


APPLIED ‘ELECTRONICS

(With Solved Examples)

Vol. I— ELEGTRON DYNAMICS AN
ELECTRON TUBES

Vol. I — ELECTRON TUBE CIRCUIT

BY

G. K. MITHAL
B.E. (RONS.) ; M.E ; M.LR.E. (SEW YORK),
AMLT.E. (INDIA)

Reader in Advanced Electromcs
Qovt, Engineering College, Jabalpur

1963

KHANNA PUBLISHERS

2.B, Nath Market,
Nai Sarak, Delbi. -



Rs. 12'50

B T AN SSS 8 s A W sy r s T e ST A W Vip bt A him RS A ARG mmetd W AW B LA LA o e & S Y
Putlisted by SXel Duemsst Chosilor Khanwa Propa Ehanss Publisd rs,,

- . S Can s . . .

&L Nath Movhot, Not Sarch, Jielbih and printrlar Mdivmlea det Preas, Drelid,



g\?a&'{{a,[zx':{an Q. ./C/p/warzl,

Dedicated to my grandmother
Ars, Vishambhari Devi

. MITHAL,






FPREFACE

The aim of the author in presenting this book is to help the
students in grasping the fundamentals of Electronics. A large
Tooor T by ey v yith different aspects
cffort, however, has

. bject in a simple but

comprehensive form dealinz with the fundamental aspects
and nssisted by rolved examples and exercises wherever possible.
It is hoped that the book will prove useful to students pre.
paring for degree and associate memberrhip examinations of various ,

Engincering Institutions. Volume one deals with general theor
of Electron Dynimiea and Electron Tubes. In addition to the
thermionic high-vacuum tubes which are most extensively used in °
Electronic devie2s, the book deals with other types of Electron tubes

as well, such as photo.clectric tubes and mereury are rectifier tubes.

Volum: two d:ls with general principles of Electron Tube
circuite. This in:lules studies of Rectifiers and power-supplies,
Electranic Voltag: Stab lizars, Voltage and Poser amphfiers of
untuned and tun2! typzs, anl vacuum.tube osaillators,

Tho author will bz glad to rezeive comments and suggestions
for improving the book in future.

G. K. MITHAL
Jabalpur,

December, 1963
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Group C: Bridge Rectifier Circuits,
Group D : Polyphase Rectifiers ;
Group L : Controlled Rectifiers ;
() Thyratron Rectifiers ;
(ii} Ignitron Rectificrs ;
(i) Cold cathode gas triode Rectifiers ;
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VACUUM TUBE RECTIFIER

Full Wave Vacuum Tube Rectifier. Fig. 83 gives the
' ‘ . PR L + et followed
o { it . ' . . « using tno
g 5 . . vt nepnmary
winaing of & L. . ¢ secondary
sido there are usually

~

61 i
ce windings :

(i) High voltage centre-tapped winding of predetermined rating
such as : 250-0 250 volts ; 300-0- 300 volts ; 3..0.0-350 volta
ete. The voltage rating 350-0-350 volts means that the
ac. voltage between the centre tap and each end terminal
is 350 voltsr m.s.
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. Tlg. 8.3 —Cinwit diagram of & full wive vacuum tube rectifier ~
using a power transformer and a double-diode. N MK
(i) 5 volts filament winding usually required to enpply hentin]
power to the flament of the rectifier tube itself {as in th
tase of rectifier tube SYH
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(fif) 63 volts filament winding usually required to supply heat-
ing power to the filuments of all other tubes.

Usually & colour code is used to distinguish between the
terminal wires or leads of dilferent windings.

Each diode scction of double-diode tubo  conducts during half
a.c. cycle and the vohage developed neross the lond resistance in the
sbsence of a filter is shown in Ihg. 8.4, During one half cyele of

=L StWE
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ah sn'-'\/,/. T ey iof RECTIFIER ELEMFNT.

OUTPUT VOLTAGE OF DIODE
stf ELEMENT No 1
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OUTPUT VOITAGE OF D:ODE
ot ELEMENT o2,

§>

COMBINED OUTFUT VOLTAG
i OF EOTH OODE (LEMENTS

Fig. 8.4.—Wavelforms of output voltage of full wave vacuum tubs rectifier.

a.c. voltage one diode section conduets and other does not conduct.
The outputivoltage supplicd by this condueting diode iz shown as
e;in Fig. 8.4, During the other half perind of a.c. voltage waveform,
the other diode section conduets and provides the output voltage e,
shown in Fig. 8§44, The combined output voltage {(ey-1-r2) is also
shown in thoe figure and this voltage is & unidircctional voltage of
pulsating nature. In order to obtain an almost constant output
voltage, a filter circuit is connceted between the rectifier and the
load resistance Iy ns shown in the figure,

The pulsating output voltage of a rectifier consists of o d.c.
component and alternnting voltage components, The a.e. compo-
nents of rectified voltage constitute the ‘ripple voltage”. This
< ripple voltage i3 not a pure’ sinusoidal voltaze bLut consists of a
" fundamental eine wave component and all harmonics thereof in
progressively reducing amplitudes. In the ense of o full wave
rectificr, ‘the fundamentel ripple frequency is twice the supply
voltage-frequency.

Ripple Factor. It is defined ns the ratio of the r.m.s. value of

“the ripple voltage to the algebraic averaze value of the total
" yectified voltage,
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It ia the function of the filter circuit to reduce the ripple
factor to as small a value as possible by removing tho ripple
voltage. The efliciency of a filter in removing the ripple voltaze is
judged by compating the ripplo factora at the input and output of
the filter circuit,

For most of the applications, notably in radio reecivers, the
filter used is o n-filter shown in Fig. 8,3, There is usd o high induc.
tance audio choke in the series arm and there are two electralytio
condensers ¢ and Cy 1 the shunt atms, one on tither side of the
choke. Tho usunl values are indicated in the figure, The choke
offera negligible impedance to the flow of d ¢, component of output,
carrent. Tho only impedanee offered by the choke is due to small

istanco comy of choke impedance. Thus the d.e. ontput’
voltage is developed neruss the foad resistance £y without appreci--
ablo reduction in magnitude. Un the other hand, hegh impeddncs .
is offered by tho choke to the flow of ripple frequency eurreng.
Shunt condensers offer paths of very smali impedance to ripplo
frequency components of output current. Hence thie ripple com.
ponents get Dbypassed through these condensers, The voltage
developed nerose the lond remstance is then constant duo. voltage
with very small ripple voltage superimposed on 1t.

Half.wave vacuum tabe rectifier, Fig. 8.5 gives the cirenit
disgram of n eimple half-wave rectifier. This mneludes tho power
transformer and the filter circwit also.

t
CHOKE ,
XA 000t ] 4
FA < -
oV v I 2] bL =) =
(424 116 63, 5
; b
B ! !
: ! ] [
; RECTIFER il FRTER———> 4 104D )
. { ! i

Fig. 8.5~~Ciccuit dixgram of a vactium tube half-wave recner -
with r-filter

) IIalf wave rectifier conducts only during hrlf-Tycte-of the
input a.c. voltage, The ripple frequency 18 now the.emtto ws~ the
eupply voltage frequency. Tius bLeing the case, s more claborats
filter cirenit 1s required in this case as compared with the full wave
rectifier. The weveforms of the output eurrent ~f matsamn =2t s
Siter are given in Fig, 8.2,
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- Analysis of a half-wave vacuum tube rectifier with resistance
Toad.

; Graphical method of analysis may be used for a rectifier but
. th:s method is very cumbersome. Hence for most purposes, an appro- -
ximate method of analysis is used. Again, the analysis is restricted to
- the case of 2 resistance Joad and no filter circuit. Another assumption
made is that the current-voltage characteristic of the vacoum tube i8
. |- & straight line through the origin. This idealized current-voltage
** characteristic is shown in Fig. 5.6 (7). The current voltage charac-
terigtic of an ideal rectxﬁer is shown in Fig. 8.6 (b) An ideal
-rectifier does not conduct at all when negative voltage is applied to
.anode ; this is indicated by the horizontal portion of the charac-
“eristic to the lefs of zero. When anode is made positive, the
‘oltage drop in the ideal rectifier tube is zero and the characteristic
Lol along the current axis, An -ideal rectifier is indicated by the
“symbol shown in Fig. 8.6 (c). Idealized vacuum tube rectifier
characteristic differs from that of an ideal rectifier in that it has a
definite constant slope in the conduction region. If the slope is
equal to 1/R,, then the vacuum tube rectifier may be represented as

“*.an"ideal rectifier with a series resistance equal to B, as shown in
- .Fig, 8.6 (@).

———pm
o
o

—f 0 ->€b
"
{(a) Idealized characteristic (b) Characteristic of an ideal
of a vacuum tube rectifier.
rectifier. :
. ’Dfiﬁi IDEAL
o A o ~% TV m—
4 fia
L (c) Symbél for ideal rectifier. {d) Symbol for an idealized

S SRR vacuum tube rectifier.
L F'g 8 6 —Characteristics and symbols of ideal reclifier and
idealized vacuum tube rectifier,

e Fig. 8 7 {a) shows the cirenit diagr
-, am of vacuum tabe half-
wave rec{nﬁer wxbh resistance load. Filter ¢ circuit has been eliminated.
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i3, 8.7 (1) shows the idealized circait. Connections for heater wire
etc. bave been omitted for clanty. EBp is x_he load resistzace,
Sinusoidal voltags is applisd at the inpat azd is givea by =
¢,=Fn.tincl

JE T T
Pl (O ?.:l'{' - RL
=S et

g ! 1

(¢) Circalt dizgram.

. (B

. adITe —_
-

o) % = |

e R g

(8) 1dealized crowut dingram.

3T — W

{¢) Wavefern el corrent.

Fig. £.7—Cireuit diagran, idea’zed oot dirpzm 2nd coment
wavelorm of Balf-wave n:u:i—n tabe recuber with resis.
tzazz Jo2d.

Tke total impedarce in the circnit i« equal to (R,+ 72} and
is & pure resistance,  Hence the current will be of the same wave.
form as the spplisd voltage except that no current will flow durizg
cegative half eyele. The maximum velve of current is given by : ..

e (5D

In~pxr
ard the output voltaze e, is given by : 3
e=i. By e (83)

Wareform of e, is the se:me a1 that of current § or applied voltaze e,
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Average value or d.c. value of currenti. This is given

L - | .. (84
L= |76 d (o1 (50
=L ' L% oa(ot
. =—§'Io ‘Im . sin ot d(mt)+—2q7€j’r: V o (0) )
'Im y = Im .
' =-§; (_fcos o), = .. (8'5)
*Substituting the value of Ip,
RS S 5 . (8°6)
Ta= n(Bq+R)) (

R.M.S. value of current. It is given by :

L I= /\/ 2%]2“ i, dof)= ,\/ é_g_r sin?wt d(wl) ... (8"7)

R 1 [7 -

=-Im/\/ I L (1—cos 2o0t).d{w?) N
o I 1 Em :.

=Im : .. (88

=y = R4 R) - (88
“ Thus the r.m.s. value is larger than the d.c. value. The maxi-
> mum, average and r.m.s. values of voltage across the load are given
. by: '

Y Maximum voltage across the load :

—_— Em — Em .
- Fee=Ie B=p i m BE T RIRD - (89)
" Average or d.c. voltage across the load :
. By=1y . Rz=.—.—£ﬂ_~_ .ee, (8°10)
T ( l+£“—)
R,
and r.m.s. value of voltage across the load :
E=1.R= — ol ___ o (®°11)
‘ 2 ( 1+,E9..)
R,

It is obvious from equation (8'10) that with the cbange of load resis-

- tance R;, the d.z. value of rectified output voltage changes consider-
ably. ¢.e., the regulation is poor, unless the load resistance R; is large
compared with the tube resistance R,.

"...i-Frequency components of rectified output, Tourier

. ‘andlysis 'of 'thg" current waveshape of a half-wave rectifier gives the
- Tollowing freguency components :

2
15~ €08 4 al—...) ... (8°12)

kY a1 .
%==I,,, (T—=~+} sin mt—gi— cos 2 wi—
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assuming that the tube conducts daring first half of the a ¢. cyclo 80
that cquation (8 1) applies, The first term of the series gives the
{dircet or the average component and is the same as giveri by
equation (3°G). The second term haa its frequency esme as the supply
frequency and its peak value is Jaf2. The effective or r.m.s. value Jy'
-of this fundamental frequency component ia given by ¢
o
1, Deak sale Inf2  Tn . (313)
V2 V2 2y2
“The third term gives the eccond harmonic term. Itsram.se. value Jy
is given by :

.o (5°14)

Similarly the rm s values of the subsequent terms may be ealcu.,
Iated. They are found to be of continuovely diminishing values. ...
Rectifier Efficiency. In a rectifier the usefal power ontput-
is the d.c. power Py, developed across the load and is given by :
It xR Eqt B2 .
Po=I, 2% Ry= ﬁ:_L= FtEr —4_.',—~ o (8°15)
Out of the tota) power required from the a.c. voltage souree, &
pcvrtion' P, is dissipated at the plate of the rectifier tube and the
rest of it £, i3 diseipated in the load resistance Ri. Since the rectifier
Itself is assumed to be ideal, the dissipation is assumed to take place
in the resistance R,. Then we get -

. E.2. R, ,

Pyl XRFT(R.II‘I,)" .. (8°16)

- _ Ent. Ry 17

Or  P,=PxER, (R R) e (8°17)

Hence total input power Py,=Fy+P,
E.l
R
Bt ..
:=4(1f‘+k,) ... {8°18)
Efficiency of the rectifier is defined as the ratio of the d.c. output
power to a.c. input power. IHence the efficiency 7 is given by :
B R ot
B35y, AB.+R)
=(£)’ T I L
= Rat 1ty x.L”—‘
TR

406

I3
g

=

per cent 819
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The rectifier efficiency increases as the ratio I?a/Rz reduces.
“Theoretically the maximum value of rectifier efficiency 1s, therefore,
406 per cent corresponding to the value of Ry/R, equal to zero,

Ripple Factor., The ripple factor is defined as the ratio of
the effective value of the a.c. components of voltage or current to
the direct or average value of the voltage or current.

Thus the ripple factor gives an idea about the waviness of the
rectified voltage. For a wave consisting of a fundamental and a
pumber of harmonic terms, the effective value is given by the square-
of the effective values of these components. Thus,

I = THIHIFHLE . = o 12+ 1o - (820)

where Iy, I,,-etc. are the r.m.s. values of the fundamental,
“gecond harmonic, ete. terms,

*_and J,2 is the sum of the squares of r.m.s. values of a.c. com-
enis. -

: “Then the ripple factor ¥ is given by :

g

- I VILED P 12 .
. N =-t8e L = 1 e (B2
YN VIgE lge
For a half-wave rectifier :
I, In
I =" and 4= o
Hence form factor
I T

and ripple factor
I \2 = P E— . .
7_/\/(7;> — 1= V{I5PEF =1 =121 ...(822).

Analysis of full wave vacuum tube rectifier. Fig. 8.8 (a)
shows the circuit diagram of full wave rectifier without filter and
with resistance load. ~Idealized circuit is shown in Fig. 8.8 (b) where
E, and E, are two voltages of equal amplitude and opposite phase.

* Figs 8.8.—~(a) Circuit diagram of full wave vacoum tube rectifier with
. » _ resistance load but without filier.
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The circuit is redrawn in Fig. 8.8 (c). 'The total current flowing
f:hrm;lgl.\ the load resistance is the sum of the individual currents
9 and 1,.

Hence, $ = i+i, e (8°23)
& e i . i
1AM
D VA~ O
A T
& RE & <
A 2 e
& ¥ =
. Re & [
& IDEAL
{b) ldealized circuit. (¢) Rearranged form of (B). -

Fig. 8.8.—Circuit diagrams of full wave vacuum tube rectifier
without filter.

Fig. 8.9 shows the waveforms of input a.c. voltages and
currents d,, 43 and . The maximum value of current is given by : -

. Ea .
Lg% e (8:24)

where E is the maximum value of the voltage ¢; or &,.

il

1%

t

5

i

2T sn.\/uv_..w

' H i it
€ ' H \ ':
| N LN
\ b { N 2
f2 ‘ ! B H
{ N LN
D TN
: y
L pony
iy ' ': of
; !

|

ol

Fig. 8.9.~Waveforms of applied a.c. voltages and ontpul cyrrems °* :‘
in a full wave vacuum tube recufier without filter. .

D.C. or average value of current. Since current ia of tha
samo form in the two halves,
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. ™ .
I =:_i_r 5. d (ot) =%L I, sin ot. d (ot)

1] [

2l : ) .. (8'20)

R.M.S. value of current. Thisisgiven by :

=< < B3
. I= /\/Lr Pd(ot) = /\/—Lﬂ-r sin® i d (of)
L o w_Jo

= I, /\/ 51;:—5: (1—cos 2 wt) d(wt)

- ... (8:26)
4/2
ximum voltage across the load is given by :
Epr= Im.Rl———_“Em-_R—_ oo (8'27)
. a
1+ )
7:;‘._'.'.' Average or d.c. voltage across the load is given by :
' B 2 ’ :
Eda = IdC'Rl = —""‘—R—“X ’? vue (8'28)
+( %)
R.M.S. value of voltage across the load is given by :
' B o= IxR = —Z2n ! .. (8'29)

— Y
R, V2
1+(%7)
Frequency components of rectifier output, Fourier
anlysis of the waveform of current ¢; yields :

cos 4 mt—...)
... (8°12)

.

T, 1 . 2 2
L= Lo [?-f- % sin w? — g, €08 2 af— 15m

4, is 180 degrees out of phase with i, and hence is given by

. 1 . 2
13 = Im[? -—%— sin wt——— cos 2w --—2_—;;_ cos 4ot ... )

3= 15
... (830)
The total current i is equal to the sum of ¢; and 1, so that,

. (“ 2 4 4
t = I,,,L T3 cos 2at— 16 cos dwf— ) ... (831)

- . =.: Tt ‘can be seen from equation (8:31) that the lowest frequency
.térm in the rectified output of a full wave rectifier has an angular
frequency of 2.3 This is twice the lowest frequency in the ripple
voltage of w"half-wave rectifier. Hence it is comparatively easy to
filter'the ripple voltage components from the rectified output

. voltage;
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Full wave rectifier efciency. D.C. power output is given by:
LB 532
= rer=(L ) 5 - (832)
This power is four times the power obtained in & half-wave
rectifier provided the peak voltage E,, is the same in each case.
A.C. power input to the rectifier is’given by :

E,* .
Py =1 (Ra+Rl)=2(T_';_Itl) .. (833}
Hence rectifier efficiency is given by : .
Py, ) _ 812
n= per cent
Pr ( l+(Ra) l+(R,)
(8:34y

Equation {8'34) shows that the rectifier efficiency of a full -
wave rectifier is twice that of a balf-wave rectifier under ulent;ca}
circumstances,

Ripple Factor., Form factor of the rectified output vcdtngo
of a full wave rechﬁer is given by .

Fe=

1 0 2lafm 22

Hence ripple factor is given by :

Y=+ (1 11)2=1=048 . (8°35)

This ripple factor of 048 is small compared with 1" 21 for a
half-wave rectifier.

/ Comparison of halfwave and full wave rectifiers. The
following points are of significance in this connection :
(i) In a half-wavo rectifier, current flows through the secondary
of the power transformer in the same direction always, shereasin a
full wave rectifier equal currents flow through the two halves of the
centre-tapped secondary of the power transformer in opposite
directions.  D.C. saturation of the core of the transformer 1s thus
ik, Tho aataration. Af thee wore inonacsss *hie nagansising,
current and hysteresis losses, and produces harmonics in the
secondary output.

(i} Half.wave rectifier has the chief advantages of simplicity
and low cost compared with a full wave rectifier.

(iif) Half-wave rectifier gives high ripple amplitude and low
ripple frequency which “the use of comparatively
expensive smootbing filter,

(w) Hnlf-\vnve rectifier has a low output yoltago and low
¢r: y. Low 'y results b
(a) the ripple voltage and currents are high and (b) tba_ durrent ﬂows
through the secondary in the same direction and saturatea the cote,
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(v) Efficiency of full wave rectifier is twice that of a half-wave
"rectifier. Because of its superior performance, a -single phase
full wave rectifier is most commonly used for developing d.c. voltages
not exceeding about 1000 volts and currents not exceedmg about
-one ampere.

