause the circuit of Fig. 10.18
to resonate at an input frequency of f; ¢/s and C, is the value of capacitor C

®-
&

~ input L Gy ;‘é ¢

Fic. 10.18
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needed to cause the circuit to resonate at an input frequency of f> c/s, show
that
C,—n?C?
@ C = 25— P where n b

n*—1 fi
o e[

16. An attenuator consists of symmetrical T-sections having series arms
each of R; ohms and a shunt arm of R, ohms. Derive an expression in
terms of R; and R, for the characteristic impedance of this network and the
attenuation in decibels per section. If R, is 180 £, and R, is 400 Q, evaluate
these quantities.

420 Q; 7-96 dB. L.E.R.E., Nov. 1963

17. Find the input impedance and attenuation of the T-attenuator shown
in Fig. 10.19.

10k

®

P
@

1000 Q; 19-1 dB.

L

Fic. 10.19

18. Calculate the impedance of a symmetrical resistive T-network given
that the characteristic impedance on short circuit is 420 Q and the total
resistance of the series arm is 600 Q.

458 Q. LE.R.E., Nov. 1957

19. Explain the purpose of a variable attenuator and discuss its electrical
requirements and the various types that have been evolved. Calculate the
values of a resistive, symmetrical T-pad having a characteristic impedance of
600 Q and an insertion loss of 20 dB when correctly terminated. What is the
attenuation when the termination resistance is changed to 300 Q?

121-2 Q; 491 Q; 23-522 dB. LE.R.E., May 1963

20. Specify the use of the network shown in Fig. 10.20, and derive the
equation of zero transfer admittance. Give the advantages of this type of
network over a four-terminal bridge in the same application. Find an
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approximate value for the admittance of Z for zero transfer if C; = C,
== 200 pF, R = 0-125 MQ and o = 10° rad/s.

G=2pQ ' B=—jl0"4Q"1, LE.R.E., Nov. 1962

>
~— - ,1_,4,,_& —e

Fic. 10.20

21. Explain a method of measuring the depth of modulation of an
amplitude-modulated wave by means of a cathode-ray oscillograph. Show
how the appearance of the trace is modified if the modulation level exceeds
100%;.

Describe also a method of measuring the frequency deviation of a frequency-
modulated wave. H.N.C.

22. Describe how a cathode-ray oscilloscope may be used to monitor
an amplitude-modulated wave in order to

(a) determine the depth of modulation,

(b) estimate the group delay, and

(c) detect amplitude distortion.
Sketch the typical waveforms, assuming that the modulating signal is a
single sine wave and that it is available for monitoring. The r.m.s. value of
current fed to an aerial is 18 A without modulation, and rises to 20-6 A
when amplitude modulated with a sine wave. What is the depth of modula-
tion? Derive any formula used.

79%. LE.R.E., May 1962
23. Derive an expression for the deflectional sensitivity of a cathode-ray

tube having electrostatic deflection. With the aid of a sketch explain why
vertical and horizontal deflectional sensitivity usually differ.

X
Plates

Fic. 10.21
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Using the network shown in Fig. 10.21, sketch reasonably to scale the
traces obtained (a) when R = 0, (b) when R = X, (¢) when R = o0, (d)
when R = 4/3X.. Indicate how the phase difference may be determined.

Assume that the ratio of

vertical deflectional sensitivity

horizontal deflectional sensitivity =

1-5.
LE.R.E., Nov. 1962

24. With the aid of diagrams give concise details of how harmonic content
of a waveform may be measured by (a) wave-analyser, (b) distortion factor
meter, (¢) dynamometer instrument. A dynamometer instrument gave
beats of equal amplitude at frequencies of 25, 50 and 75 ¢/s. The input
voltages were 50V, 6 V and 8 V respectively. What is the total percentage
distortion if the frequency response of the dynamometer is 1 dB per octave
referred to 50 ¢/s?