SOLVED EXAMPLES

"~ Example 1. A4 voltage 300 sin 2x X 50t 1s applied to a half-
wave vacuum tube rectifier without filler and a resistance load of
5000 ohms. Rectifier tube may be represented by an ideal rectifier in
series with a resistance of 1000 olms. Calculate (1) peak, average and
r.m.s. values of current ; (i7) d.c. power output ; (113) a.c. power input ;
{iv) rectifier efficiency and (v} ripple factor. ‘

Solution :

IDEAL Ra

1000 OnMs

@ 300 st 27 x 50T

R=5000
OHMS,

Maximum value of current is given by :
Tpmm_— 300
" R+ R, 1004-5000

D.C. component of current :

50 x 10~
Te=Infr= 225107 amp—1592 ma.

=50%10"% amp.

R.M.S. value of current :

In _ 50 _

D.C. power outpub :
Pye=1I4*X R;=(15'92)2 X 5000 X 10~¢ watt=1'267 watts.
A.C. input power :
2in=I*R,4Ry)=(25X10-3)? X (1000--5000)
: =375 watts.
-Effigiency of rectifier :
SRR Pa 10267

== 5HE =33'79 per cent.
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_Ripplo factor

I, VP=TE ,\/“1‘,,.‘/2 N
=T i =A (FE)

= V (A =y =T =11, |

Exawple 2. Inafull wave vacuum tude reclifier without filter
the load resistance is of 4000 ohms. Ench divde hus idealizet
characteristic having slope corresponding to o resisfunce of 800 ohms
Voltage applied fo each dinde is 240 sin 2 x50t Calculate (3} peak
average and r.m.a. values of current ; (3) d.c. power oufput and tofa
power inpul ; (iii) rectifier efficiency ; (iv) form facior and (p) rippl
Jactor.

Solution : (i) Maximum value of currens : .
B 240
SRV E; 80041000
Average value of current :

T =50X 1075 amp==50 mA..

J«=—62‘=~3 ir =3184 mA.
R.AL S, value of current <
L, _ 00
I-—~v’°’i =Taiq =3536 mA,

(i} D.C. power output !
Py=l 2 x Bi={31'84 X 1073)% 4000 =4-056 watts,
‘Total power ingut
> Py IRyt By} =(36:36 X 1073%(4800) watts
=6 001 watts,
{iii) Rectifier efficiency .
- f’i =4 036

n=eg = e aop X100 per cent=67-59 per cent
n
-
{iv] Form factor= &a%%%ﬁ‘_zl.“

(v) Ripple factor :

% . ~
7=V(7; —l=v (I'11)—I=048.

HOT CATHODE GAS DIODE RECTIFIERS

‘

Fig. 8,10 (a) shows the current voltage charactefiatic of a hot-
cathodo gas diode Gas diodo conducts only whén jonisation
potential , has been reached. This ionsation voltage B, is “about
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12 volts for most of the gas diodes and is the constant voltage drop: s
across the tube when it conducts. Current during conduction #%
restricted to be within permissible linits by the insertion of is
resistance in series with the tube. Once the applied voltage falls
below . E,, conduction ceases. Fig. 8.10 (b)) shows the -idealized
characteristic of a hot cathode gas diode while the symbol used for

" this diode is shown in Fig. 8.10 (c).

j: i
= 8 >
«w RN G
& OPERATING &
3 ~ POINT g
© O
: 12,
+q
VOLTAG: e be—~£p—> =

VOLTAGE mmm—

{a) Actual characteristic. (b) Idealized characteristic. (¢) Symbol.

el Fig. 8.11 (a) shows the circuit diagram of a half-wave rectifier
-, using hot cathode gas diode, and a resistance load. The equivalent
. -circuit is shown in Fig. 8.11 (b). PN

{

P ey

€=Ep Sin

(8) Actual circnit. (b) Equivalent circuit.
Fig. 8.11.—Half-wave rectifier circuit using hot 73"’ cathode gas diode.
Tig. 8.12 shows the waveforms of the applied alternating
voltage and current ¢ through the load resistance. The peak value
- of load current I,, is given by :
B, —E
I — m o
" R
Let Ipe=En/R. we (8°36)
) Then I, is the peak current obtained when E,=0. Obviously
I,, is less than [,,,. Further the conduction period g, is less
than 180 degrges. Thus presence of a constant rectifier drop £, has
two effects : (i) reduction of peak current and (ii) reduction of angle
of conidugtion. ©
R Let a5,y B . (8:37)
"“Then a8 « increases, §¢ and I, reduce. .

... (8'35)
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The current through the rectifier at any time during conduc-
tion period is given by :

. e—E, FEn sin ! —E,
= —P_—-=*"’;;’—L .. (838)
YT B

FA B AP,
10 o dm \ ,
f— g —] ’\/m
g f—
o,

Fig. 8.12~Waveforms of applied voltage and output current.

Thas during positive half cycle,

. En . o
. i=—7 (sin wf—a) when e>E, v {83

and during t§:e negative half cycle,
i=0  wheneg0 o (8°40)

angle g, is given by the relation,
sin §;=E,/En=2

or gy=sin"l & ) ... (8°41)
By symmetry, 85=r—8, .. {8°42)

and angle of conduction 8:=20,~01
. =n—2f=n—25in"ta - {8°43)

The d.c. component of current is given by :

=0,
Tom _z’r_J"' ' i d (i)

=32 P_'. [ {sin @f)—a ]dml . (8°44)
En “r—sin-l e
=—TnR [~ €08 twi4-c mf 'sm"a
Lok e
or Iy =—_E—'9,—(1/l_:;.’ —a cos™! a) S {(; .. (845)

The d.c. componsent of voltage acress tke Joad reqstanbe Ris
given by : -

Eoe= g Be= ; (v =@ —a coxt2) ".:, (846) -~

w by
AP .
~
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Study of Eq. (846) shows that the ratio Fs/F,, decreases with
the increase of «. Fig. 8.13 shows the nature of variation of
E;.[B,, with «. Hence « is required to be kept small in all practical

réctifiers.
4
. 3
12RO
7
?)
AIANA
o Em
Ny it \
0 ’ ﬁ\\“-‘ |

4 2 4 6 -8 10
a= Eo/fm —

Fig. 8.13.—Variation of E,|E,, and efficiency with'a,‘

Che r.m.s. value of the current is given by :

1= En /\/ 2% J;'l"al [( sin ot )~ _]2d (1) ... (847)

E., 1 2 ——
or I= 3 /\/ Q;[(l +2 o) cos™ o —3ay/T—g7] ... (8°48)

The d.c. power output Pg=1%, . R ... (8'49)
Power dissipated in the tube is given by :
P‘== L J'ﬁ-el E,id(ot)y=E,. I w :
? or Bl o [ de : ave (8 50)

2

Power inpu};, Pyp=I2.R+P =12.R+Idc.E,/ Foi s 7"»} el
~ o

i i is o . €y ¢ -
ﬁence rectifier efficiency is given by : [ _ , }{ jngw L. Fon L
= Pd" . Izdc R 6’,
"= B, = ERTE, I S e (85D)

Substituting the values of I, and I, we get,
_ (o cost a— /T —ad)t '

7= 2 /1—a?) , .

T cost aman/l— o X 40°6 per cent ... (8°52)

Tig. 8.13 shows the variation of efficiency % with « for a
- half-wave  rectifier using hot cathode gas diode. The maximum-
) theoretic{:al.;.efﬁciency is 406 per cent which is the value for
. _vacuum tube half-wave rectifier as well. But in the case of gas tube

‘rectifier the efficiency is aimost independent of load resistance and
depends only on the ratio of E,(E,,, whereas in the case of vacuum

(,/M/ L

&

LRR [ an” . - oy dl]
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tobe rectifier the efficiency varies greatly with the load resis-
tance. This dependence of efficiency on E[E,, is characteristic of
all hot cathode gas diode rectifiers as well asmercury are rectifiers
and hence in these cases in order to obtain high efficiency the
operation should be confined to bigh values of £, compared with

o
Full-wave Rectifier using Hot Cathode Diodes

Fig. 8.14 shows the circnit diagram of a full wave rectifier
using thermionic gas diode and & Tesistance load. Input power
transformer i3 also included in the diagram.

645 DOYBLE DOOE H

Fig. 8.14.-~Circoit diagram of full wave thermionic gas diode
rectifier with resistance load.

Fig. 8.156 shows the waveforms of input voltage e and load
current i, It is seen that the operation is similar to that in half-
wave rectifier except that here there are two current pulses per
cyclejof input voltage.

P N /
s 2T 37!\/411

C—wt
:
H

)

)

h\—

Laininin
—t
Fiz. 8.15—Waveforms of inpot alternating voltages, load
and outpat voltage in a full wave lbermiomcc;'as diodcgn“
rectifier with resistance load.



204 E PROBLEMS IN ELECTRONICS

is of thi i in the same
Analysis of this full wave rectifier may be done In ,
‘panner ag for the half-wave rectifier. The values of Loty Lonos andt «
‘ohtained in this case are the same as in the case of half-wave recti- :

" fier. Iy, is given by :

2 Em T '._ .
T ge= R [VI—Z— o cos™ «f ... {883)
This value is twice that for the half-wave rectifier cireuit.
S Ba=1Is . R .

" Hence By is also twice as large with the result that EdE/E,,,
gets doubled. But r.m.s. value of current i.e., I is only v/2 times .
as largeé so that the eﬁicisency is twice as large. Thus maximum
«v“ﬁ?“-"é?é‘i‘iiﬁ ?&fncz,\lxsl IT%_pe eent: (lage = 26 .
- “Fig. 8.16 shows the circuit diagram of a full wave thermionic
.- - gas diode rectifier with associated load and filter circuit to remove
7 "..the ripple voltages.

Ry=1000 0irrs.  SHE
I
j 1o R
220v . c G
50~ |
T > gt )
Lolle T
| . | Lo
b—POWER TRANSFORMER =t RECTIFIER el FULTER =1L 04D ~>]
\ ‘ ! i ' l

Fig. 8.16.—Practical full wave thermionic gas diode rectifier cirenit.

. Following precautions are required to be taken in the operation
. of thermionic gas diode rectifiers ;—

_ (5) A high resistance must always be inserted in series with the
tubé to limit the current,

(#7) Cathode must be heated to the normal operating tempera-

-ture before the plate voltage is applied, otherwise the voltage drop
across the tubo will exceed the disintegration voltage.

’ (iz:i);Iflate circuit must be protected from even momentary
.short_ecircuits or overloads because if the current exceeds the

v maXimim rated value for even a few second
b pote dumges s, the cathode of the

S ) ’Ilflxg.tempgrature of the condensed mercury i.c., the lowest
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temperature at any place in » the tube envelope must be within
prescribed limits,

ot eathode gas tube rectifier has tbe following adr.mtages
over vacuum tobe rectifiers

{1} It has lower valtage drop across the tube snd hmce rechﬁer
efficiency is higher,
(i¥) Lower Blament pawer is required.

(i51) Lower first cost, if the anode voltage it greater then 1000
volts and current requirement is high.
The disadvantages of hat cathode gas tube rectifier are =
(3) Tendency to arcback i.c., condnet in the reverse direction.
(if) It produces . radio frequency transients as the tube
jonizes.
(37) Tube i3 susceptible to damage even with momentary
averloada.
(iv) It is required ta heat the cathode first to the opersting

perature before the application of anode voltage.

In view of these different prapernea of vacium  tube rectifiers
and bot cathode ~-- *-te ---siE L e EE
vacaum tube rec . . . oot
as for redio recet - we oL LRI T
for high power = P L

are generally used.

Examgple 3.  In a kalf-wvace hot cothode gas tube rectifier with
oad resistance of 3000 okme and no Jhter, the applied allznmlmy relt-
age i2 500 nn (2rx501) and (Ixe ionization potentsal of tube is 10 volls.

{e2d rectifier characleriztics, calrulute (5) peak value of
currm(, (3%) angle of conduction, (i) d¢. value of current, (ir) de.
power oulpul, (v} r.om.e. value of eurrent und {vi) rectifier effciency.

Solution : E,=500 volts ; E,=10 voits ; B=~5000 obms.

{3} Peak plate current [~ -7 Zn ;E = 50050%0' amp. =58 mA.

{i%) Angle of conduction §, =8y~ y>n—2 sin? E(E,,
=m~—~2 sin~? 10/500
=177 42,

(i) a=E,lEn .._,_ =002

d.c. component of plate current 7, is given by ;

. I‘.==th‘(m~= cos” )
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500
~ rX5000
=30'86 milliamperes. P 4
(#v) D.C. power output Py=I2z.R=(30"86 X10-3) x 5000 watts
) =4"762 watts.
(v) R.M.S. value of current is given by :

S B, . 1 2 —Toy . —® -

I= -3~ N/‘?:;[(‘“”-’"“ w3 /1= |

500 J I o SRR s
5000 \/ [ (125 0008) =5 —3 02y T—(02)*

='04883 amp=48'83 milliamperes.

. Y . . Pdc Izdc . R .
{vi)} Reotifier efficiency= = PRI E T

(v I=(087—02.c0s™1 02 ) amp.

4762
= (48'83 X 10-%)2x 5000+ (10X 30'86 X 10~5)
4762 =38'93 per cent. A

=711-923-3086

* Exampled4, A4 full wave hot cathode gas diode rectifier with
resistance load of 6000 okms uses no filter. The constant voltage drop
across each diode during conduction is 12 volts. An alternating voltage
of value 400 sin (2 X 50t) is applied to the rectifier. Calculate () peak
value of current, (i) angle of current flow, (i37) d.c. component of load
current, (iv) d.c. power ouiput, (v} r.m.s. value of load current and (vi)
reclifier efficiency.

Solution : Peak load current I,, is given by :

E,—H, 40012
R = 6000

(31) a=E,/B,=12/400="03

Angle of conduotion §,=0,—f;=n—2 f;=n—2 sinl« radians
=180°—2x(1° 43")
=176° 34',

(s#) D.C. component of current is given by :

Idc=—%'"-[\/—l_~—_ocg—; & cog™t a]

(@) In= amp=64 mA

ERT I o —
= m[vl"( 03)* —03 cos? ‘03]

1
=L 097 —0462]="01047 amp=d0'47 milliarnp.
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{iv) D.C. power output is given by : .
Pag=I25,. R=(40'47 X10-3) X 6000 wotts=9 826 watts.
(v) R.M.S. value of load current js given by :

1=‘/if-ﬂ /\/ % [a4269 cosmta—30 /7= ]

=‘/_§O’%§i"v o[ (1420000) cos~1 033 %03 x v I=( O3

='04535 amp=45'35 milliamperes.
{vi} Rectifier efficiency is given by :

I%,.R

"= TER+E, I,

- (4047 X 10-%)* % 6000
= (4535 X 10-%) X 6000 (12 x 4047 X 10-%)

R, 480
=—1‘2.32_:——%= ?—‘,8;;—2 X100 per cent:==76'65 per cent

GOLD CATHODE GAS DIODE RECTIFIER

The construction of a cold cathode gas diode suitable for use
as & reotifier is gwven in Chapter VII. The efficiency and power
handling capacity of such a rectifier is, howsver, low and hence it
has found little commercial use.

MERCURY ARC RECTIFIER

Construction of mercury rectifier tubes is given in Chapter VIL
They are used wherever large power handling 18 required. For
such large power requirements, however, polyphase power input gives
better performance. Mercury arc rectifiers are, accordingly, almost
always used as polyphase rectifiers. Descriptions of circuit arrange-
ments etc. of such polyphase mercury arc rectifiers is taken up in a
later article which deals with polyphase rectifiers using either
mercury pool cathodes or hot cathodes,

C. BRIDGE RECTIFIER CIRCUITS
(Or Dimetric Double-Way Rectifiers)

A number of rectifier circuit arrangements are possible in
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addition to half-wave and full-wave rectifier circuits discussed so
.far. An important rectifier circuit arrangement is the Bridge
" Rectifier or Dimetric Double-way Rectifier shown in Fig. 8.17. The
‘bridge rectifier circuit finds two important uses : (i) as a power
réctifier and (i) as the rectifying system in rectifier-type a.c.
meters. When used for power rectification, the rectifying elements
employed are thermionic diode either of vacuum type or gas type.
When used in rectifying a.c. meter, the rectifying elements usually
are the Barrier layer rectifiers either copper oxide type or selenium

type. . -

With reference to the circuit in Fig. 8.17 it is seen that during
‘positive half cycle of the applied a.c. voltage, tubes 7', and T,
o > conduct, while during the other
’ ] half cycle, tubes 7', and 7'y con-
duct. The current, however,
—% flows through the Iload in the
game direction in both halves of
€. ,the applied a.c. voltage. Hence
the waveform of load current is
essentially the same as in the

case of a full wave rectifier.

The following salient fea-

Fig. 8.17.—Single phase Bridge tures of a bridge rectifier may be
Rectifier Circuit. noted :(—.

_ {4) Current in both the primary and secondary of the . plate-
supply transformer flows for the entire cycle and hence for a given
_ power output, power transformer of a small size may be used. .

(#7) No centre tap is required in the transformer secondary.

(2it)’ Since two rectifier elements are present in series in each
conduction path, the peak inverse voltage is shared equally by the
two elements. Hence Bridge Rectifier circuit is eminently suitable
for high-voltage applications.

Bridge rectifier circuit has, however, the following limita-
tions :— '

.. (i) Twice the number of rectifier elements are required com-
pared with a full wave rectifier.

(¥) Proper insulation must be provided between the trans-
former windings supplying the heaters of the cathodes of the tubes

(when thermionic tubes are used). ,

- Barrier] ayer rectifiers i.c., selenium rectifiers or copper-oxide
rectifiers are more suitable for use in bridge rectifier circuits becaunse
they do not require filament heating. These have low peak inverse
rating but the bridge circuit reduces the peak inverse voltage per
tube to nearly half of that in full wave rectifier.
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(o) THREE-PHASE HAiaF-WAVE DELTA-WYE RECTIFIER

Fig. 8.19 (a} shows a simple three-phase half-wave delta-wye
rectifier. Diodes with mercury pool cathodes are shown in the
figure but the same circuit applies to hot cathode diodes. Each leg
of the secondary wye provides one phase. The transformers in
these rectifier circuits serve two functions ¢ (i) providing the voltages
on the rectifier anodes and (i) providing the common connection,
called the neutral connection. Voltages are given with respect to
this neutral copnection. Referring to the circuit of Fig.-8.19 (a) for
.~ WYE SECONDARY. ¢

DELTA
PRIMARY.

3PHASE
INPUT.

(@) Circuit connections.

“J
A /I?EC TIFIED VOLTAGE
‘ < (NN NN N CATHODE VOLTAG-.
Cio~IP% x 4 {
0
X XA IR =
X
€0 €30

() Waveforms of rectified voltage and cathode voltage.
Fig. 8.19.—Three-phase Delta Star half-wave Rectifier.

sinusoidal input voltages, the voltages applied to the anodes are also
smusoxdozﬂ, equal in magnitude but shifted from each other in phase
by 1.20' - Each anode voltage is equal to the primary voltage
multiplied by the transformer ratio. These input anode voltages
€10, €20 and €30 are shown in Fig. 8.19 (b). It is seen that for certain
intervals of time more than one anode is positive with respect to
the ncutral but only the anode with the highest voltage at the
instant conducts. The arc transfers from one anode to the nest ab

the instant their voltages become equal and the order in which thi
gc_)&l}mutatxofn ofi current takes place is 1, 2,3, 1, 2 and so on Th;

illerence of voltages e.q—e;, €35~—¢. —e W iti i
value are called the “eommtigaths]ng vr;féa:g’,'. ea‘f"h: ffi%ki%??fl“;z e
in Fig. 8.19(b) shows this commutating v?oltage. If the arc volt;fo.v .
drop is the same for all anodes and does not vary with anode cux’rexzxgt(;5
£
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H

€o € €0 €p €50 €60

ANV

(b) Waveforms of anode voltages and rectified voltage.
Fig. 8.20.—Delta six-phase star half-wave rectifier.

" This utilization factor is similar to a power factor except that
this applies to a non-sinusoidal transformer current rather than to
the phase angle between the sinusoidal current and voltage. This
.secondary utilization factor is maximum when p is equal to 2:89.
The nearest integral value of pis 3. TFor higher values of p, t_he
secondary utilization factor reduces and this constitutes the major
limitation of a large number of phases.