17%. LE.R.E., May 1963

25. Explain how the frequency of a radio-frequency source may be
measured by means of an interpolating oscillator and a crystal oscillator.
What are the essential technical requirements of such an interpolating
oscillator and crystal oscillator? H.N.C.

26. Give briefly, with the aid of diagrams, two methods by which the
selectivity of an a.m. broadcast receiver at 1 Mc/s can be measured.

Draw approximate graphs of the results expected, and compare the
relative merits of the two methods. I.LE.R.E., Nov. 1962



CHAPTER 11
Transmission Lines

WORKED EXAMPLES

Example 1

A transmission line has the following constants per loop
mile: R=75Q, L = 1-5mH, C = 01 uF and G, the conduc-
tance, negligible. What impedance is necessary to terminate it
correctly at w = 10* rad/s?

If an alternating p.d. of 10 V r.m.s. at this angular frequency
is applied to this correctly terminated line, what will be the voltage
across the line at a point 5-7 miles from the sending end?

LE.R.E., Nov. 1959

Solution

For a uniform transmission line to be correctly matched,
its termination must be equal to the characteristic impedance
Z, of the line, where

(R+jwL)
Zy = —— 11.1
o= J(Giec) (D
Substituting given values into equation (11.1) gives,

754+jx10*x1:5x 1073
z,- [ () @
Jx10*%x0-1x10

75+j1-
SCTE

7-64 £11-3°
-1/ (T 56) @
100,/(7-64 £11-3°—90°) Q
= 276 / —39-35° Q.
271
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The general equations for the values of voltage (¥,) and
current (/) at any distance x from the sending end of any uniform
transmission line are respectively,

V, = A exp (Px)+ Bexp (— Px) (11.2)
I, = Z-l— [Bexp (— Px)— A exp (Px)] (11.3)

where A and B are constants which depend upon source and
terminal conditions of the line, and P is the propagation constant
of the line which is generally complex and given by

P =atjB (11.4)
= JIR+joL)G+jwC). (11.5)

Equation (11.2) may be regarded as consisting of two component
voltage waves. They are

(a) a forward travelling wave B exp (— P,)
and (b) a backward travelling wave 4 exp (Px).

The forward travelling voltage wave in a line of infinite length
approaches zero as x approaches infinity, therefore, from equation
(11.2),

0 = A4 exp(0)+0.

Therefore A=0

Thus, for an infinite line,
V. = Bexp (— Px). (11.6)

Now, when x =0, V, = V,, and equation (11.6) under these
conditions gives
V.=V,=B8B

and the voltage at any distance x from the sending end of a
uniform transmission line of infinite length is given by
V, = Viexp (—Px)

= V;exp [—(a+jB)x] = ¥V, exp (—ax) exp (—jBx)
(11.7)
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If the voltage applied to the line is assumed sinusoidal, then
the voltage at any point is sinusoidal, and equation (11.7) becomes

V, = V,exp (— ax) exp (—jBx) exp (jwt) (11.8)
Now, from equation (11.5)
P = JI(75+jx10*x 1-:5% 1073)(jx 10*x 0-1 x 107 %))
= J(76:4 £11:3°x 1073 £90°)
= 0-276 /50-65°
= 0-276 cos 50-65° +j0-276 sin 50-65°
= 0-1745+j0-214. (11.9)

Comparison of equations (11.9) and (11.4) reveals that the
attenuation coefficient a is given by
o = 01745 neper/mile
and the phase change coefficient 8 is given by
B = 0-214 rad/mile.
The voltage 5-7 miles from the sending end has a magnitude of
V, = V,exp (—ax)
= 10exp(—1)
= 368 Vr.m.s.