{c) THREE.PHASE DELTA.DOUBLE WYE HALF-WAVE
RECTIFIER WITH INTERPHASE TRANSFORMER

Tig. 8.21(a) shows the circuit connections of a three-phase
delta-double wye half-wave rectifier with interphase transformer
(LP.T.). The two three-phase half-wave circuits are thus in parallel
through this interphase transformer. The polarities of the corres-
ponding secondary windings in the two parallel systems are reversed

" with respect to each other with the result that when the rectified
-output voltage of one three-phase unit is at its minimum, that of the
other is at its meximum as shown in TFig. 8.21 (3). In this figure,
the solid sine waves are for the 1-3-5 star rectifier whereas the
-dotted sine waves are for the 2-4-6 star rectifier. The interphase
transformer connects the neutral points of two wyes and thus acts
as a potential divider across the difference of these two voltages.
‘The instantauneous rectified voltage of centre terminal of the inter-
phase tronsformer is then the instantaneous average of the rectified
voltages of the two individual wyes and is shown by the heavy curve
in Tig. 8.21(b). As is obvious from the waveform of rectified
voltage, the ripple frequency is 6 times the supply frequency. The

circuit is basically 3-phase circuit and hence the secondary utiliza-
tion factor is high corresponding to p equal to 3. This constitutes a
major advantage of this circuit over the 6-phase star connection.
“Tho circuit has further advantage that each anode current while
flowing is only one-half the load current, whereas without the
Interphase transformer it is equal to the full load current. The

lowc‘r anode current reduces the arc voltage drop and hence the
loss in the rectifiers.
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(a) Circuit Diagram.

RECTIFIED OUTPUT  RECTINED OUTEUT  TOTAL RECTIFIED .
OF 2,46, STA) 0F 135,57 ouTPuT
3 4 5 2/ 3

5

(b) Waveforms of rectified output voltages,

Fig. 8.21.—Three-phase Delta-double wye half-wave rectifier with
terphase transformer.

(d) THREE-PHASE DELTA-WYE BRIDGE RECTIFIER

Thm Q@ 00 723 mlimen tln cfacsslin emmanve oF dhin menttfae Té Iq

from the same 3.phase star connected voltage supply and connected
in‘sen'es The rectifier elements 4,8 and 3 produce positive output

- * " rduring the positive
) . . >ments 1, 2 and 3
‘ ltages and produce
! 2 3
PRIMARY SECONDARY
a
SPUASE
wPUT

4 5 I3
Fig. 8.22.—(a) Crrcuit Diagram,
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negative output voltage with respect to the neutral. The two

outputs are added in series. The average value of this total output
voltage is then twice that of either taken alone.

6 4 5 6

e

——- (]
er-

RECTIFIED
! 2 3 ! 20uTPUT VOLTAGE

{6) Wave forms of anode voltage giving the magnitude of rectified
output voltage at any instant.

Fig. 8.22.—3-phase Delta-wye bridge rectifier.

In Fig. 8.22 (b), curves 1, 2, 3 show the waveforms of voltages
of anodes 1, 2, 3 while the curves 4, 5 and 6 show the waveforms of
anodes 4, 5 and 6 respectively. The rectified output voltage
including the tube voltage drops lies between the uppermost and
lowermost envelopes. This voltage has the same waveform as that
of a six-phase star rectifier. The ripple frequency is six times the
supply frequency.

At any instant two rectifier elements conduct, one from each
group. Thus each rectifier conducts for 120 electrical degrees and
its average current rating is one-third of the average output current.
For the phase order a-b-c, the rectifier conduct in pairs in the
following order : 1-6, 2-6, 2.4, 3-4, 3.5, 1-5, 1.6 and so on.

When one pair of elements, say 1 and 6 are conducting, each
of the windings oa and oc carries the current conducted by these
two rectifiers. But this current flows through the windings in
opposite directions and hence the average winding cwrent is zero.
D.C. saturation of the core is thus avoided. Further each winding
carries current for one-third cyele in one direction, for another one-
third cycle in the opposite direction and no current in the remaining
one-third cycle and hence the secondary utilization factor of the
rectifier is quite large.
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Tig. 8.24 (a) corresponding to any time tl'iﬁ the positive half eycle,

.the plate voltage is €. For this value ey of plate voltage, the

corresponding critical grid voltage e is obtained from the firing
characteristic of Fig. 8.23. This process is repeated for different
values of time t and critical grid voltages are plotted against time £,

+

%

A SINUSQIDAL PLATE
i 7 Y VOLTAGE -
i o X ,

1
o 77 2

e, t-* .71

CRITICAL GRID
VOLTAGE

CRITICAL
GRID VOLTAGE
oSl

(@) Critical grid voltage curve for negative control thyratron.

c4l

——

SINUSOIDAL PLATE
VOLTAGE

7= 4
CRITICAL GRID —-wi
VOLTAGE

(&) Critical grid voltage curve for positive control thyratron,

Q

CRITICAL
GRID VOLTAGE

bt

Fig. 8.24.—Critical grid voltage curves for negative and positi
ood st . ve ¢
thyratrons for an applied sinusoidal plate voltgge, ontrol

) Study of this critical grid voltage characteristic shows that at
any instant of time no conduction will take place unless the grid
voltage is made more positive than that given by this chamcberiégtic
Then for a constant d.c. grid voltage as shown in Fig. 8.25, as the
instantaneous value of applied sinusoidal voltage increases a ’point is
reached when this direct grid voltage oxceeds the critical ri]d
voltage and conduction begins. This condition is shown by point{,” p
in Fig. 8.26. 'Once conduction begins, the grid loses all control of thl
arc and regains control only when the arc is 'extinguished. In i ;
8.26, let the conduction begin at angle g, corresponding tc; oint I]’g.
As soon as conduction starts, plate voltage e, drops fromI; to F "
wherq F, is the constant voltage drop of the tube while conéu ti 2
and lies between 10 to 15 volts. Simultaneously current rises ';_rmg
f)i'mt ﬁgddcnl}y dn.nd 1xzubscql}(&zmﬂy varies according to the vz;riat(i):;
0 applied voltage. At angle n~g,, t i
just equals &, and conduction gcases. ebul;?nszéggdnlgagi:(ﬂtlnge
cycle, no conduction tnkes place and hence the anodg vol‘fw “;aif
. * e b
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equals the supply voltage o that peak inverse anode voltage is equal
to the supply voltage.

AN
VYV TS

NYVYVY

Fig. 8.25.—Thyratron controf circuit with a.c. plate valrage and
variable d ¢. gnd voliage.

PLATE VOLTAGE €
T [
o
N A
vl
o
£ —trf

6 b
| CRITICAL GRID VOLTAGE
CHARACTERISTIC

Fig. 8.26.—Waveform of plate voltage, plate current in a thyratron
with direct grid voltage and sinusoidal plate voltage.

" For a constant voltage drop E, in the tube, current #» during
conduction is given by the relation -—

.',:i"'—“%‘ﬁit o (8°54)

Obviously before angle 8,, current is zero, Also eurrent falls
to zero when applied a.e. plate potential falls to E, at phase angle

%—0y
Then the nverage rectificd current is given by -

w0, .
Igo = I,I;J;\‘ ? iy dp
B T
On integration ¢

g2
Iy = "rR [— cog §— = ]“

E,,
=R o8 8,+cos 0,—T:(x—o,—0,)J
e (865}

[
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. B , o
‘where sin fa = E" . ... {8'56)
< m .
-‘I-f E, € E,, then the ratio ~—}€L as well as angle §, may be
O : : J.m
- taken as zero. With this condition, Eqn. (8:55) reduces to :
o ~ : B . R
- T ... (857
lio 55— + cos 8;] .. (8°5T7)

T4 is maximum when §; is zero and {bis maximum value is

equal to —i:lg—}’? so that Bqn. (8-57) may be written as :
= I,

_ dee _ 1Hcosfy » ... (8°38)

de max 2

It is apparent from Equations (8'57) and (§'58) that the.
average rectified current I, can be varied by varying angle §;i.e.,
by varying the positionin the a.c. cycle at which the d.c. grid
potential exceeds the critical grid voltage. If the grid volfage has a
large positive value, conduction may take place over almost the
complete half ¢ycle, and then I has its maximum value equal to
B, =Ry Tor zero grid voltage, conduction takes place over a large
portion of the half cycle and hence 74 has a large value. If the
grid voltage cquals the maximum negative value of the critical grid

¢ voltage, then angle 0y is equal to 90 degrees and I is then almost
half of Zge ymaz- If grid voltage is made more negative, conduction
does not take place at all and I is then zero.

Average value of anode voltage is given by :

hi 1 2'_.
Eqge =‘—§;L e 0
1 [[® R L
: [ T Busing do |
- et “m SIN G df J
B y7.
= -é-;‘:?(.—:»02~(;‘1)—~§"’;(cos 0y-+cos §,)
‘ ‘ ... (8'59)
If Ey > Fe, then Eqn, (8-59) reduces to:
o By ,
Fige A5 — o {1 + cos ¢,) .. (8+G0)

The negutive i
gative sign shows that the cathode is mor sitiv
than the ancie for mest of the evele iotie ds more positive
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The r.m.s. valuo of plate current js given by :

TR -
Ty 2= /\,/ET{.[. % d§ o
- A [FY%f Enm 9-"!?...‘",1 \
/\/ 2n Jo, ( R, ) 0~ .
. (861)
This reading will be indicated by an a.c. ammeter placed in

the anode lead. Similatly the total power supplied to the plate
circuit is given by

2
P ij iy de
.

2
IR T Lin RPN L, sin 0~ £,
= 9x Iny E,sing 7 ¢
L. (862}

Two types of control of average value of rectified current are
possible by using 4 ¢, grid ias (1) continuous control and (V) on-off
control, These are described below

(¥} Continuous control of average rectified current dy tariable
grid bios : The magnitude of the d.c. or average rectified current of
a thyratron may bo varied by varying the d.c. grid bias of the tube
and applying an a.c. plate supply voltage. The ciremt used for this
purpose is given in Fig, 8.25. Value of average plate ecurrent is
given by the Equ. (8'58) where ¢, is & function of control grid bias
e.. Fig. 8 27 shows the pature of variation of Iy, with .. Iy becomen
zer0 when ¢, excecds maximum value of eritical grid voltage ¢, maz,
A small positive or negative increment of grd bias, produces a
corresponding incroment of avernge current A continuous control
is thus obtained. '

Ide
Iz X

<
H
:
i
;e
"5 o =5 oy 3 ) 75

e 170, 0 [
KELATIE GRID BIAS l?-.c—ze-—cm x"’-"

Fig. 8.27.~Variation of average plate carrent with irid as

{ii) Oneoff contiol of everape rechif ed current by abrupt taria.
#ion of prid Line 1 A rmmber of circuits are poseible whicli provie
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- on-off control of .average plate current. Such circuits using &

thyratron provide an arcless gwitch or contactor. TFig. 8:28 ghows
a simple circuit arrangement for on-off switching of grid bias to .

“ control the average value of rectified current in & thyratron having

a.c, plate supply yoltnge.

Ry

+
ON-DfFo A.C.PLATE
SWITCH _SUPP[V YOLTAGE

{

Fig. 8.28.—On-off control in a thyratron with direct grid voltage
and afternating plate supply voltage.

YWhen the switch is open, a heavy negative bias E,, greater
than critical grid voltage is applied to the grid and tho thyratron
does not conduct, When the switch is closed, grid is at the same
potential as the cathode, and a heavy rectified current flows in the
plate circnit, Resistance R is placed in series with E,, battery
to prevent a short cirenit of the battery when switeh is closed.

(b) Continuous contrul of average rectified current by phase shift
of a.c. grid voltage superimposed on constant grid bias :

Continuous control of the average rectified current may be
attained by using an a.c. grid voltage of the same frequency as the
plate supply voltage, in series with a fixed grid bias and by varying

. the phase of this a.c. grid voltage. Schematic circuit of such.an
arrangement is shown in Fig. 8.29.

4,
: T
EC_C_ Ry R, 1 €
+ ! 5

€sg=tfsq,

sifwtie) E-Em

sin wt

Fig. $.29.—Schematic circuit of continuo
4 h ( us control of a i
current by phase shift of a.c. grid voltage. verage rectified

"Both the a.c. plate voltage and a.c. grid voltao 3
the sume a ¢. voltage source sv that they gh:weoz(tlixle0 Za{;;:tg'l(;e?x fml?
The phase shifting device in the grid cireuit is not shown'qi entcl)l.
schematic diagram of Fig. 8.29. The point of conduectio n t,he
a.c. plate voltage cycle is controlled by va 5o anglo ¢

A rying the pl
between the plate and grid potentials. Fog a%mpllicitgmgsreidag;g;: ?;
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consldered to be zero. With fized zero grid bias, three different
Thees epodfoew pfibe o 4 oo%3 poliage have been considered. These
PR . . .« " and () for phase angle ¢ of grid

“ H (lagging), —135 degrees (]nggmg)
nnd +40 degrees (leaamg} respectively.

©=t ST W
%

b4

=45"~—

(a)p =45"LA5GING

ety i wt
7
-5y
% “verte

4 N/
! €t

l—a _’1__1

b= 135

(b) & =135"LAGGHE

ez8y 511 wf

1 R
» T ,1;'\ .
b2y b ST e

T 20 ol
b

= ALMOST ZERO

(€} @=90° (raoms

In Fig. 8-30 (@), the alternating grid potcnnal e, lags behind
the plate voltage ¢, by 45 degrees Hm\evex it is to be noted that
the grid potentisle, equals the cnitical gnd voltage at an angle 0;
and conduction begins at this point in the a.c. cycle. Conduction
ceases when the applied voltage falls below |, the minimum voltage
required to maintain conduetion,
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it i ial at the point of con-
In most cases, the critical grid potentia  PC i
ductio:ilsnmuch smaller than the applied grid potential amplitude,

[

1

. GRID .} 6RID. | &rRID :

[AGGING | LEADING ‘ LAGGING )

) l L-&
. I
e 1)
';’IdC ]
- t
t
‘
]
H
0 7 1l g 4N

ANGLE OF LAG OF é’sy,BEHIND- £

(d) Variation of Iz, with angle of lag.

Fig. 8.30.—~Control of average plate current by phase shift of
a.c. grid voltage in a thyratron.

hat angles ¢ and 8, are almost equal. It is often justified in
:\Zstthing,%hubqsthe cri]tical grid voltage curve coincides with the
zero-voltage axis. "Again if E,, >> K, then I, as given by equation
(8.57) shows the dependence of Iy, on angle 6, (or angle ¢ if the
critical grid potential curve coincides with zero voltage axis).

During the positive half cycle of a.c. grid voltage, actual
grid to cathode voltage ¢ i small and constant, most of voltage
drop taking place across the series resistance R,.

In Fig. 8.30 (b), e lags behind the plate voltage by 135 deg-

rees. Obviously, the duration of conduction of current is highly

© reduced and hence average rectified current is also correspondingly
" - redueed,

n Tig. 830 {c}, e,
Ings by 270 degrees).
beginning of each oycl

leads the plate voltage by 90 degrees (or
Here conduction occurs very nearly at the

e and Iz is then maximum, In fact, this
maximum value of /3. i8 obtainable " {o

r all cases of leading grid
© voltages:

| If I, is calevlated for all values of phase angles and is plotted
against the angle of Ia

g ¢, then the curve obtained is as shown in
Fig. 8.30 (d). Similar results are obtained for other values of fixed
. grid bias.

(¢} Continuous control of avcrage rectified current by varying the
magnitude of grid bias superimposed on a constant a.c. grid voltage :—
In control method (a) angle ¢, is small and hence small changes in the

* oontrol characteristics of the tube result in correspondingly larger
changes in the average rectified current. The precision of this con-
trol methed (a) is, therefore, inherently poor. Trouble is parti-

cularly gerious with mercury vapour thyratrons becanse in thege
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mercury vapour thyratrons, the temperature and prcscmc of the gas
fluetuate considerably.

The above trouble is eliminated by using an olternating grid *
voltage in peries with the varying grid bias. TFig. 8.31 shows thn

circnit arrang

Fig. 8.31.—Schi ic circwt ar i ontrol
of average rectified current by varying the gnd bras :urer-
imposed on constant a.c grid voltage

Let the alternating grid voltage e, lag belund the supply volt-
age by 45 degrees. Then the curve of ¢, s e., sum of ¢,, and E., will
intersect the eritical grid valtuge curve at points dependent npon the
value of grid bias E.. Fig. 8.32 (a) shows tho various voltage
waveforms and nature of plate ~-=--- S fmweetts - e M
valge of angle ¢, in this case ot o L e
raannmAinm aandition fae maen o e .

d €. gnd voltage, nugle 6 is amaller than 45 degrees and tbo a\-cnga
value of rectified plate current is reduced still further. .

An nppraxxmnte relation between 7, and E., may be obtained.
Assumpncn made is that the ¢, curve coincides with the zero volt.
age axis,

Then 0 =L2' ~an? (%) .. (863)
™

provided that | E, | <En.
From equation (858) .

e f (eos 8y

Tg mae
=} [ 1+cos (% —lin"‘—gﬂ)] e (864)

=1 [ 1+sin (,;n-x Ec:)]
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.or ]dc =§ [1+ _'_E-E__CE . cos (8‘65
m

-Idc max

E=Emgy Sin o

r
Ecc L,

N ¥
TN 5
N

. —l,

I

(C) D =451 A56ING £, POSITIVE

Fig. 8.32— Contro} of uverage plate current in a tnyrawron py varymng
“d.c. grid bias superimposed on a constant a.c. grid voltage.

. Thus linear variation of 14, with E,, takes place if critical grid
voltage is zero everywhere.

A simple circuit arrangement for providing a.c. grid voltage
¢,, lagging 45 degrees behind the plate supply voltage is shown in
Fig. 8.33.

In this circuit if the reactance X, of the condenser C is
equal to the resistance R, then the a.c. grid voltage will lag behind
the plate supply voltage by 45 degrees. Further with this arrange-
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ment, the a.b. grid voltage amplitude is 4/2 or 507 times the plate
~upply voltage amplitude.

Methods for producing a.c. grid voltage shified in phase from
plate supply vollage A ciremit commonly used for this purpoes is
given in Fig. 8.34, The phase-shift between grid and plate voltags
is controlled by the impedances Z; and Z;.

AC SUPPLY
Fig. 8.34.— A simple phase shifting network,

Using » centre tapped traneformer, voltages E and E’ sro
equal in magnitude and _phase voltage E drives current through the
thyratron plute cirenit. If out of impedance Z; and Z,, one is chosen
as o resistance R while the other 13 esther an inductance or a capa-
citance, then phass stuft of the grid supply voltege £,, may bhe
ndjusted by varying the magnitude of either Z; or Z,.

If T, is the current through the impedances Z, and Z,,.thcu
applying Kirchhoft’s law and arsuming the grid current through the
large resistance R, to be negligible,

1 (24 2)=E+E e {8°66)
and Ey=1.2,~E' ... {887
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.or ‘Idﬁ =% [1+ bouelL 23 sae (S 66)

d¢ maz

B,

ezEmgx Sin W'

71
4 .
~1 6 }"_.
*"y"‘.
D45
by &=45"1AG6ING; £, ZERD

(CIb =251 AGCING £ p POSITIVE

-Fig. 8.32—Control of uverage plate currentin a inyraron by varymg
. “d.c. grid bias superimposed on a constant a.c. grid voltage,

.- Thus linear varintion of I, with B, takes place if critical grid
voltage is zero everywhere.

'~ A simple circuit arrangement for providing a.c. grid voltage
¢ lagging 45 degrees behind the plate supply voltage is shown in
Fig. 8.33.

In this circuit if the reactance X, of the condenszer O is
equal to the resistance R, then the a.c. grid voltage will lag behind
the plate supply voltage by 45 degrees. Further with this arrange-
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ment, the a.c. grid voltage amplitude is 4/2 or .707 times the plate
~upply voliage amplitude,

Fig. 2 7"
.

Methods for producing a.c. grid vollage shifted in phase Jrom
plate supply voltage. A circuit commonly used for this purpose is
givenin Fig, 8 34. The phase-chift between grid and plate voltage
is controlled by the impedances Z; and Z,.

£O0000G)

AL SUPPLY

Fizg 8.34.—A simple phase shifting network.

Using o centre tapped traneformer, voltages E and E’ are
equal in magnitude and phase voltage E drives current through the
thyratran plate circuit. If ont of impedance Z; and Z,, one is chosen
a3 aresistance 12 while the other is either an inductance or a capa-
citance, then phase shift of the grid supply voltage E,, may be
adjusted by varying the magnitude of either Z, or Z,.

If X, is the current through the impedances Z, and Z,, then
applying Kirchhoff’s law ard assuming the grid current through the
large reistance B, to be negligible,

LA(Z+Z)=E+E —.v (8°66)
and E,~1,Z,—F - (8°67)
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A vector diagram may be drawn to show pl}ase' and xﬁaggitude
relations of various voltages and currents. This will be considered
" for the following four combinations of Z; and Z; :—

L (1) Z, resistive and Z, inductive. ‘
o Z=R+5.0 and Z,=0+joL.
L ’ (¢7) Z, resistive and Z, capacitive.
~- s '» . 1
) “ ~ZI=R+3.0 and ZB:O 5‘5“6','
(451) Z, inductive and Z, resistive.
Z,=0+4jol and Z,=R-4.0
. (tv) Z, capacitive and Z, resistive.
i 1 ‘
Zl='1'+ 5’;;‘0 and ZQ:R+j.O

Tig. 8.35(a) shows the phasor or vector diagram for the com-
bination (i). Here current I, through the impedances Z; and Z,
Pl n E lage behind the total applied
>t > voltage (E+E'). On resolv-
: ing this voltage sum (E+E’)
into the components across
the impedonces Z; (squel to
R) and Z, (equal to jwl), o
right-angled triangle is ob-
tained as the vector diagram.
The grid-supply voltage vec-
tor B, is obtained by joining
centre C of voltage vector
(E4+E') to vertex of triangle.
Obviously this vector repre-
sents o value 1.Z2,~E' and
hence satisfies the relation
(8:67) and lags behind the
vector B by angle ¢. Itis
to be noted that the vertex P
of the phasor diagram always
lies on the circle on vector
(E4+E') as the diameter.
by 7ot The magnitude of vector E,,
)0 T e ARD Iy 2RO is, therefore, always con-
. . stant and equalto L. The
- Fig. 8.35.—Vector or phasor diagrams ~ Phase angle ¢ of grid supply
. of phase-shifting circuits. voltage E,, may be controlled
: ' by varying cither Z, or Z,.
.The phase angle of B,, with respect to Z is given by the
relation :
®

$=~2 tan™ —- .. (868}
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Such a phase shifting circuit may be used in control method
no. (b)) for controlling the average valuo of rectified current ina

thyratron. Then as the ratio P’T is i d cither by i

L or by reducing R, then phase angle ¢ of grid supply voltage H,»
increases in magnitude i.e., becomes more lagging and hence Ty, cor-
respondingly reduces.

Fig. 8,35 (b) shows the veetor or phasor diagram for combina-
tion {ir). In this case also it is found that F,, has a constont
magnitude equal to F and a phase angle which is lagging and is
given by :

¢=—2 tan? «CR . (8°60) ©
¢ may bo varied by varying either C or K. Ifsuch o phase
shifting circuit is used in control method (b), then as the ratio-
k:lu)f is decreased by increasing either € or R, phase angle ¢ reduces
and hence I, increases

If combination (13} or (1) is chosen, value of phase angle ¢

is positive i e, the grid supply voltage leads the plate supply voltage

and then ns is scen from Fig, 8.30(d), no control of I is
possible.

The assumptions made in the above analysis are 1  (3) Load is
sssumed to be almost resistive and (i) effect of grid current is
d negligible. In the ab of these ditions, analysis is

not valid,

Ignitron Control Gircuit. In ignitron tubes it is required’
to ne'm] & pulse of current through the ignitor to initiate conduction
cear B R e P i core e

is higher than that required by the grid circuit of a thyratron, and
the control mothod in this case differs from those in thyratron.
}Iowever, onco the main are is imtiated, operation is similar to that
in a thyratron and equations (8'54) to (8 62) may be applied to
nbtu'm_h,, ete. Various methods have be a devised for supplying
':he ignitor current pulses depending upon the use to which ignitron
is put. When the ignitron is required to rectify an alternating plate
supply voltage, the ignitor pulses must be periodic and must be
synchromsegl with the a.c. anode voltage in such & way that initia-
tion of main arc takes place at the same phase angle in every plate-
voltage eycle. For other applications, one or more ignitor current
pulses at controiied times may start the are.

A few common methods for estnblishing the point of ignition

in each plate voltage cycle of an ignitro o ill in Fj
ingach plote voltag A iy n are illustrated in Figs.
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(a) Anode firing method or Anode Ignition wiil; {d)(:Od:é
Tig. 8.36(a) gives the circuit arm?gei‘nent. i %’2 isa h:g;lt(:; exocurrgnt
diode. During the positive half of applied a.c. VOTLASE,

'gﬁigﬁgh Tl: corgltinuours)ly increases until it reaches a critical 1vah}be 1':;
which main arc starts. After ignition of ignitron tube Ti 108 {;2 ; 2
place, a heavy current flows through the load Z; and 1t 1o vionit%r
applied to 7', and ignitor decrease ]t)(? {(Li lo; constanttva.oufi:lmcéons .
ent ‘becomes negligibly small. Diode T, scrves tw :
?:;rrxt supplies the ignitor current and (i1) it serves to prevcint fr’evex‘s:

" current through the ignitor during the negative half cycle of ano

voltage.
K
f
% @ @
VoL . CONTROL
VOLTIAGE
esq -'Esq sn(wt-¢)
(@) Anode ignition with hot (b) Anod ignition with thyratron

cathode gas diode.

Fig. 8.36.—Simple Ignitor Excitation circuits in which ignitor current flows
through the load.

(0) Anode Ignition with Thyratron :--Fig. 8.36(b) shows
-the circuit arrangement. Tho control grid voltage ‘e,, applied to the
grid of thyratron 7'y is an alternating voltage of the same frequency
.as anode voltage but delayed in phase. The ignition of thyratron is
thus delayed depending upon the delay angle ¢.

The above two methods have the advantage of simplicity but
havo the following two disadvantages: (i) Ignitor current flows
through the load impedance Z,, restricting its suitability for rela-
tively heavy load currents only and (if) ignition cannot take place

at the beginning of tho cycle. These defects are avoided in methods
{c¢) and (d) discussed below.

(¢) Thyratron and Capacitor Ignition. Fig. 8.37(¢) shows
the circuit arrangement. With the start of each positive half cycle,
capacitor gets gradually charged through the hot cathode gas diode
7’ and discharges through the thyratron tube 7, as soon as anode
voltage of 7'y reaches a definite value deponding upon the grid
-control voltage. .A sudden current through ignitor causes ignition in

the -ignitron. The average value of rectified current may thus be
controlled by adjusting the grid control voltage.

(d) Saturating-Reactor Ignition. In circuit of Fig. 8.37(0),
-during the positive half cycle of the applied voltage condenser C
-charges through reactor I; with the polarity shown. Simultaneously
-current builds up gradually in the circuit containing reactor I,,
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rectifier T, and the ignitor. L, islarge and heace current in this
latter cireuit is small. The core of saturable core reactor Z, is so

ROT Latioot
5 DoOE
73 .

el
ol

WE T | A
arTRON -r 5Ly
sm(urw )

(6} Saturating Reactor Igmition

Fig. 8137, Ignitor Excitation circult with no ignitor current tarough

designed that ps poon e 4Ts rmmromt sbunnnl dla cpnaton seesheg g
critical value, the core =.: " . 1o . tance
decreases, Condenser C - ot this
circuit containing Lo, T, and ignitor nnd causes guition. Little
saturation takes place in the core of reactor L,. The purpose of
rectifier Ty is to prevent flow of current in the reverse direction.
Tho phase angle ¢ of voltage applied to reactars may be varied to
control the time of vvmucn in the ignitron plate voltage cycle.

This method eliminates the use of hot-cathode gas tubes which
are not economicaily utilized in ignitor excitation, since ignitor
current has large peak to average current ratio. Hot cathode tube
with this high peak ignitor current is eapable of delivering consider-
ably greater average power than is required for this application.

Example 5. In thyratron circuit of Fig. 825, plate supply
voltage has peak value of t00 volts. Constant enltage drop in the tube
during conduction is 12 volta. Lond resistance is 5,000 ohms. The
eritical grid vollage curve is then such that for grid bias of —2 and —3
volts, (he angle @, of initiation of current is 10 and 20 degrees,
Calculate the average value of load current under hese bins conditions,
Asanjle 0, ia increased, find the value of §; which gires marimum
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Case (D): §; = 70 degrees,

500 1 249 — 00267 &
S °) = o (14-°342)=0"0267 amp.
Loe = 5 (LHees 107 = g (147842)
14, is maximum, when g, is zero.
500

= s =0'0398 .

Henco Ise maz 97 %4000 (1-+1)=0"0398 amp.
=398 mA,

EXERCISES

1. Draw the circuit diagram of a fullwave vacuum-tube recti-
fier using a power transformer with centre-tapped secondary for use
in a radio receiver. Show a typical filter circuit. Explain the
operation of the rectifier and give waveforms of current and output
voltage.

2. For a halfwave vacnum tube rectifier using a resistive load
with no filter, derive expressions for (i) peal;, average and r.m.s.
values of currens, (i) peak, average and r.m.s. values of output
voltage, (iii) d.c. power outpub and total power input, (iv} rectifier
efficiency and (v) ripple fuctor. Assume the diode to have a linear
current-voltage characteristie. Calculate the above guantities, given
that the r.m.s. value of input a.c. voltage is 300 volts, load resis-

tance is 6,000 ohms and slope of diode characteristic corresponds to
1,000 ohms,

3. A voliage of frequency 60 c.p.s. and effective value 400
volts is applied to each diode of a fullwvave vacuum tube rectifier.
Diodes have linear i,—¢, charactoristies with slope corresponding to
o resistance of 800 ohms. No filter is used. Load is a resistance of
4,000 ohms. Calculate from first principle : (5) peak, average and
effective values of current, (i) d.c. power output and total power
input, (1i1) rectifier efficiency, (iv) form factor and ripple factor.,

4. A halfwave rectifier uses hot cathode mercury vapour
diode having a constant voltage drop of 12 volts during conduetion.
Tho load resistance is 4,000 ohms. Sinusoidal voltage of r.m.s. value
220 volts is applied to the rectifier. Supposing no filter to be used
caleulate (i) “peak load current (if) angle of conduction (iif) d.c.
load current (iv) r.m.s. load current and (v) rectifier efliciency.

S. A fullwave mercury vapour rectifier uses a load resistance
of 3,000 ohms and no filter. The jonisation potential of cach diode
is 12 volts. An a.c, voltage of peak value 240 volts is applied to the
rectifier.  Calenlate (i) angle of conduction, (if) average and r.m.s.

values of load current, (i) d.e. power output and (iv) rectifier
cffieieney.
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5, In the thyratron cireuit of Fig, 825, the plate supply
woltsge has r.m.a. value of 110 volts. Voltuge drop across the tube
doring conduction is 12 volts. Plate load is resistance of 3,000
obma. The critical grid-voltage characteristic is such that the
angles of initiation of plate current for grid bias of —1, ~Zand —3
volts are 10, 30 snd 50 degrees respectively. Caleulate average
value of plate curreat for these bins conditions.

ST e e T DOETYORST T i dtiation of
. - to ke 40
. . : v * ate curront
(angle 8,), if average plate current is required to bo increased to 42
and 44 milliamperes. Assume voltage drop in the tube during eon-
duction to be negligible.



CHAPTER IX
POWER SUPPLY SYSTEMS

. Intfoduction. In operation’ of electron tube devices, power
is required for the following purposes :—

{a) Hedting the cathodes,
(b) For supply of anode power,

(c) For supplying the grid bias.

The order of these voltages and other qualities like ripple
factor, constancy of voltage ete. depend on the use to which the
power supply is put. Tor example, considerable ripple voltage is
permissible if the rectifier voltage is used for battery charging
whereas for use in a high quality amplifier or oscillator, ripple vaolt.
age is required to be very small, For use in ultra high frequency
tubes like klystron, highly stabilized d.c. power supply is required.

Cathode heating power. This may be obtained from a
d.c. voltage source such as a battery or from an a.c. voltage source.
Battery is generally used to supply d.c. cathode heating power in
directly heated cothodes i.c., filamentary eathodes. Thp main dis.
advantage of the battery supply is that frequent replacement or
charging of the battery is required. To avoid this trouble, for most
of the applications, a.c. cathode heating is used. This a.c, heating
power may conveniently be applied by using a step down transfor.
mer fed from mains, When a.c. power is used for heating the
- cathodes, however, there are two possible troubles that may result
namely (3} plate current may develop a component at the second'
barmonic of the filnment supply frequency and (3t) the signal being
amplifiecd may get modulated by the alternating current used for
heating the cathode. These defeots result in a low pitched hum in
the loudspeaker fed from the output of the systom. This low
pitched hum is called the “ac. hum”, This a.c. hum ig much
larger in Glament type tubes than in tubes using indirectly heated
cathodes. Most of the high power tubes such a8 in Radio Trang.
‘mitters ete. use directly heated cathodes and for convenience 5.0
. heating alone has to be used. In such tubes meang should therle.'
. fore, be devised 10 reduce the a.c. hum, '

Methods of reducing a.ec, hum in ﬁlamentary-typc
“tubes. To effect reduction in a.c. hum .in ﬁlamentary cathode
tubes, let us first look into the basic causes for this hum. Thig
a.c. am may be caused in filamentary tubes due to one of t}
following veasons ; 1

234
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(3) Cyclio variation of filament temperature may take place.

Emiesion from cathode then does not remain constant and develops
an s.c. component superimposed on  it. The plate carrent, there.
fore, nlso contains this hum. The heatcapacity of filaments used”
in vacuum tubes, however, ia generally so large that this variation
of filament temperature with 60 ¢/s filament current is small and
causes negligible hum under epace charge limited condition, ~

(i) Action of the magnetic field caused by the a.c. filament
current :—This magnetic field deflects tho electrons flowing to the
plate with tho result that the plate current decreases slightly when
tho filament current flows in either direction. No such reduction of
plate current takes place when flament eurrent is zero. This ro.
solts in a cyelic varintion of plate current at a frequency twice the
filament supply frequency.

(iii) Voltage drop in the filament :—This cauzes tho negative
balf of the filament to emit more electrons than does the positive
half. Further, since the current is space charge limited, the number
of clectrons actually drawn from any part of filament is propor-

PRl o . B

tiopalt' "~ ¢ "% ' + Current
drawp 0 T ot s st than in
the abs  + " s . 148 extra

eurrent from the negative end ot tne nlament more than compen-
eates for the loss of current from the positive end. Thus there is
an overall increaso of space current when current flows through the
filament.

QOut of these three causes, first is negligibly small while the
recond and the third causes result in a.c. hums at the second har-
monic of filament power supply frequency and are 180 degrees out
of phase with each other. Therte efiects tend to cancel, therefore.
Thero remains, however, coneiderable amount of residual hum
which js undesirable for most of the applications. These may bo re-
duced by the following means :—

(a) Special circuit arrangements for feeding tho filament
power ;

(b) Proper choico of filament voltages ;

(c) Appropriate filament geometry.

173 r(.m:vs
270V 30€15) l
heiry

fa) Simple arrangement . (8} Centre tapped Reuster. (¢) Centre-tapped Trz=ves
Fig 9.1.—Tilamentary Catbodes beaed frem a.cn voliage s0ues
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Tig. 9.1 (a) shows a simple circuit arrangement for supplying
the heating power to the filament from an a.c. power source. The
a.c. hum in this case is large. This a.c. hum may be minimized by

" . connecting the grid and plate leads to a point that is almost at the

same potential as the mid-point of the filament. This may be done
by using o centre-tapped resistor or a centre-mppe(} transformer
for feeding the a.c. power to the filament as shown in Fig. 9.1 )
and ().

In high power tubes, often multistrand filaments are used. In
such tubes, different strands are usually fed from different phases
of a polyphase power source. This technique reduces the hum con-
giderably. Regarding the geometry of the filament, it is desirablo
to use V or 1 shapes in order to reduce the hum.

With the above means used to reduce a.c. hum in filament type
tubes, the ratio of a.c. hum power to signal power may be kept low
if the signal power is large such asin Radio Transmitters ete. But
for filament type tubes carrying low signal power, hum may become
quite annoying. Tor small power handling, either d.c. heating of
the filament should be used or indirectly heated cathodes should be
used with a.c. heating power. The latter is usually preferred.

‘A.C. hum in heater type tubes (Tubes having indirectly
honted cathodes).

For low power applications indirectly-heated cathodes having
bigh emission efficiency may conveniently be used.” A.c. heating is
generally used for convenience. In heater type tubes a.c. hum is
considerably less than in the filament-type tube primarily because
there is no voltage drop in the emitter and the magnetic field of
tho heater wire is highly reduced by the cathode sleeve surrounding
tho heater wire. A small amount of residual hum, however, re-
muins because of a emall magnetic field produced by the current in
the hoater and because of leakage resistances from heater to other
clectrodes. This residual hum is usually negligibly small so that
a.c. heating of heater in heater-type tubes may always be used in
all commorcial applications,

Anode voltage and grid power supplies. Power for sup-
plying the d.c. voltage to anodo, screen grid and for bias voltage
for control grid are usually obtained by reetification of a.c. power by
roctifier-filter assemblies. Rectifier used may be one of the various
types discussed in the last chapter depending upon the voltage and
current requirements, purpose of use ete. Tor grid hias purpose,
sometimes, batteries are used. )

The output voltage of a rectifier is of pulsating nature and
consists of a d.c. component and ripple voltages at the fundamental
ripple frequency and harmonics thereof with progressively reducing
amplitudes. Tor most of the applications, a constant d.c. voltage
almost free from ripple voltages is required and this necessitates
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the use of flter circuit following the rectifier. Theso Blters used
for removing or at least reducing the ripple voltnges, may be of
various configurations. In what follows we will firet study the har.
monic contents of rectifier output and the effect of some of these.
aimple filter circuits on the rectified voltage waveform.

HARMONIC CONTENT OF RECTIFIER OUTPUT

(¢) Halfwave Vacuum Tube Rectifier. An analytic re-
presentation of the output current of any rectifier system is obtained
in terms of the Fourier series expansion as given by :

» e
i=b +X b.cosko+y o .6inks e (0.1)
Jew1 k=1
whero §=at and tho coefliciests 5, , b, and ay aro given by :
5 1 2= 3
= oe f V. dg |
P
5 1 2
= J i.conkg . ds . {92
o

1 .2
a.=;j i.ainkp.dp J
4

In the case of rectifiers, the term b, gives the average or d.e.
valuo of the current.

In the case of vacuum tube halfwave rectifier, the output
ecurrent is given by the relation :

2. aing = I, .8n¢ when 0K ]} ©3)
§ =0 “ when r <9< 27 J

whero R, is the load resistance and R, 1a the constant slope
resistance of the idealised characteristic of the diode.

Using the values of { as given by equation (9'3) in eq. (9'2)
we got 1—

1 o
b= j Lo.sing.ds=Jo o (04
.

ay =

L4
j]..-aino.ninkﬂ.r?!
o

©
=-{~3I [ cos (1) g—con k110 }de
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T T . .
—In (1—cos 20)d6 + I—'E"' [cos (k—1)§—cos (k--1)0] d0
27 0 2n)o
e . k=23,..
o Im =dn .. (9°5)
s (o)l ] : (

by = L r I, 8in 0. cos L9.dg
. (]

L

I

‘;—:J: [sin (§+k0) + sin (9—F0))do

I, cos (k--1)p cos (E—1)8
= ?n“ [ TTery TSy
_ [L{cos(k 1) — cos(k+1)8} 4 {cos (k—l)o+cos(k+1)0}]"
R E¥1) (k—1) o
Im [ 2k sin kg.sin 0 4~ 2 cos k4 cos g1
2 (E+1) (—1) ]
— _ﬁ_[ o8 k 7w cos »—cos 50 cos g

T (L+1) (k—l)

=21,

== .. (9°6
'"(L-*-l) U for k=2, 4, 6,...‘ (9-6)

For k=1, pr= -l—r‘ I,.. 8in @ cos ¢ df=0.