This voltage lags behind the sending end voltage by an angle 8
radians where

Bx = 0-214 x 57 = 1-22 rad or 70°,

The phase lag would be 27 radians, i.e. 1 wavelength, when
Bx = 2m,

hence x=A= 2_; (11.10)
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and the velocity of propagation (v) of the voltage waves down the
line may be found using

2
v_Af——”’f—f (11.11)
B
In this case, the velocity of propagation
10,000 4
v= 0314 = 4-68 x 10* mile/s.

PROBLEMS WITH ANSWERS

1. What is meant by the term loading when used in connection with
telephone cables? Explain the advantages and disadvantages arising from
continuous and lumped loading.

A line has the following primary constants per loop mile:

R=300Q, L=4mH, G=1uQ !, C=0008uF.
Calculate, for a frequency of 1592 ¢/s, the characteristic impedance of the

line, the velocity of propagation along it, the phase constant and the attenua-
tion constant,

Zo =~ 791 £ —18° Q; v = 1-67 x 10° mile/sec;
a ~ (-021 neper/mile; 8 ~ 0-06 rad/mile. L.E.R.E., Nov. 1960

2. The primary coefficients of a cable are:

Resistance per mile 40 Q.
Capacitance per mile 0-05 pF,
Inductance per mile 1 mH.
Conductance per mile negligible.

Calculate, for a frequency of 15-9 kc/s, the attenuation, the phase change
coefficient, the characteristic impedance, the wavelength, and the phase
velocity.
0-127 neper/mile; 0-722 rad/mile; 147 £ —10-9°; 8-7 miles;
1-38 x 10° mile/s. 1.LE.R.E., May 1962

3. Explain what is meant by characteristic impedance and propagation
constant of a uniform transmission line. What is the significance of the real
and imaginary parts of the propagation constant?

A transmission line 5 km long has a characteristic impedance of 500
£ —45° Q, and propagation constant (0-06+,;0-04) per km at 1000 ¢/s.
If the line is terminated at its characteristic impedance and the sending end
voltage is 5 V at 1000 ¢/s, calculate
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(a) the receiving end current and its phase relative to the sending end
voltage;

(b) the wavelength;

(c) the velocity of propagation.

74 £345°mA; 157 km; 1-57 x 10% km/s. H.N.C.
4. A uniform cable has the following primary constants per loop mile:
Resistance = 90 Q Inductance = 1mH
Capacitance = 0-062 uF Conductance = 1:5 pQ~1

The cable is 10 miles long, terminated in its characteristic impedance and the
power input to the line is 24 mW at 1000 ¢/s. Calculate the magnitude and
phase of the current in, and the voltage across, the line

(a) at the sending end,

(b) at 5 miles from the sending end,
and (c) at the termination.

84 /45°mA, 403 L0°V; 434 £7-2°mA, 2:08 £ —-37-8°V;

2:4 £/ =30-6°mA, 1:15 £ —756° V. H.N.C.

5. The sending end impedance Z, of a loss-free line of electrical length 8
degrees and characteristic impedance Z, terminated in Z,. is given by:
_ (Z, cos 8+jZ, sin 6)
— “%(Z, cos 8+j2Z, sin 6)
Derive expressions for sending end impedance Z, of a line
(a) terminated by an open circuit,
(b) terminated by a short circuit,
and (c) A/4 long terminated in Z,.
Show how a line may be used as a harmonic filter and calculate the dimensions
of an open wire line used as a filter to attenuate the third harmonic of 10 Mc/s.

LE.R.E., Nov. 1962

Z,

6. An open wire transmission line of characteristic impedance 400 Q
is to be connected to a purely resistive load of impedance 50 Q using a
quarter wave transformer. Determine the characteristic impedance of the
transformer if standing waves are to be avoided on the 400 2 line.

1414 Q.

7. Define (a) characteristic impedance, (b) standing wave ratio as applied
to transmission lines.

A loss-free transmission line of 50 Q characteristic impedance is terminated
with a resistance load of 75 Q. Calculate

(i) the standing wave ratio,

(ii) the reflection coefficient.