Substituting the values of b,, @, and by in the equation (9°'1)
we get :

~ 2 cos I i
s =T, [-—+—sm ol — ————Z (k+1) (k—1) ]
. L"—' y ’ "

quency term in the outpub current hes the
cquency as the power supply. The remaining terms are even-
nic terms of progressively reducing amplitudes.

(0) Fullwave Vacuum tube rectifier.
consists of two halfwave rectifier circuits, one of which conducts
durmg the penod when the other is not conducting, Then the

cufrent %, in one circuit is related to the current 4; in the other by
the relation :

The lowest fre
sameo fr

harmo

A fullwave rectifier

' iy (@)=1; (a-+}%) - (9 8)
" The total load current, which is the sum of the currents iy and
1y, i3 given by the expression :—

‘ iw [:“‘“—-_“3 cos Lol

FEFD (=) = (99)
E=2,4,6,.. ,
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It js seen fromeg. (0'0) that tho total load current does
not contain the fundamental ~frequency term i.., the term of
ongular frequency @, The lowost frequency torm in the total load
curtent has an angular frequency 2w. The problem of filtering
the sipple voltage in the filter cirenst is then comparatively casy.

(¢) Halfsvave and fullwave gasdiode rectifiers, The
Fouticr teries expressions for halfwave and fullwave rectifiers
using hot eathode gas diodes may be obtained in & way simifar to
the above but in thesec circuits conduction begins at some engle @y -
and ceases at angle m—0,, assuming the jonjsation and cxtinction
voltages to bo equal. The form of Fourier seris in theso cases is,
therefore, comparatively compheated. In practice, however, the
sngle ¢, is usuaily small, particularly when voltage of farge ampli-
tudo Is applicd, “In that ense, equations (9-7) and (¢ 9} for vacuum
tube rectifiers are appheable 1 this case also,

Halfwave Vacuum tube rectifier with a capacitor filter.
Simplest filter arrangement consists of only o capacitor across
the lond resistanck, Fig. 9.2 shows such = filter circuit following
& helfwave vacuum tube rectiier.  For the purpose of analysis, the
halfwavo rectifier has been nssumed to beiden]  Such n condition
i3 never realized in practice but thia does not materially affoct
the nature of the circuit performance.

The capacitor C gets charged dunng the conduction period
and energy gets stored in the condenser. During the non.con-
duction period, the d discharges through the load resis.
tance delivering energy to it. Thus current flows throngh the lond
resistance throughout the 8 ¢ eycle wheteas the rectifier tube cur-
rent flows only in pulses

TTLT
alihi

Cotpy S L2t

Fig. 9:2—~Halfwave Vacuum tube rectifier with Capacitor filter.

To facilitate understanding the cirewit performance, fet us
first assumo tho load resistance to be so large ns compared with the

""f—‘ Che — 6 9———‘——116 g
ey St (ng/ L—er-l C T-——%:—
I !

L

Fig. 93~Hallwave rectifier with filter Capacitor and without 103d resistance.  +




240 PROBLEMS IN ELECTRONICS

reactance of C as to be omitted from the circuit. This simple
circuit arrangement is shown in Fig. 9.3.
The applied voltage is sinusoidal and is given by :
! ‘ e=1, sin af .. (9710)
- Let the switch S be closed at time t=0 ; then the current. £,
is given hy :

fe=C %}L_—: wc, B, cos of .. (9°11)

This current i, leads the applied voltage e by 90 degrees.
Fig. 9.4 shows the waveforms of applied voltagee and current i,.
At the phase angle ©/2, the condenser is charged to a voltage By,
and the condenser current i, becomes zero. The rectifier prevents
reversal of current and condenser cannot discharge. The voltage
across the condenser, therefore, remains constant at the value I,

37 —>wi

Fig. 9.4.—~Waveforms of voltages and currents in a halfwave rectifier with
capactior filter and no load resistance.

The voltage e, across the tube is equal to the difference of
voltages ¢ and e, a8 given by tle equation :

ey=¢—e, . (9°12)

The waveforms of e, is, therefore, as shown in Fig, 94, It
reaches a peak negative voltage of 25,

Circuit of Fig. 92 mny now be considered. R, j i

C . is now in

shunt with condenser ¢ and hence during the noxlm-conducting
period, the condenser € discharges through the load resistance R
and loses charge. During conduetion, current flows through thc;

rectifier to replace the charge lost previously. Th
ourrents are shown in Fig, 9.5. P v ¢ waveforms of
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Ignition angle g, correspands to the start of conduction period.
Extinction angle 8, corresponds to the end of conduction period.
Angle g, which is the difference of angles g, and 0y, gives the dura-
tion of conduction.

Fig. 9.5.—Waveforms of currents in half wave rectifier of Fig. 9.2.

During conduction period - f=ietir e (0°13)
During non-conduction period : ;=0 and hence
i —iy oo (214)

Thus during non-conduction period i, and i; are equal and
«opposite.
Duaring Conduction period :

ipe= Em finot . (0°18)
1
and i, isgiven by i=C —:% =wc E, cos aif . (0°18)
Current 3, through the tube 1s then given by :—
=ig +l"=£"'—57'; ﬂ+m E,. c03 oot e {9:17)

=Fn /\‘/G—;)’-Hm)’ sin (@f-+tan~t we Ry )

o {0°18)
At point T, ponding to angle ¢, conduction ceases so that
¢; becomes zero, i.e. the sum i-+ig cquals zero.
B .
or Fein 0 + @t E,, cos §,=0 o (9°19)
Hence tan gy=—weh, vee {0°20)

—
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It is obvious that the value of angle 8, must lie somewhers
between the limits =/2 and = (or between 3x/2 and 2x) and its exact
value can be determined from wc and RB;. Beyond §,, the condenser
¢ discharges through R;. The current iz reduces exponentially with
o time constant equal to C.1%; and is given by :—

: {
.- in=A4.¢CR, ... (9°21)
where 4 is a consfant.

, Constant 4 may be determined from the conditions at the time:
when ©i{=4§,, by equating iz, just before g, to just after g,. Thus:

B, . 2
E—sm g,=A4A . € ock,
E 0
or =k’-:“ sin 0, € ook, (9-22)

Substituting the value of 4 from equation (9-22) into eq\m;
tion (9°21), , .
. B, . _(wt—9,)
i =—I;"—‘81n 0 € wek, .. {9°23)
_ Non-conduction period ends and the conduction period begins.
again, when the supply voltage e attains a value equalto ¢, E; as

obtained from equation (9:23). This corresponds to point T;at
phase angle of 2x +4;. .

Substituting @t==2x--¢, and equating #; . B; to e we geb :—
. : _(27’:""91"'92) :
L, sin g,. € T wcR, =B, sin(2z+6)) .o (9°24)

. . _27:-*(92“9;)
or 8in §;= sin §, € wcly

- . - 2 - C
or sin fy=sin (tan'—wcR)), € — :)clg, ... (925}

where §c=0;—f,= angle of conduction.
But sin (tan~?! «cR,)=sin (tuﬁ"l wck;), since - i
. T ! t ’
angle in the first quadrant and is equal to wﬂ—t;n“l { f—nmcfcf‘z;Rl o
Equation (9°25) may then be put as:
2r—9,
wcR, ... (9°26)

Now sin §; may be put as sin (02;05) or sin (z—g,+4,) and

:c;noezs ;Ty bo put as tan~ wcR;. The equation (9:26) then be-

" Sin 0;=sin (tan™! wcR;) € —

20,

© sin [tan™! (wcRp)4-9,)=sin [tan-! wcR,) € — ey (9°27)
l A3 ¥
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Value of ¢, may be easily ealculated from c}luntion (9-20)

but it is difficult to calculate values of g, and §, fram equations (9-26)

2nd (0-27). Hence in order to find §; and g, often graphieal methods

are employed. To determine ¢, the membersof equation (9°26),
2x~(f:—¢

namely sin gy and sin (tan-lwcR) €— M‘Tz“’l’ are plotted

against ¢, for the given value of weR,. Thisis shown in Fig. 0.6

20
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Fig. 96 —~Variation of sin gyand sin (tan~? wcRy), € wely

with gy in balfwave Vacuum tute rectifier with Capacitor filter
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for tan~! wcR, equal to 3x/8 radians i.e.,.0, equal to 6=/8 radians.
The point of lin(tlersection P then gives the value of 6, for given
value of wcR,. This process may be repeated for- dxﬁ'eren;
values of weR, and the values of §; so obtained may be plotte
against tan~! wcR; as shown in Fig. 9.7. Thus in any particular
case, wo need know only the value wcR,. Equation 920 then
onables us to find @, while the value of §, may be read directly from
the curve in Fig. 9.7. The value of 0, may then be found from
the relation §,=@,—¢,. Values of angles 0y, §; and ¢, for a h.n]f-
wave vacuum tube rectifier with condenser filter are plotted against
tan™! wck,; in Fig. 9.8.

The curves of i, i, and 4, in Fig. 9'6 satisfy the values of
83, 0, and @, as found from Fig. 9'8. At point T, in Fig. 9'5,
conduction begins and

180" then i, follows the
curve e,,/E; whereas

. ™ i, shoots up from a

150 negative value to a
‘ N high positive value
120 given by point P,
2 T 8y which is_the point of
s . \\ intersection of this
890 o\ vertieal line,  with
=z ;C\ } curve wcl,, cos of.
< 60, N\ Subsequently curve
< for i, follows the
S X cosine law. Current
<& 30 7 i, is the sum of cur-
| rents 7, and . At

o __+—"1%1 Ta, corresponding to

0 10 20 30 40 50 60 70 80 90 DEGReEs the cxtinction angle
TAN™' WC Ry —> 8, current 7, becomes

Fig. 9.8.—Graph showing variation of ignition zero and curre.nt i
angle 61, extinction angle 0, and conduction reduces exponentially

angle (e with tan-t wcR; in a halfwave to cut the curve e/R;
vacuum tube rectifier. at point 7T, corres.

ponding to angle 2rn4-9,. Current 7, is exactly equal and opposite to

current ¢,. At 7'y, conduction again starts and the conditions at T,
.are repeated.

It is seen from Tig. 9.8, that the ignition angle g, for half-
wave rectifier is more or less zoro for values of tan—! wck, less than
456° i.c., for values of wck; less than unity., However, as the value
of tan™! wclt; increases beyond 45 degrees, the angle 9, increases
rapidly and finally becomes 90° for tan—! wcR, equal to 90°. On
the other hand extinetion angle is 180° for tan! wcl, cqual to zero
and decreases linearly reaching a value of 90° for tan-! ack; equal
to 90°. The conduction angle ¢, being the difference of angles g,
and gy, reduces with the increase of tan™! weR,. : )
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Curves of load current i, for several values of parameter welf,
are shown in Fig. 99, For each of these curves, the values of igni-
- e e igle ¢, have been determined from

- current i; show the change in waove.

capacitance ¢ keeping £, and E'w con-

stant. It is observed that when wck; is zero, the waveform is

the rectified sine wave. With the increase of €, the period of

current flow through Joad increases and the minimnm value of i,

rises.  Ultimntely when weR, becomes infinite, ateady direct current
without any ripple component flows through the Joad.

—

N weRz90"

=5

{0AD CURRENT I

[ - —wi

Fig 99 —Waveform of load current # for different valves
of the parameter wcRt.

Study of Fig. 00 reveals that the d.c. component I, of load
curzent increases with the increase of wel, f.e., with the inerense of
O if By is kopt constant. In the limit, when well; approaches
infinity corresponding to tan-! wel=90° then 7. approaches the

oo
value ’z‘

For halfwave vacuum tube rectifier with capacitor filter, the
load current is given by the expression

,',:-';‘{!'- sin ait for 9, Kal <Py .z
(]
—tan~1 (— .02
and §j= B _ _ wl—tan (~ack) F e
1\ e awelty {
\/ re( ) for O < ewt<(2x 441} )

The d.e. component of load current is then given by

L rfo,r
l“aj_,; l..‘q: ]];-'-, sin wl.d{w!)
et
= — et—tan~N—weky)

] .
+ ; » Twelt, T A L pen

P
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After integration and simplification, equation (9°29) be-
<comes ;—
.‘ -—.:_E’..’P. 1 . 2 ' .
Id‘-— - /\/(T> +(0)G) N (1""005 9:) -..(9 30)
"+ The d.c. output voltage I, is given by : '
z —_— .
By=1s.By= —é—_’f‘/\/ i4-(wcR)® . (L—cos 6,) ...{9'31)

In Fig, 9:10, the ratio%c is plotted against tan~lwcR;. It is

1,
“m

observed that the ra’mo-iﬁﬁ increases with the increase of capacitance
m

€ or load resistance R, It is apparent that the regnlation of this
rectifier with capacitor filter will be very poor.

| 7

0
8
-6 /
-4
2
o

]
/

0 30’ 606 900
TAN W€ Ry ——

Fig. 9'10—Variation of Eqe with tan~lack,.
m

. Since the average value or d.c. value of i

with the increase of acky, one is tempted to%?et&uzhzoiﬁ;%z ?i? r‘gaslgs

very large. But wcR; cannot be incrensed very much, A stud ; iz'

Fig. 95 reveals that as wcliy is increased, the rectifior t;urrent' g ybo
_comes more peaky and rises to' a high value. This large ‘t If-

current may damage the rectifier tube in spite of the fact tﬁut léhe
-d.c. component of current may not exceed the rating. This ig .e

;lf}lsrly important for gas tube rectifiers. To reduco the possig:iilxt:z; ‘

mqﬁx;ixgﬁgc, an zlnductor or a resistor is often used in series” with the

Ripple factor in halfwave vacu

R 2 acuum tube rectifi i

clapac_nto:: flter. Caleulation of ripple factor using the nb%l;(:vl;:th

l@ﬂl{t')(izls li(:;xm?ult;dand an app}roximate caleulation may be made assm:
& vt the load- current decays by only & small per ing

1 cu A A g cent
the non-conduct).on interval, This assumption yiclcri)s simpl;;gézcgu;mg
accurate expressions for By and ripple factor. Load current cur?-e
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may be taken as formed of straight lines. Thia swaveform it abown
in Fig. 9'11,

Lo s )
W AT

al
ry N ¥
?L" SN I £ A
R / [T ¢ ! \
A AR ] Z L\

0§ 0;

Fig. 9.11.—Approxi load corrent was of halfwave vacoum tube
rechifier with capacitor filter.

The approximate load current waveform is seen to have a peak
value of ulmost»ﬁ," . During the conduction interval, the load

4 .
current incresses nlopg the straight line ab instead of along the sine
curve due to the presence of tube resistance which has been neglected
in the analysis, Tho total change inload current is shown as In.
The averags or d.c. value of this triangular wave i3 approximately
halfway between the maximum and minimum as given by points &
and @. Thus we get : .
l..=1.~—~!25 {8°32)

whers I,is the maximum value of load current and is equal
to En/R,.

During the diecharge interval of 8, to {224 0,), the capacitor is
assumed to loso charge at & constant rate given by current /,,. But
voltage across the condenser C is given by e,= g/c 50 that the rate of
loss of potential neross tho condenser is given by

de, 1 dg e -

Tat T wc | d(wt] T we -(933)

I En(=1 "R, iz the peak-to-peak change in output voltage,
n.

de._ Er__ __En §
A 2 (0, =6, Zn—6, (0°34)
From equations (9°33) and (934} we get -
ERr Tee.

2r—p,) 1, .
or Eye (‘T;_'L .(0°35)
The r.m.s. value of the ripple component of the triangular
wave is independent of the slopes or lengths of the straight Jines but
depends only on the peak value Jr. Taking the time axis along the
I,y curve, 1t can be shown that for such a triangular wave, the
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r.m.s. value of the a.c. component of current is given by *

I ..(9-36}%

.

%7 24/38

The ran.s. value of the a.c. component of output voltage is
given by :

In. R B .
E«c="’g7§l= . \_/1:3 | (9°37)
-r'ac -ER

Hence ripple factor= J N VE N PN T

__(2=—0) 1o
T {(@6)24/3 T4 By
_ (2‘“‘-90)___
T 24/3 wek,

If g, is small compared with 2z, then the ripple factor is
given by the approximate expression :
2n 1

V=S BacR, . 2v/3 jobh,
B The regulation curve is obtained by combining equations
*J:32 and 9°35 as below :

..(9°38)

(038 w)

Bye=T g Ri= B 28
o (@n—0) L.
or L ye=FEnm TSes ...{9°39)

This equation shows a Jinear fall in potential with d.c. outpud
current. This equation also shows that the regulation is poor unless
the capacitance C is large.

Fullwave Vacuum tube rectifier with Capacitor filter,
In the case of fullwave rectifier, the analysis is similar to above
except that two pulses of current are reccived by the capacitor from
tho source in each cycle. Peak inverse voltage across each rectifying
element is 2F,, similar to the case of a halfwave rectifier. Since
thore are now two pulses of current per cyecle, the load current
reduces by a smaller amount before the next pulse is reccived. The
average or the d.c. value of load eurrent I, is, thevefore, increased
The npplp factor is correspondingly reduced. For fullwave vacuuu;
tube }'ect\ﬁer using capacitor filter, the approximate expression for
the ripple factor may be found in the same way as for the halfwave
circuit, and is given below : .

R-lpplc factor v= —2';;'3“;0‘&’15: P (9'40)

If 0. is small compared with =, then ripple is gi ;

the approximate expression : ' wple foclor s given by
1

V= 4\/3‘}?}‘;{— (940 a)
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A comparstive study of equation {018a) and (9°40a) revesls
that If the angle of conduction ¢ is small compared with =, then
ripplo factor for fullwave reetitier is balf that for the halfwavo recti-
fier,

The regulation curve for fullwave rectifier may be obtained
from the expression for £y, in terms of £,, and {4 88 piven below :—

R e (@41

Equation 941 showa that the regulation is poor in this case
a1 nell but is botter than that of a halfivave rectifer.
Taifwave rectifier with inductor filter :

L4
4
L 0 7 7 0t
g yRbll ferv 8y
4
pola sl A
(g) Equivalent circtt. (6) Waveforms of input Voltage

nd foad current
Fig.912  Halfwave reetifler with inductor Slter,

An inductor in eeries with the rectifier element and the load,
prezents enother simple filter arrangement.  Aninductor oppoccs
M ‘ v omem wafeseeostate oteeeatoongh st This means
when tho enrrent 1
» . . . «= rted encrry when the

operty i rande uge

Lo 't that may occur in

the eireuit i3 thus smoothed away by thisinductor  Fig, 912 {a)

aliows the circuit of o halfwave rectiier with resistance load and

inductor filter. For simplicity of analy~is it is assumed that the

rectifier element isideal ., 3% bus no resistance  Choke 1 alsa
assumed to be having vo resistance,

The differential equation for the current in the circuit may be
writien as :—

150 4 Ry e i ot {942)

Turther we nssume that the current is zero at time #=0. Then
equation 042 may bo eolved and the fir al satution s
R

]

4= 1. sin (ot =0 ~tin(~8.) ¢ -
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where I, is the amplitude of the steady-state current and is
given by
R . I
. "V R |
and g, is the impedance angle of the total impedance (R,+-fwl) in
the circuit and is given by

oo (044)

tan §,= E’R_fi. ..(0°45)
H

The total load current is the difference of two currents :—

(s) the steady state current Jn sin (wl{—g,) produced by the
voltage E,, sin (wt) in the BL circuit and

(£3) current I, sin (—@,) which is the value of the steady state
current-at time { equal to Zero.

Thus the development of current is delayed and the current
reaches the value zero at an angle 8, which lies between = and 2=.
The current can never become negative because of the presence of
rectifier clement. Thus current is zero for the angle g, to 2. )

The conduction angle .. depends upon B and @L. At f,, 1 is
equal to zero and hence ' .

_lel ~
I, sin (wl—@,)— 1, sin (—@,) ¢ ®L =0

L L Rlac
® @ Ter
i J— ~1 7 e e e} O)L o *
or sin ( §.—tan 7, >+ VRt (el ¢ =0 (0-46)
If we put ¢,=2x—4, equation (9'46) becomes
R1(2T5“‘9c')
. g, . . e
sin ( tan“u}?l +4. )=sm ( tan“l%{? € Wy, e (9°47)

L This equation is the same as for condenser filter if we put
[\
R;i equal to wel;.  Graphical solution is possible in order to obtain

the value of g..

It may be seen that as the value of inductance L is increased,

angle @, increases. In the limit if the ratio %L— is increased to in-
]

finity, the angle of conduetion g. becomes 2z. Fig. 913 shows
tho offect of increase of inductance L on the waveshape of emirent
and on the angle of conduction 8., The peak value of the load
current is, however, found to decrease with the increase of the angle
of conduction.
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For corve
-»)m.g =
1. Tan 1, =0,
£n
Rg o

'rﬂll"u‘_lf—-u".
j 7

’ 9L eoe
. 3. Tan r 60
360
©f 4. Tan—*“}‘;'—vs'
)

Tig. 913, Conduction angle G and load current waveforms for
different values of r.m“';a for a halfwave rectifier
with inductance filter

The d.c. component ol load current 18 the atea under tito cur.
reut curve divided by the duration ¢f application of voltage namely
2x radians.  From Fig. 9413 it is apparent that the area nnder corse
{ismatimnm and that under the curve 4 is the least  Thus it is
seen that the averape ordc. value of load current reduces ay the

of . B
valun Rl increases whereas the smoothing effect inereares with

4
the increase of wl for a fixed value of luad remstance Ry, Tn the
rase of capacitor filter, on the other hand, with the increase of
welty, the smaoothing offect as well 23 the de component of Toad
turTent increase. H

The expression for the d.c ¥ of lond current wiay he
obtained from equation 942, Thus we hate . :
L B b di i

= N sin m(—I.‘. " dtat) .. {048)

64
- 1 Em . wl 4 .
Hence L= I[.Tfl 8in wi—~— R, dlwt) Alwl
.
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j 34
o
| X4

or Iao=§§§l—(l—cos fe) oo (9°50)

wl, . .
As tan—I—=" is increased, §, increases and hence ¥, reduces.
oA

The d.c. component of voltage across the load is given by
Edc::Idg . B =»E§i‘(1-——cos 8o e (9'51)

When the -conduction ceases, the voltage across the rectifier
element changes suddenly to the corresponding negative value of the
supply voltage. The moximum peak inverse voltage, therefore, is

me .

A simple inductance filter is seldom used with a halfwave
rectifier mostly because of low d.c. component of lond current and
high ripple factor, v

Fullwave rectier with inductor filter. Fig., 914{a)
shows the cirouit arrangement of fullwave rectifier with inductor
filter. Sinco the conduction period of n single rectifier clement
extends beyond = radians, the conduction in the second rectifier
element begins bofore the current in first has ceased. Thus the
current through the inductor and load resistance never drops to
zero. Fig. 9'14(b) shows the waveshape of the output current.
Since current never falls to zero, the analysis is of entirely different
form from that in the halfwave rectifier.

{a) Circuit diagram,

CURRENT N
INDIVEDUAL

N\ ELEMENT
L X

(0} Waveshape of the Joad current.

¥ip. &4, Circuit dingram and current waveshape in a fullwave
rectifier using inductor filter.
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An approximate analysis is given below :—

The voltage at the output of the fullwave rectifier is given by
equation 0°0. The lowest frequency term is the second harmonie
of the supply frequency. The next term i.e., fourth harmonic term
has sn amplitude only 20 per cent of the second barmonic ampli-
tude. Tie bigher harmonic terms have still smaller amplitudes, In
the approximato analysis wo may neglect all the harmonic terms
oxcept the sccond harmonic. An apnroximate cxpression for the
output voltago is then given by

2E,, AEwm

emT g cos 2at o (9°52)

o
The impedance to d.c. component of voltago‘%’- is only By

whereas tho impedance to the sccond barmonic term s
Zy=Rtf2al. Hence the load curront is given by

2L, 4Lm _cos(wl—¢)

= A TR’F‘QE-ET' e (9753}
o
«here W:tnn"-;l' . (954)
1
Then the ripple factor 13 given by
P r4E, 1
) )
’ ~mm
=
2R, 1
= 32 X VRprdai - e
. 4 1
or Ve, = g s e
3vg ¥ Jail . (956)
Vs ( TiE )
2ol '
If the rntioT islarge, 1 may be neglected compared with
PR Al
-%l{'— and tho equation 956 reduces to
~
L1 1 g ‘
=t ad (087

From equation {}'57 we infer that the filtering operation im-.
provesas the foad resistance is reduced ie, as the load current is
fnereased. Tho poorcst filtering ocenrs at no load corresponding.

infinitely large Ry (ratio e;?T equal to zero) in which caxo from



254 PROBLEMS IN ELECTRONICS

equation 9'60 we geb
' 2

= =047,
32 ‘

Y

The same result is obtained when L is reduced to zero i.c., no

filter is used. The ripple factor of the output current ofa full-

wavo roctifier with resistance load and no filter has been found to

‘0482, ‘This difference comes in because in the present approxi-
mato analysis higher harmonic terms have been neglected.

The d.c. component of output voltage is given by

Boe=1g . Hl:lzm =037 B, .. (9'58)

A number of assumptions have been made in the above ap-
proximate analysis, These assumptions are :-—

(¥) Power transformer leakage reactance is zero.
(it} Power transformer resistance is zero.
(7ii) Tube resistance and inductor resistance are zero.

and (iv) Output potential does not change with Joad.

The effects of these assumptions are not negligible in general
and thus in practice we find that the output potential actually
deoreases with increase of current.

Inductors are usually used in series with mercury-arc rocti-
_ fiers using polyphase circuit. The cathode current then never falls
* to zero and hence the arc never extinguishes.

L-C Filters. Ifonly a shunt condenser is used as filter ele-
ment, then the ripple voltage decrcases as the size of the condenser
increases assuming a constant load current. But the peak and the
effective values of current through the rectifier clement tend to in-
creaso with the size of the condenser. This is particularly harmful
in rectifier using gas-tube and a power source of low impedance. In
that caso excessively large current may damage the cathode by
positive ion bombardment unless the tube current is limited by
other means. "Another drawback is caused by the increased effective
value of rectifier current with increased capacitor size. An increas-
ed cffective value of current causes increased heating in the windings
of the transformer or the power supply circuit, and this decreases
the efficionoy and the overall dircet current rating. .On the other
hand, a serics inductor reduces both the peak and effective values
of the reotifier current. This property of series inductor may be
utilized to eliminate the undesirable property of & condenser of in-
ereasing the peak and the effective values of rectifier current. Thus
ageries inductor and a shunt condenser may be used very con-
veniently, Series inductor, however, has the drawback of decreas-
ing the voltage and current output of the rectifier. Hence a full-
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wave reetifier with filter using both serics inductor and shunt caps.
citor may boe used for giving a very smooth output voltage in emall
and medium rectified power supply systems i.e,, supply systems
delivering voltages of 100 to 1000 volts and d.e. currents of upto
about 500 milliamperes

Theeo filters consisting of series inductor and shunt conden.
wer are of two types @

(i) Induclance input filter :—Onc neing & series inductor im.
mediately following the rectifier tube and followed by a shunt con-
denser asshown in Fig. 9°15{a).

(i7) Condenser input fillsr :—Ono using n shunt condencer im-
mediately across the reetifier cirenit and followed by a series inductor
as shown in Fig. 0°15(b).

n L T L

O/ o l —v

RECTIER c R RECTFER =—=( R
104D

7 %

{a) ladueiance Input Filter (4) Condenser Input Filter

Fig. 915. Circunts of mnductance input and condenser
nput filters

Inductance input filter  An approximate expression for
ripplo factor in a follwave rectifier ucing inductance mput filter
may be readily obtained by neglecting all other but the first two
terms in the Founer semes expression of the output voltage of
the rectifier, Thus we may express the outpnt voltage of the full-
warve rectifier as below

kS .
¢=:£~"—4§[;"cm Qwt .. (0°58)

It is further assumed that the impedanco of the inductor or
choke ia high compared with the effective parailel impedance of the
eapacitor and load resistor go that the impedance butacen terminals
Ty and Ty is approximately X,. Then the t.m s value of the current
throngh tho circuit is given by

4E 1 Ve 1

1-..-—~5—‘72= =Y Ee X, v (9°59)
Again, the + of the d is d to be emall

eompared with the resistance Iy 80 that all the s.c. current may bs
assumed to be flowing through thie condenser ofone and nothing
through the load resistance Ry, Then the a.c. potential acroes the
foad is the same s the potential acroes the candenser and is given
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. 2 2g, Ee ... {9°60)
Eac-— 2 Edc: Xl ‘ (
Then the ripple factor 7 is given by
Do /2 Xewv? L. L e (9761
y=_IZ’d—cP"1/§"X; 37 2oc 2@l (9°63)
Tor supply frequency of 50 c.p.&., ripple factor 7 is givgn
by 1195
= . (9°62
¥ § 74, (9-62)

where I is in Henrys and € isin micro-farads. ‘
Tn the above analysis it has been assumed thab the current

through the inductor fows throughout the

lb )
OUTPUT VOLTAGE
7 kY 7 Y ) N\~ RECTIFIED VOLTAGE
< 7 s X
AR RYA N RYE R
aq) =0 * —— 5t

JAN TN T\

thri<yg

‘3.,\ FANEYAN
VARV

1

Hgc

()=l —tt
— NN \
~ NS N\ ?dc !

)it L =t

Fig. 9°16. Waveform of current through
the gnductor in fullwave rectifier using
inductor-input {ilter for different
values of inductance 7.
follow the one used for capacitor filter.

cycle. To obtain this
condition the induc-
tance L must be kept
above o certain mini-
mum value which may
be called the critical
inductance. This criti-
tca value of inductance
depends on Jload resis-
alnce R; and frequency
o, Fig. 916 shows
the nature of the wave-
form of current through
the inductor L in a
fullwave rectifier using
inductor input filter
for different values of
inductance L relative
to critical inductance
L, assuming constant
des

In case the cur-
rent cutout takes place
at any time of the cycle,
then the analysis would

N It is apparent from Fig. 416 that if the current through the
inductor is required to flow continuously, then peak a.c. current
" must be either equal to or less than the d.c. component. The d.c.
component of current is E4 /R, whereas the peak a.c. current is found

P D

e |

> * —»—. Hence
X

3

from ecquation 959 to be
. nuous flow of current may be put

as

the condition for conti-
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fa

2
or X .. (963)
The eritical value of inductance is then given by :—

Ly =5~ e (9°64)

For supply frequency of .,0 cfs, we have,
2R B .
L gsaox o iz - (e
whers Ry is in obms eod L, is in Henrys,

A nomber of approximations have been made in this spslysis
and hence for a rafer design it is advizable to use s large valme of
L, than is given by Eq. 965. In practice a figure of £00 may be
uzed as the depominator in equation 9 65 inztead of 942,

The effect of current cutont becomes spparent when we plot

the ratio —g~ sgainet inductance keeping B; constant zs skown in

F'g 017, “hm the inductance is zero, the L.C filier reduces to
«imple capacitor filter and the output potential js 2lmost constant
st value E,. As theinductance is increased tke output d.c. poten-
tial £, falla rapidly until I equals the emticzl value Z,. At this

Py

point Ep= ’;E_f'" = 0637, AsL ismcrezsed beyond the criti-

eal valge L,, there ix no change in the value of Eg, in the idez] caze

but becanse of the preeence of resistznces of the various elements of

the cireuit, in practice g, falls with increase of indnctance L.
Equation 985 may be uzed for caleul L, inall jcal

cace3 bat under no Ioad conjmon this will mean infigitely large in.

doetance, This  sitnation s

avoided by permanentls con- 104

pecting A resjetor called the

“bleeder resistor’* acroes the

Toad. The value of this resis

tance is chosen to satisfy equa. 0-637]

tion 065, On application of 05

Toad re<istance, the total shent

redistance would be redoced o ..,%,5

that the indoetance present in the

filter circuit wovld then exceed

the valne I, under this changed o

eondition, Bv this means E,,

does not reduce appreciabls on

potting the load. Regulation Fiz. 917. Regulation corve cf

is thus improved by this bleeder an inCoctance inpot flier 292

resistance. Bleeder resistance r“’f,"“;" gn’n"f 7 uctarce L

#erves another purpose of keep- _,_n “« .
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ing the output voltage from increasing excessively and causing
possible puncture of the dielectric of the capacitor if the {oad re-
sistor gets disconnected accidently. The only drawback of bleeder
resigtance is the power loss associated with it.

As an alternative to the use of bleeder resistor is the use of
swinging choke which bas high inductance at low values of d.c.
current through it and whose inductance decreases substantially
with increased d.c. current. This swinging choke has closed iron
core whereas core of a constant inductance choke has a narrow air
gap. TFig. 9'18 shows the nature of the variation of inductance
with d.c. current in a typical case.

Tor high load impedance R, d.c. current is low and con-
sequently this swinging choke has high inductance. Hence the
201 condition that indue-

tance L isequal toor

greater than L. as

given by equation

065 is satisfied over

a wider range of load

resistance R;. However

since inductance L is

not, constant and varies-

with I or R;, the rip-

. N . . . ple factor is obviously
% 40 60 80 #0 20 not independent of

-
&

INDUCTANCE IN HENRYS ——>
3

i

Q

D e o
Idc INmA Joad.
Fig. 9°18. Variation of inductance of a Multi-section in.
swinging choke with d.c. current ductance input Sl
through it. ter :—Two or more

sectxfms} of inductance ipput filters are used in cascade when it is.
required Lo reduce the ripple factor to very small magnitude i.e.,

to obtain better smoothness of output d i
Dbetter s : .c. voltace. Tig. 9:19 sho
a two-section inductance input ﬁlte?. s ; "

. An approximate analysis following
single section inductance inpﬂb filter i: g‘;;v:n IEETO\VI?ethOd ueed for
Assumptions made
are: {1) Choke impe.
dances are much greater
than the capacitor re-
asctances and (i) load
resistance R, is much
greater than the reac-
tance of condenser C,,

Then the impedance :
between terminals 7' Fig. 919. A two-section inductance
and 7's becomes X,, (re- toput filter.
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sctance of condenser Cy). Again the impedance between ter.
minals Ty and 7 becomes X,y and that between terminaly 7 and
T, becomes X 4.

Lot 1y and 7, be the a.c. turrents through chokes Iy and Z,
;eapecﬁvely. Then /y in sccordance with equation 859 is given
y

~v2 L ;
1=Y2 gy e (568)

Henee the a.c. voltage across the condenser € is given ap-
proximately by

Erype=ly . Xy e (967}

The s.c. current I, through the choke I, is then given ap-

proximately by

EETz T4 Xy

S TRV

The s voltage across the load is then given spproximately

o (968)

by
Ers 1, =1, . Xpy=1 ."‘—\‘C
s Te R S P
=2 Loy Xo, . {8°C9
3 Eac . X Xz, o (68

Tho ripple factor ¥ 1s they grren by the expression
Erspe_ 2 XKoo Xes
A A B . {970}
Y="Fx 8 X ZXZp (

In general if n sections of inductance input filter be used, then
the ripple factor is given by

vE S Xe, Aea

T r Kyt Xz Xga

If all the sections are eimilar, so that
Xer=Xey= =Xg,=X¢

and  Xpy=Xpy=Xpy= =Xz.=Xz,

3 rXoy T 1 »
then v= V2 (32 Y<V2_ [ iy Tuny

Y . (571)

~va o1
RS RS Ao

Fora 50 c/s power source, the L product of & n-section, in-
ductance-inpnt flter is given by

Q471 14
LC=253 . (7—-) . (873}

.. {872}

where L is in Henrys and € is in microfarads.
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X; > Xo , the output ripple voltage at angular frequency p18 i

given by
! X 2 .

Blw) = ') . 'XGJT e (9°82)

He:uce ripple factor is given by :

Ve = - Bz0) =,.§i,(2_‘°).LX_C!

T By By . X1

_ A/2Js X1 Xy _ V2XarXoy .. (9°83)
o BeeXgy —  Xu.Bz

Substituting the value of reactances X¢i, Xoo and Xy in
equation 9°83 we get :

V2

P . (9084
RS 8.0, Cpli Bz (9°34)
Tor supply frequency of 50 cfs, Eq. 9°84 reduces to :
57%103
B I A ... {9'86
Ye= 0.C, L Ry, (956)
where C;, and C, are in microfarads, L isin Henrys and Ry is in
vhms.
Tor supply frequency of 60 cfs, Eq. 9'84 becomes :
33 %10° .
/N Tr== "C‘l—‘é:m aee (9 Sdﬂ)

o % Often sufficient filtering is obtained 'if the inductance L in the

.~ .-Glter is replaced by a resistor B. Then the ripple factor is given
by replacing Xz by E.

: v . V2XaNea .
Hence V== -—-W [N (9 87)
For supply frequency of 50 ¢fs,
. - V2 36 %10° _
i V== G B0C Er XEO0IR R, =~ Gl R R, o %

where Gy and C, are in microfarads and 2 and Ry, are in ohms.

' With the use of this resistor R instead of inductance L, the

: change of output voltage with load and the value of capacitance
L required tend to increase. These drawbacks are compensated by
. the saving in cost, bulk and weight. Sometimes several sections of
g R.C filter are used_ﬁo provide good smoothing.

Condenser input filter is used mostly in small single phase

power supplies such as for radio receivers. Tt has the advantapes
of

;' , .(i) h.igheg' smoothing i:actor i.e., smaller ripple factor than :
F‘;" multi-section inductance input filter with same total valhue o
' capacity and inductance.
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(i) higher d.c. output valtage. At light loads the d.c.
voltage approximales the peak eecondary a.c. voltage E,.

1t bas the disadvantages of :

(5} higher regulation,

(ii) increased peak anode current. This becomes particularly
important in mercury vapour tubes,

{éi} higher peak inverse voltage. The peak inverso voltage
is equal to the crest secondary voltage plus the condenser voltage
at the jnstant wnder consideration. Since under light loads, the

denser voltage approxi to the creat secondary voltage, the
peak inverse voltage approaches a value twice the crest secondary
voltage i.e., 25,,.

Example 3. A4 Jalfiwnre vacuwn fube sectifier has o load
resistonce of 10,000 ohms and o shunt filter condenser of 10 micro-
Jarads. The applied voltage has amplitude of 200 volts and frequency
of S0 cycles per secomd. The angle of conduction 14 24 degrees.
Assuming the rectifier to be ideal, calculale  (a) exhinction angle §y
{B) ignition angle g, (r) d c oulput voliage Eq ard (d) ripple factor
using app ZpreAsion ing load current curves 1o be
araight lines. Compare thes ratue of ripple factor with the one oblained
withous filter condenser,

Solutian., (@) Extinction angle g, is given by

tangy = — wCRy
Bubstituting the valuss we get
tan §y==— (2 XE0) . (10X 104 x10¢
=107

Hence §,=91'8°

{b) Ignition angle ¢y ia given by ¢

0e==0,~0,;

Hence §y = 3~ = 01'8°—24°=67'8"

() d.c. output voltage Ey is given by «

o | O
Ep = G VIF(@T R . (1~cos 0.)