Describe one method of producing a standing wave ratio of unity on the
line by means of a matching section.

1:5; 1:5. I.E.R.E., May 1961
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8. The input admittance Y of a length / of low-loss high-frequency trans-
mission line is given by

Y = Yoll—k x exp (—j28DY[1 + k x exp (—j2BD] Q1

where k is the voltage reflection coefficient at the termination of the line,
Y is the characteristic admittance of the line (real), and B radians per unit
length is the phase change coefficient of the line.

Show that, for the conductance component of Y to be equal to Yy, the
length of line required is given by

é+cos™ 1| k|
28

where ¢ is the angle of the reflection coefficient.

An open wire feeder, the characteristic impedance of which is 3—j0) mQ- 1,
is terminated by an aerial which presents a load admittance of (1—j4) mQ~1,

Calculate the minimum length of a short-circuited matching stub, and the
distance of this from the aerial, if the standing waves are to be avoided along
the rest of the line. The wavelength of the transmission is 6-28 m.

Iy =219m; I, = 037m. LE.R.E., Nov. 1963

9. Discuss two methods of producing a standing wave ratio of unity on a
concentric feeder terminated with a load which is not equal to its characteristic
impedance.

A concentric feeder of characteristic impedance 50 Q is terminated by a
load of (16+,8) mQ~1,

Unity standing wave ratio is to be achieved by the parallel connection of a
short circuit stub of characteristic impedance 50  at a distance A/4 from the
load. Calculate

(a) the electrical length of the stub,

(b) the current flowing in the load when it dissipates 10 kW of unmodulated

power.

6 =1166°; I = 144 A. LE.R.E., Nov. 1963
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APPENDIX 2

SYMBOLS AND ABBREVIATIONS

IN GENERAL, the symbols and abbrevations used in the text are those recom-
mended by the British Standards’ Institution in B.S. 1991, Parts 1 and 6,
Some typical examples are given below.

Acceleration or transformation ratio T,/7T;.

a
a Common base current amplification factor.

B Magnetic flux density or susceptance.

‘B Feedback fraction.

Ce Decoupling capacitor.

Cag Anode-grid capacitance of a triode.

D Per unit or percentage distortion.

3V,  Small change in grid voltage.

E Electric field strength.

E r.m.s. value of sinusoidally varying induced e.m.f. (E = |E| £6).
e Charge on an electron (¢ = 1-6x 10~1% C).

F Magnitude of force on a charged particle.

f Lower half power frequency.

)2 Upper half power frequency.

fo Resonant frequency of a tuned circuit.

G Conductance.

Em Mutual conductance.

hyy, hyia, hay, han Hybrid parameters of a common-base transistor.

14 Steady anode c¢urrent.

I r.m.s. value of sinusoidally varying anode current (I. = | 1. | £ 0).
Ie Steady emitter current.

Lor| I} r.ms. value of anode current (magnitude only).

ia Instantaneous value of anode current.

L, No load parallel inductance of a transformer.

Ly Transformer leakage inductance referred to the primary.

M or | m| Magnitude of stage gain.

m Stage gain (m = | m| £ 6) or rest mass of an electron
(m =9-1x10"31 kg).

Pa.c. a.c.power.

Pa... d.c. power.

Qo Magnification factor of a tuned circuit at resonance.

Ya Anode slope resistance.
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re Emitter resistance.
Ry Load resistance.
Ry’ Transformer leakage resistance referred to the primary.

t Transit time of an electron between deflection plates.

Vo r.m.s. value of sinusoidally varying output voltage (Vo = | Vo [ £ 8).
/A Peak value of anode voltage.

Vu.r. H.T. supply voltage.

v Velocity or instantaneous anode voltage.

we Angular resonant frequency.

X Transformer primary leakage reactance.

Xy Transformer leakage reactance referred to the primary.
Yin Input admittance.

" Amplification factor.

7 Efficiency.

6 or ¢ Phase angle.
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