W0
= T THE 32 - (1~00133)
20031 42X 00565

=
2z

= 86'5 volts
{d} Ripple factor of halfwave vacuum fube rectifier with
condenser flter is given by :

2r—8,

= 3734t Ry,
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¢ d in radians is = 24 Im
f; oxpressed in radians is = — ="

2z—(25/15)
2.4/3(10x)

The ratio of this ripple factor to that for rectifier without
filter condenser is=0"054/1'21=0"044. )

Ezample 2. A lalfwave vacuum tube reclifier uses Jilter
inductance of 30 henrys and load resisiance ¢s 10 kilo.ohms. 4
sinusoidal wvollage of amplitude 200 wvolts and frequency 50 cls i3
applicd to the rectifier. If the corresponding angle of conduction 6, is
220 degrees, calculate the d.c. component of load current and the d.c.
output vollage. :

Solution. D.C. load current in halfwwave vacuum tube
eetifier with inductance filter is given by

Hence ¥ = = 0054

_ B,
Ise = On Ry (1—cos 8.)
Substituting the values of E,,, Bz, and 8. :
— 200 0000) —_ 1 .
I“ = -27TX104 (1——008 220 —-——i—o—o;_:'— (1+0 766)

= 0'005623 ampere == 5623 miliamp,
The d.c. output voltage is then given by
By = IR, = 5623 X 102X 10% voits
= 56'23 volts,

Example 3. A fullwave vacuwm tube vectifier uses filler i
0 lter in-
fuctance of 25 henrys and load resistance of 10 kilo-g;zms. Assgzue;oitli’;l
oltage of amplitude 400 volts and frequency 50 cfs is applied io the
;:putt.] Assur:lniz/{] iiluz r)ec!zﬁed outpul to be devoid of harmonics higher
han the second, find (a) the d.c. load current ol ‘or ana
B urent () ripple factor and (c)

" Solution. The rectified voltage in a fullwave rectifier js given

o

2K 2F
e = “Zm “Bm
= 3 cos 2w/,

(@)} the d.c. component of load current is then given by ;
Joo = o _2X200_ 8 |
“ 7 TR, T mx10 T T00; Smperes
=25 47milli.amperes

b} the a.e, compor { is oi
{ ¢ ponent of load current. is given by :

,_;T,_ £ B\ _2X400
loo = VENSE J 3von

IRy T TwnifE T PP
VR 1w VI0PR (25 2 % 50 % 30)%
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= '3-_—8;2913,3—4]‘:733- gmperes = 1031 milliamperes
Hence ripp]e. factor = Jer_ %: 0403
g 1

(¢} d.c. output voltage Ey is given by :
Ey =1l By = 25°47X10* %1073 volts==2547 volts.

~ " Exampled. A fulluars vocuum {ube reclifier uses an induc-
tance input filter with inductance L equal lo 30 Henries end condznser -
(¢ equal to 10 micro-farad, Caleulalz the ripple factor assuming that
(7)) the current flows throughout the cycle, (it) all harmonic terms except
the second harmonic may be neglected, (iii) reactance Xy of indvetor is
muckh greater than the impedance ¢f the parallel combination of C and
Ry. (1v) reactance of C is muck sgmaller than Ry, The applied vollage
frequency is 50 cfs. Caleulate also the critical valus of the inductance
giren that the Joad rexistance is 8 kilo-ohms.
Solution : The rectified voltage is civen by :

E,
e2En _—L:ﬁ, €03 et

] 3=

With the above assumptions, r.m.e. valae of the current
through the circuit is given by

4 1 1
Pom= P2 2
“Torv¢ T Xy T 3 - Eae. X

The a.c. potential across the load is then : .

’ ’ va2 X
=g . Xe= e . <
Eee=loe  Xo="y" . Ege %

Hence ripple factor

e w2 X y2 01 1

YSE.TT3 X, T3 Kol X Tl
2 1

=g =0004.

{47 %50)% {30 10 % 10°%)
For critical value of indactance, the peak a.c. current equals
the d.c. component of current so that
Lo 4B 2E.
Fr ~%2.X; 31X,

==86 Henries.
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Example 5. 4 fullwove vacuum tube rectifier is followed by «
3.section inductance-input Jilter. Each section of the filter has an in-
ductor of 10 henries and capacitor of 8 micro-furad. Calculate the
ripple fuctor of the output voltage if the applied voltuge has a frequency
of 50 cycles per second.

Solution : The ripple factor for multi-section inductance-
input filter rectifier js given by the expression :

ve (X, )"
3 "\X;
where X, and X are the reactances of condenser and inductor cle-
ments at the second harmonic.

Substituting the values :

R%: 1 a
=75 - [(‘sz) (Zol) ]
/2 1

=F e XE0 R 0RE X105 ) P X0
Esample 6. A w.filler having condensers of value & micro-farad
zach and o choke inductance 15 henries follows a fultwave vacuum fube
rectifier. The load 1s a resistance of 12 kilo-ohms, The inpul woliuge
has a frequency of 50 cfs. Caleulate the ripple factor of the mn‘]fut
wllage assuming all harmonics but the second to be absent from the
rectified voltags. Repeat the calculutions if the choke is replaced by n
vegistance of 5 Eilo-ohms, '

Solution : Dxpression for the ripple factor in this case is :
.Y___‘\/2 . Xel . Xca‘
Xr. Ry

where X,y and X, are the condenser reactances and X £ is the choke
reactance at the second harmonio,

Substituting the values :

Y= V2
BX(Zx x50 . (X105 . (8 X100 X 15 %12 X 10
5
=155 =4 95 X104,

.. When the choke has been replaced by the resistor, ripple {actor
is given by :

.),:__:‘\/2_; -X_ol . Xc:
R. Ky
Substituting the values we get :
Y= ——-—-—»._—..___2__ _____
X3 LG, . G R Ry
36 %108

T EXBXBXIGYRIIRIGT
=938 X104, ’ 4
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joining the two condensers. The total output voltage ¢, across the
load resistance Ky equals the difference (¢, —e,) and is given in the
diagram by the vortical spacing betweon the curvos for ¢; and ¢y as
shown in Ifig. 9°22. .

Both halves of the applied a.c. voltago drive current through
the output to provide the d.c. output voltage and hence the cireuit
is gonerally referred to as
+ “Tullwave vollage doubler™.

The circuit may also he
arranged in the symmetrical
% €, form shown in Fig. 9°23 and

O~
L

R G, )
L hence it is somotimes called

“Symmetrienl voltnge doub-
Iers”. The fullwave voltage
doubler has the disadvantrge
O that the load R, and source

Fig. 9°23. Symmctrical arrangement have no eommon point which
of fullwave voltage doubler. . may ba carthed.

Yullwave voltage doubler has the following advantages :—

(#) ripplo frequency is twice the supply frequency and hence
the process of smoothing thoe output voltage is easier,

(i) maximum voltage across each condenser is only E,, the
peak n.c. voltage and

(#i6) voltage regulation is better than in  halfwave voltage
doubler, .

Halfwave voltage doubler or cascade voltage doubler :—

Fig. 924, Halfwave valtage doubler.

Fig. 024 shows the circuit of a halfwave voltage doubler,
During the negative half cyole of the npplied a.c. voltage ¢, diode
Ty alone conducts charging the condenser € to the peak value %,
in the polarity shown.  During the subsequent positive half cyele,
this voltage &, across the condenser €, gets added to the i;\pnt.
voltage and this total voltage drives current through diode 7',
charging the condenser C, to a voltage equal almost to 2B, in the
polirity shown. Condenser C, discharges_ during this process but
this chnrg'o deficieney is made up during the subsequent, negative half
eyele.  With each evele of operation, charge transferred from ) to
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C, during the positive half cycle reduces and finally beromes zero
when condenser Cy gets eharged to 28,

This halfwave voltage doubler has the advantage of 2 common
source and lond terminal which may be earthed, It has, however,
the following disadvantages : () ripple frequency is the same as the
yoswer-supply frequency since only one charging pulse is fed to the
autput condenser €, per eyele, {7} maximum voltage scross the con-
denser G, is 2B, and beneo condenser of higher voltage rating is
required to be used and (i1s) voltage regulatiopn is poor.

Voltage gquadrupler. Fig, 9°25 shows the circuit of a simple
voltage quadrupler. Essentwally it consists of tno cascade voltage

. i
; min
ek,
s Zn@ { TI@

Cs i

Fig 925 Voltage quadrupler cirewit

doublers, Tho first cascade voltage doubler consists of diodes Ty and
T, and cond ensers Cy and C, while the other eascade voltage doabler
consists of diodes T amd T, and condensers € and €, Voltage
equnl almost to 2 F, 18 developed across each of the condensers €,
and C¢ so that the total output voltage ¢, is equal to 4 B,

Voltage Tripler. In the aircuit of Fig 925 if tube 7 is
removed and the condepser €, 18 short cireuited, then the eircuit
reduces to that of n voltage tripler.

Beeause of the difference 1 potential between the cathodes
of - * i " e LA A
sep . .

fier

coils.

In all the voltage multiplymng reetirers actual d e. voltage
developed across the load depends upon the voltage drop in the
rectifier tubes. As the load current increascs by moderate amount,
high voltage drop takes place n the tubes and hence the outpnt
voltage drops rapidly, The voltage regulation of thess voltage
multiplying rectifiers is nccordingly poor

Plate supply voltage from low voltage d.c. source.
In mobile communication systems radio transmitters and recej.

——
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vers may be housed in an acroplane, or & moving automosll&s Iir;
such oases, high d.c. voltage for plates of different electron u&“ s
required to be derived from low voltage d.c. sonrceé ust;ucg &
storage battery. Two devices must“com.mon]y us?d , or Sueh &
purpose are : (i) Dynamotor and (it) vibrator (synchronou
non-synchronous types). ‘

Dypamotor. Dynamotor, also called rotary transformer, 18
a small d.c. machine with two sets of brushes, two armature
windings and a commonefield and it acts like a motor-generator. O.ne
armature winding is operated from a low voltage d.c. por}\let
source, usually a storage battery, to produce motor operation. . ‘:e
other armature winding serves as a d.c.generator to producs the
desired high d c. voltage.

Non-synchronous Vibrator, Fig. 9'26 gives the gn‘cmt of
a non.synchronous vibrator. Here a storage battery Bis use}d in
conjunction with a vibrator contact to change direct current irom
the battery into an alternating voltage of square waveform. As
soon as switch S is closed, current flows through tho high resistance
coil L. This current energizes & magnet which in its turn attracts
the reed towards terminal 7. When the reed makes contoct

. &
lllg L é l ?ﬁ (':(‘\\0\&
T "} RECHOE i T
T 1 - ‘l}iﬂ S L I g C.5 ICt:':f—?é'V) Lz L T
7“ = Bl5V) ch,? 3
VIBRATING = &

!
1
&

Fig. 9-26. Nonsynchronous vibrator circuit,

with the terminal Ty, coil L gets short circuited and hence the
reed is thrown back, The reed then vibrates at its frequency of
mechanical rosonance and makes contacet with terminals 7y and 7%,
alternately. When the reed makes contact at terminal 7', current
flows through the upper half of the primary winding of the trans-
formaer.  On the other hand when the reed makes contact at terminal
7', current of reverse polarity flows through the lower half of the
primavy winding of the transformer. Thus an alternating current of
square waveform is applied to the primary winding. A stepped up
a.c. voltage of squaro waveform appears at the secondary terminals.
This sccondary voltage is applied to a fullwave rectifier. The out.
put of tio rectificr is filtered for both the r.f, components and ripple
frequency components. The outpus so obtained is a hirh d.c. vol-

tage which may be used as plate supply voltage for electron tubes
in receivers and transmitters, )

R.F. cboke L, and condenser C; constitute the R.F. filter used
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for removing r.f. components from the current through the trans.
former primary,

Synchronous Vibrator. This differs from thenon.synchro-
nous wvibrator in that instead of using o fullwave rectifier on the
secondary side, rectifier effect js achieved by usinga second set of
contact mounted on the same vibrating reed as shown in Fig. 9°27.

T
(%
REED ;3

Cz
Fig. 9 27. Synchronous vibrator cucmt

When the vibrating reed makes contact at terminals Ty and
T4, current flows through the upper half of primary winding snd
point Py gets earthied through termunal ¥y Hence voltage across
the upper half of secondary winding 1s applied to the r-filter
(consisting of Ly, 03 and O,). When the reed makes contact at
terminals 7, and 7, current flows through the lower half of the
primary winding and point P, gets earthed through terminal T,
Hence voltage across the lower half of secondary winding is sapplied
to the x-filter in the same direction.

Filter circuit uses o capacitor at the input to avoid sparking
at the instant when contacts break the circuit.

EXERCISES
1. Fora halfwave vacuum tube rectifier with capacitance
filter, obtain an L N LIS [:TY: |
current curve * non-

conduction inte - . e . . 0 ¢fs,
filter condenser is of 8 micro-farad capacity and Joad resistance 1s 8
kilo-ohms, caleulats the ripple factor 1f the angle of conduction is
6 radian.

2. Derive an expression for the dc load current in a half-
wave vacuum tube reetifier with inductance filter and resistance
load. Caleulate the values of d.c load current and d.c. output vol-
tage, given that the peak value of applied sinusoidal voltage is
220 volts, load resistance is 8 kilo-ohms and the angle of conduction
is 240 degrees.

i Explain why a simple inductance filter is never used in practice
in conjunction with a halfwave rectifier.
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vers may be housed inan aeroplane, or 3 mm‘mgl automoés‘ﬁ?e.s 11:
such cases, high d.c. voltage for plates of different e ectronusuau N
required to be derived from low voltage d.c. son(xiceé Su.cg >
storage battery. Two devices must“con?monly use lornous ”
purpose are : (i) Dynamotor and (if) vibrator {syunchro
non-synchronous types).

Dynamotor. Dynamotor, also called rotary transformer, 18
a small d.c. machine with two sets of brushes, two armatgxre
windings and & commonefield and it acts like a motor-generator. LUne
armature winding is operated from a low voltage d.c. po;'ie;
source, usually a storage battery, to produce motor operation. . }:
other armature winding serves as & d.c. generator to produce the
desired high d c. voltage.

Non-synchronous Vibrator. Fig. 9:26 gives the c.n'cuxtz1 of
a non-synchronous vibrator. Here a storage battery Bis ust} in
conjunction with a vibrator contact to change direct current ro:l
the battery into an alternating voltage of square waveform. &8
soon as switch S is closed, current flosws through the high resistance
coil L. ‘This current energizes a magnet which in its turn attracts
the reed towards terminal 7. When the reed makes contact

) Yumrnd

e 3
&
1 ‘igll g:r-(‘_o\.og
Ty ¥ RECHOKE A

LIS
T&f 1 [ |
7‘?‘ = 81(6[3)——.5 Lo )8 Cs 7 dv)| Ly le Y

VIBRATING &
RIED ’Cz !5'3 !CA !
t

H ] ) ] ’i

Fig. 926. Nonsynchronous vibrator circuit.

with the terminal T, coil I gets short circuited and hence the
reed is thrown back. The reed then vibrates at its frequency of
mechanical resonance and makes contact with terminals 7'y and T,
alternately. When the reed makes contact at terminal T, current
flows through the npper half of the primary winding of the trans-
former. On the other hand when the reed makes contact at terminal
Ty, current of reverse polarity flows through the lower half of the
primary winding of the transformer. Thus an alternating current of
squaro wavoform is applied to the primary winding. A stepped up
n.c. voltage of squaro waveform appears at the secondary terminals.
This secondary voltage isapplied to a fullwave rectifier. The out-
put of the rectifier is filtered for both the r.f. components and ripple

frequeney components. The output so obtained is a high d.c. vol-
tage which may bo used as plate supply voltage for electron tubes
In receivers and transmitters, ’

R.F. choke L, and condenser C; constitute the R.F. filter used



CHAPTER X

VOLTAGE STABILIZERS AND AUTOMATIC VOLTAGE"
REGULATORS

Definition. In accordance with British Standard Sgecifica.
tions, a voltage regulator is defined as “a device for varying at will,
the voltage of & eircuit or for automatically maintaining it at, or
near, s prescribed value™,

A voltage stabilizer may be defined as‘a circuit, usually in-
cluding one or more electron vacunm tubes or gas discharge tubes
which maintain an almost constant voltage across its output ter.
minals in spite of variations in the load and in the supply voltage,”

Thus voltage regulator is a more elaborate deviceand serves
the purpose of regulating or varying the voltage of a circvit and at
the samo time Lkeeping thia voltage at the desired value constant
in spite of varations in the supply or in the load. Voltage stabili-
zer3, on the other hand, smmply msintain the outpnt terminal volt.
age of g circuit almost constant It is, therefore, a comparatively
simpler device. Uspally the term voltage stabiliser is reserved for
an electronic apparatus of small power output, having good stabi.
tity.

Yoltage may be conirolled or regulated either at the source
(at the generator) or near the lcad.  Accordingly automatic voltage
regulators may be classified as :

i) G Automatic Voltage Regulator—used for controil-
ing the output voltage of a generator,
{ii) Sepply-A atic Voltage Regu} d for controlling

the supply voltage to the Joad.

Supply-Auntomatic Voltage Regulators are more common.
These Supply-Automatic Voltage Regulators or voltage stabilizers
may be put into the following three categories :

Type A . It maintains the output voltage constant in spite
of changes in the input.

Type B: It maintains the output voltage constant in spite of
variations in load.

Type C: It corrects for changes in the joput 2a well asin
the load.

Short.period accuracy of a stabilizer. Short-period
accuracy of a stabilizer is the accuracy over a period of minutes, due
to changes of input andfor lozd. Short-period accuracy may be

233
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3. Derive an approximate expression for ripple factor in a
fullwave vacuum tube rectifier using inductance filter and resistance
load.

To one such rectifier a sinusoidal voltage of amplitude 300
volts and frequency 50 ¢/s is applied. The load resistance is 10
kilo-ohms. Calculate the ripple factor if filter inductance is of 40
henries and also when it is increased to 60 henries. Calculate also
the d.c. output voltage.

4. Derive an approximate expression for the ripple factor
in a fullwave vacuum tube rectifier using inductance input filter.
State clearly all assumptions made. In such a power supply circuit
if the values of inductance L and condenser C are 15 henries and 10
micro-farad respectively, calculate the ripple factor.

5. Derive an expression for the critical inductance in a full-
wave reotifier using one section inductance-input filter. If the
value of load resistance is 8 kilo-ohms, calculate the critical induc-
tance for a supply frequency of 50 cycles per second.

6. A fullwave vacuum tube rectifier is followed by a two-
section inductance-input filter. Find a suitable product L C of each
section if the ripple factor at the output is required to be 0-001.
Supply frequency is 50 cycles per second.

7. A fullwave rectifier using =-filter has condensers of value

8 micro-farad and.choke of 8§ henries. The load resistance is 5
kilo-ohms. Caleulate the ripple factor of the output voltage at the
input voltage frequency of 50 ¢/s assuming all harmonics but the
> second to be absent from the rectifier output. Caleculate also the

ripple factor if the choke is replaced by a wire-wound resistance of 3
kilo-ohms.

8. Explain the working of halfwave and fullwave voltage l
doublers and discuss their relative merits and demerits.

9. Draw the circuit diagram and discuss the working of a

non-synchronous multivibrator, Explain why it is preferred to a
synchronous vibrator.
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In o true automatic voltage regulator the two besic units,
namely, the measuring unit and the regulating unit, can bo sepa-
rately identified. In many circuits, however, the two units cannot
be distinguished. These are commonly called voltage stabilizers.
This constitutes another significant difference between automatic
voltage regulators and voltage atabilizers. These voltage stabilizers
find extensive use in electronic dovices, in spite of the fact that the
accuracy of stabilization obtainable is usually poor.

Voitage Stabilizer. Yo = woltaca atahilinas anmptant aubnnd

voltage is obtained by the use . .
such » way that the increase .
ing 1 device just tes for the incrense in the supply

voltago and vice-versn. Such voltage stabilizers, in general, have a
large regulation factor and are, therefore, more suitable for a
constant load,

The non-linear devices used in stabilizers may be put into two
groups as follows :—

Group 1 non.linear devices. This includes non-linear devices
in which the impedance decreases with applied voltage so that the
current increases more rapidly than the applied voltago as shown in
Fig 101, A few examples of devices of this group are : {e) cold
cathode gas tubes, (b) Thermistors, {¢) crystal diodes, {d) carbon
filament lamps, (e) copper oxide and selenium 1ectifiers and, (f) satur-
ated reactor and transformers.

Group 2 non.li devices. This includes such linear
devices in which the impedance increases with applied voltage i.e.,
the current decreases Jess rapidly
than the applied voltage 28 shown
by the dotted line curve in Fig. 10 1.
Typical examples of devices of this
group are s (4} barreters, (b} tung-
sten filament lamps,

Basic voltage stabiliser
eircuit using noo.lincar potential
divider. Input voltage to be
stabilized is fed to two elements 4
and B in serics and output s taken

CURRENT ==

from across the element B. Then VOLTAGE —~——>
the fraction of the input voltage fed Fig 101, Current-voltage
to the output is Zp/(Z4+Zp ), where characteristic of non-lincar
Za and Zg are the impedance of ele- tmpedances

ments A and B respectively. By msking either or both Z4 and
Z non-linear, this ratio may be made to change in such a way as to
compensate for the changes in the input voltage. Such en arrange-
ment will bo ideally suited for & constant load but considerable
stabilization may still be obtained in apite of load variations. With
roference to circuit of Fig, 102, it may bo seen that three combi-
nations of clements 4 and B are possible that provide stabilization,
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dofined for Type 4, B avd C voltage regulator and stabilizers as
below :

Short.period accuracy of Type A stabil‘i‘zer. In this case
the sccuracy of stabilization is expressed by the regulatnor;1 factor’.
The regulation factor is defined as the ratio of percentage change In
output voltage to percentage change in input voltage.
d vlv,

dv '/‘v‘
where v, and v, are the output and input voltages respectively of the
voltage stabilizer or regulator.

Reciprocal of regulation factor is the “Stabilization ratio™.
d v,/v,

Thus regulationf actor = ... (10'1)

ilizati io= o (10°2

Hence stabilization ratio T oofr0 ( )
Since v, is approximately equal to v,, stabilization ratio S may

be approximately written as S=d v/d v, ... (10°2a)

Short.period accuracy of Type B stabilizer, In this
case the accuracy of stabilization is expressed as the ratio dvo/di,
i.c., the rate of change of output voltage with output or load cur-

rent. This ratio is nothing but the internal impedance of the regula-
tor or stabilizer and may be indicated by Z;.

Short-period accuracy of Type C stabilizer., In this case
the accuracy of stabilization may be indicated by both the stabiliza-
_ tion ratio and internal impedance of the stabilizer,

- Long period accuracy of a stabilizer. The long-period
“ceuracy of a voltage stabilizer or regulator is the accuracy overa

poriod of hours or days and is indicated by the change of output
voltage due to :

\

(¥) a specified change of ambient temperature, (ii) a specified

change of frequency and (ii%) aging, instability of components and
vibration over a specitied period of tinte.

The principle of Automatic Voltage Regulators, An

automatic voltage regulator consists of two units : (a) the measuring
unit and (b) theregulating unit.

The measuring unit performs two functions : (i) detects and
measures the change in the input or output voltage of the automatic

voltage regulator and (i%) produces a signal to operato the regulating
unit.

The regulating unit receives signal from the measuring unit and
acts to correet the output voltage of the regulator to a constant or
predetermined value with least possible variation.

Sometimes a third unit called “anti-hunting unit” is also used

':;) provide smooth regulation without hunting or continual fluctua-
ons.
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In & true antomatic voltage regulator the two basic units,
namely, the measuring unit and_the regulating unit, can be sepa-
rately identified. In many circuits, however, the two units cannot
be distinguished. These are commonly cailed voltage stabilizers,
This constitutes another significant difference between automatic
voltage regulators and voltage stabilizera, These voltage stabilizers
find cxtensive use in electronic devices, in spite of the fact that the
accuracy of stabilization cbteinable is usually puor.

Voltage Stabilizer. In o voltage atabilizer constant output
voltnge is obtained by the use of o non.linear compensating device in
snch & way that the increase in voltage drop ncross this compensat.
ing non-linear device just compensates for the increase in the supply
voltage and vice-versa. Such voltage stabilizers, in general, have a
large vepulation factor and are, therefore, more suitable for o
constant load,

The non.linear devites used in stabilizers may be put into two
groups as follows :—

Group 1 non.linear devices. This includes non-li devices
in which the impedance decreases with npplied voltage so that the
current increases more repidly than the applied voliage as shown in
Fig. 101, A few examples of devices of this group are : (a) cold
cathods gas tubes, (b) Thermistors, {c) crystal diodes, (d) carbon
filament lamps, (¢} copper oxide and selenium rectifiers and, (f) satur.
ated reactor and transformers.

Group 2 non.linear devices.  This includes such non-linear
devices in which the impedance increases with applied voltage f.e.,
the current decreases less rapidly
then the applied voltage as shown
by the dotted line cutve in Fig. 10 1.
Typical examples of devices of this
group are t {a) barreters, (b) tung.
sten filament lamps,

Basic voltage stabiliser
circuit using non.lincar potential
divider. Input voltage t3 be
stabilized is fed to two elements 4
and B in serics and outpud 1s taken

CURRENT =

from across the element D, Then VOLTAGE ~—=>
the fraction of the input voltage fed Fi
a 1g 101 Cu; -1
o the output is Zpf{Z4+Zp ), where charactenistic J;T‘;nvﬁzgff
ZaarA 7- mredtain o Y i 1mpedances
ment ' .
FAN .. o ‘her or both Z, and

in such a way a
COMELusaty Lot 0t SNADEES 10 the mput valtage  Such an a;‘ra:gteo-
men_h.wﬂl_ be ideally swted for a constant load but considerable
atabilization may still be obtained in spite of Joad vanations, With
felerenco to circws of F1g. 102, it may be seen that three combi-
nations of elemente 4 snd B ate possible that provide stabilization.
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(1) Llement A « Iinear clement aful clement B @ non{l]t:\zlﬁ:;
element of Group 1, With the incrcr}so of input, voltngo. L‘fl.]xmpc‘L hee
Zp reduces and the fraction of input voltagoe avmlu')o at 0

ontput reduces tending to com
7 pensate for tho increaso of in-
put voltage,

(f5) IElement A a non-
linear device of Oroup 2 and
G ° element  B- @ Unear device,

With thoe increase of input
ZBEB,j % voltage, the impedance 74
reduces and the fraction of in.
o put voltago availablo at the ml]t-
Fig. 102, Dasic potential divider put reduees Le.ndm;; to cigni];FS\Im
ciscult of a voltage stabilizer, sate for the inoreaso o 1
voltago.

- (i1) Element A a non-linear device of Group 2 and zlclfg:{:f‘ f
“a non.dinewr device of Qroup 1. With an inereaso of mp\; . It%xi
Z4 increases and 7 reduces. Both Lhese cﬂ.ccts reduco the ltm lfor
ol input voltagoe available at the ontput tending o com];ensu ,guﬂm
tho incrense of input volinge. In cuch of the n.bovoltxrccf C m:
with deerease in voltngo in the input voltage, ;fmctlml 0 ""I’
voltago availuble at the output inerewsos and provides the necessary
compensation,

Simple d.c. voltage stabilizer circuits. Wo shall cog\fuglcr
here some of the simple voltuge stabilizer cireuits used for stabilizing
“the autput voltago of « reetifier. Theso include—(a) Glow dischargo

ube voltage stabilizer, () Vacuum tube stabilizers of ono of the
following types

() degencrativo voltage ntabilizer, () p-bridge voltage stabi-
lizer, (i) fu-bridge  voltago stabilizer, (iv) two-slugo degenerative
voltape stabilizer (also called Eleetronic Voltage Stabilizer).

Glow discharge tube voltage stabilizer 1 —

A

Rs
FLUCTUATING | Glow
DCVOLTAGE . & (TG
ir/eon A RECTITIER f T

Fig. 10:3, Voltage stabilizer using glow discharge tube,

A ow discharge tube has almost a constan
acrosy it for widely varying current, through it,
it the manner shown in Fig. 1003, tho voltage drop
remains more or leny constant, in spite of v
mput voltage,  This oceurs heeanso amy v

L voltage drop
When connaeted
teross the load
arintions in the applicd
ariation in curront enused
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Hence -2 “‘*}2’5’.:—3& Uy = AiL) < imes e (10°7)
. ° (3

The maximum allowable current through voltage regulator
tube is of the order of 40 milliamperes.

(i13) 1, should never fall below a minimum prescribed va]qa
in Otherwise stabilization deteriorates or becomes unstable. This
value i, is of the order of & milliamperes for most of the voltage
regulator tubes.

Current through the V.R. tubo is minimum when, o= {1—k)
and %'1, = (]L -+ A‘LL ).

Henco S T8 (I AfL) B b e (108)

Thus when the supply voltage is constant and the voltage
stabilizer is required to maintain the output constant in spite of
varintion in load current, then the current through the series
resistance R, must remain constant i.c., the variation in current tr,
must be equal and opposite to the current variation in V.R. tube.
Hence maximum permissible variation of 4y, is equal to (V02— fmen)-

The cost of rectifier reduces with the value of the rectified
voltage. Hence for a given voltage regulator tube and load current,
the minimum permissible value of e; shonld be selected. The
value of B, also reduces as ¢; is reduced.

The resistance R, is shown associnted with the voltage regu-
lator cireuit but this may as well include the internal resistance of
the rectifier. Hence it is possible to use a rectifier with high
internal resistance and consequent poor voltage regulation when a
voltage regulator is used in conjunection with it. The high internal
impedance of the rectifier which normally results in poor voltage

regulation, is now completely included in the regulator series
resistor R,.

Again, since the voltago stabilizer removes all random varia-
tions of supply voltage, it must also reduce periodic ripple voltage
in the rectifier output. Henco a comparatively cheaper and simple
filter circuit may be used whenever o voltagoe stabitizer is used,

_To obtain n_stabilized output voltage higher than can be
provided by oue V.R. tube, soveral such tubes are operated in series.

Thus the use of & VR.105 in scries with a VR-150 will provide a
constant 255-volts sourco.

_ Stabilization Ratio of a glow tube stabilizer. Tig. 104 shows
typical current voltage characteristic of glow tubeo(colrl cathod;z
gas dinde).  Curve in the region 4B is a straight line. Ideally the
enrve A B should be perfectly vertical in which case the stabilization
ratio would ‘be infinite. But region 4B of the chamcteri‘a’(ic‘ may
be more carrectly represented by a straight line only s}ighbl.y inc]gr;‘-
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Rearrangement of Eq. 1017 yields :

€ = a Bp e+ B Ry R, ... (10°18)
owRLR:+“Rs+¢RL~ .

Equation 10°18 expresses the gtabilized voltage e, as a function
of the input voltage ¢; and circuit constants.

Differentiating Eg. 1018 with respect to €;, we geb:

i ~ & @8y 1019
Regulation factor = i PR RN 3 e { }

Stabilization ratio S is reciproeal of regulation factor, and
hence is given by :

. Rp(Be+ o)+ ok s
Stabilization ratio S == %‘;’:“!i‘(w%fzf"i'“‘ ... (10°20)
Substitution of value of e, from Eq. 10°18 gives :
S = ..Y'-f‘_.tp R, .. (10°21)
o €, :

For good regulation i.c., for large value of stabilization ratio,
both ¢, and « should be small and B, ¢; and should be large.

it . Degencrative vacuum-tube veltage stabilizer. Tig. 105
7. shows the cirenit of a simple degenerative vacuum tube stabilizer.
w + Increase of output voltage ¢, may be caused ecither by an increase

of the supply voltage ¢; or by an increase in the load resistance.
In cither case, this increase in the output voltage ¢, results in
making the grid still negative, thus causing a reduction in the
plate current. This reduced plate current flowing through the load
resistance Ry, results in smaller output stabilized voltage ¢, This
tends to neutralise the initial increase of voltage e, In fact, the
increased output voltage e, gets fedback to the triode grid in such
n way as to cancel the increase and hence the name degencrative
vacuum tube stabilizer is given to it.

T
R
di L K
.i -
|

g T

- —

e
&

&

Fig. 10°5. Degenerative viicuum tube stabilizer.
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Rearrangement of Eq. 10°17 yields :

__eRpe+ BRI e (10'18)
 TRiR FaR +aRy ‘

Equation 1018 expresses the stabilized voltage e, as a function
of the input voltage ¢; and circuit constants,

Differentiating Eq. 1018 with respect to e;, we geb :

. de., d.RI, 1019

Regulation factor = 4o S BT ) ¥ ok, e { )

Stabilization ratio S is reciprocal of regulation factor, and
hence is given by :

de; _ By (Bs+ o) +oBy g9

deo - & By

Stabilization ratio S =

Substitution of value of e, from Eq. 10°18 gives :

8= Jf;it_'&*;f B .. (10°21)
o

Tor good regulation i.c,, for large value of stabilization ratio,
both e, and « should be small and B, ¢; and R, should be large.

Degenerative vacunm-tube voltage stabilizer. Tig. 105
shows the circuit of a simple degenerative vacuum tube stabilizer.
Increase of ontput voltage ¢, may be cansed either by an increase
of the supply voltage ¢; or by an increase in the load resistance,
In either case, this increase in the output voltage e, results in
making the grid still negative, thus causing a reduction in the
plate current. This reduted plate current flowing through the load

- resistance Ay, results in smaller output stabilized voltage ¢,. This
tends to nentralise the initial increase of voltage e,.. In fact, the
increased output voltage e, gets fedback to the triode grid in such
n way as to cancel the increase and hence the name degenerative
vacuum tube stabilizer is given 1o it.

+0

w(p e

+0

L
L

Fig. 10°5. Degencrative vacuum tube stabilizer.
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Inno far ns the stabilization of input voltage is concerned,
the cireuit may be viewed ss » potential divider of Fig. 102, in
which Zp is the fixed revistance Hyond Zaisthe d e, resistance,
ry=eyfi,, of the tubs 2. 'This resistance incteases with an increass
of sl rey e O

ten b hama aodd Bosan aamabibet g m e

¢ - - .
'

The stabilized output voltage e, may be varied by varying the
value of pasitive voltage E, on the grid of value 7. Letthe voltage
across the load be ab the desired value. Then, the cathode js
positive with respect to ground by a potentiale,. The grid may
be made positive with respect to ground by a potential £, by adjust-
ment of potentiometer R, However, I, always remains less
than #; during operatton.  Value of E, is adjusted until the bias on
tube 7' is such as to make the tube 7 pass requisite load ewrrent
through Bz producing the desired output voltage e, The cirenit
therefote, constitutes a sunple voltage regulator rather than zimp\’f
» voltage stabihizer.

If the input voltage ¢ 13 removed, a high grid comrent may
flow and may damage the tube. To lumit this current, a resstance
R, is placed in sertes with the grid.

Battery and | (A bination 13 not eatis.
factory since battesy voltage may reduce with time, In practice
the battery is replaced by » glow tube (V.R. tube) ag shown in
Fig. 10°6.

Fig. 106 Modified degenarative vacuum tube stabilizer

The output voltage of n glow tubo stabilizer does not remain
nbsolutely constavt, since an increase in cathode potential s
necessary in order that the stalizer may work., With eareful
tdization of tube 7' characteristics, b , variation of output
voltage may be made small,

Vaenum tube for use in this stabilizer should prc(cr‘ably be
!gch that heam resistance varies rapidiy with smalf changes in Iins,
Necessity of such tubes is, howsver, obviated by using » d c. ampli-

fier in the circuit to amphly the minute changes in output po e

tial before these ehanges are applicd to tube T degencratively.
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p-Bridge Stabilizer :

TFig. 107 shows a simple p-bridge stabilizer. Ratio R,[R, is
made equal to amplification factor g of the vacuum tube 7';. Then

—

0—
FLUCTUATING- Ry e STABILIZED
DCVOLTAGE . 0 DC.VOLTAGE
FROM RECTIFIER 4 R

+ 2 |+

0~ 'o)

Fig. 107 p-Bridge Stabilizer

for o small change in the input voltage e;, the change in plate volt-
ago is p-times the change in the grid voltage bub in the opposite
direction. Honce the plate current remains counstant. This cons-
tant current flowing through the load resistance Ry produces con-
stant voltage drop across it. Condition for good stabilization in this

circuit is that p should remain constant over the range of operation
of the tube.

Resistance R, serves the purpose of limiting the grid current in
case the applied input voltage becomes zero. The output voltage
e, falls short of input voltage ¢; by an amount equal to the sum of
. voltage drop in tube T and that in resistance R;. To reduce this

* drop in resistance By, high ¢ tube should be used since Ry=R,/p.
But high 1t tubes in general, give low plate current. Hence this
stabilizer is suitable for low load cirrent applications only.

gm-bridge voltage Stabilizer :

I:‘ig. 10'8 shows a simple gm-bridge voltage stabilizor. Glow
tube 7, maintains cathode of vacuum tube 7y at a fixed positive

o A 4

-0
| © B
BERIE ¢ ST
U L5 STABILIZED
FROMRELTIFIER L R Re : €0 pvoLTAGE
(3T, sow
- YL -
5 = TYBE o

Tig. 108, g,,-Bridge voltage Stabilizer.

potential above ground. If the input voltage ¢ rises, the potential
of grid of tube 7'; rises and results in hicher plate current. This
increased plate current results in increased voltage dro . acro;
rezistor Ry and reduces the output voltage e,. By suitable [;electiox:
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Two.stage degenerative weltaze stalilizer 1also
electronic voltage stabilizer), Fiz

Stesyzen
FLCTYATIS ) ol

OLVOITACE

2. 109, Basic Flectronse Veliags Stabitizer Cireuit,

onic voltage atabilizer, This ia nothing but a modifisd
saenerative voltage stalilizer pf Tig. 106, s, how.
23 an amplifier to amphfy the feedback voltage hefore jt
© the grid of the series control tue 4, Ly the ampli.
The operation of 1), areait 18 08 follows : The fluetunt.
Sage from rectifier and flter combination s frd 1o the
Aibals of the stabilizer and same 3 available at the output
s reduced only by a voltoge equal to the voltage drop in
ontrol tube 7y, “A fixed fraction X, of (he output voltage e,
2ed by a patential divjder coastituted by rosistors Ryend B,
*a28 ¢, s applied 1o the conteol grid of thy amplifier tate
be cathode of thiy azplifier tube Ty is apoliag a EESL RN

“TITE L, which in the Cirenit is the constant voliy . droz g
voltage regulator tobe T For IEtance, if ghoy et

TR T me o
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tube is VR-150, then E, is equal to 150 volts. The grid to cathodo
voltage of amplifier tube 7'y is then cqual to the differenco of voltagoe
e, und %, This difference voltage is amplified in the high-gain d.c.
smplifier consisting of tube 7'y aud lond resistance R, in the plate
circuit. Amplificd output voltage is developed across /2y and appears
between plate and grid of series control tube Ty In fuct, the grid
voltage of 7'y then falls short of plate voltage by a voltage equal to
the voltage drop ncross R, The rest of the stabilization action 1s
then similar to thal in degenerativo stabilizer of ¥ig. 10-5. Thus if
the input voltago increases, the control grid of amplifier tube 7
riges in potontial and voltage across Ry increases.  The grid of scries
contro! tubo 7'y then falls in potentinl with the result that t!\u volt-
age drop across tube 7 increases compensating for tho rise in input
voltage ¢, Tho output voltage ¢, then remains almost constant.

By the use of high-gain d.c. amplifier variation of grid voltage of”
serics control tube 7' is made large and henee it avoids the necessity
of using u scrics control tube in which d.c. resistance of the {ube
(rae==cy/y) varies rapidly with changes in grid bias. This tube should,
howover, be capable of passing the requisite high load current even
1l tho highest voltage drop across it corresponding to the highest
inpul voltage. A power triode is commoniy used as tube 7'y, although
a pentodoe or a beam tetrode connected ns a iriode may be used with
equal sitceese. - Tubes commonly used as serios control tube ave 645,
GA3, 687G, 616, 6Y6( ete.  Such tubes can conveniently carry

" current as farge as 70 md without overheating the pinte.

Separate transformer windings, insulated to stand high volt-
apes, uro nsed for cathodes of tubes 7'y and 7’5 bLeeause of large
potentinl differenco between cathodes.  Further resistance Ky should
bo chosen high cnough to keep the current through the glow tube
within the permissible limits, )

Sometimes Ky is connected at the output end instead of input
end.  This gives slightly better stabilization and lower glow tube
current but increnses the tendeney of relaxation oscillations in 7, at
low output voltages,

Modificd Electronic Voltage Regulator., Tig, 10°10 shows
& typical cireuit arrangement that is & modified vorsion of the circuit
of Fiz. 10°0 and may be used in practice giving satisfactory results
over a considerable range of input voltage and load current. It
shows several cirenit refinements over the basie cirenit of Fig. 109,
Firstly for good reguintion d.c. amplifier uses a pentado 6 W7 instend
of a trivde breause jts grid impedance is much higher than that of «
high-gain triode. A high grid impedance is desirable specially if tho
f}xll sam capacity is to be wtilized. Provision for variation of stabi.
.lmid m.\tpnt ‘\'ohngn’is made by inclusion of & variable rosistancey Iy
:1;;))5;“ "\cn(‘]‘l nix)d L. Anoth?r modification consists in the use of

nser Gy Lresence of €y increases the fraction of the output
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voltage applied between grid and cathode of T;. The reactancs of
thia condenser Cy 2t ripple frequency may bs mads small compared

TATr643
* 4 : >
| E 3P: Ry

FLUCTUATDS
DCVOLTALE

f REGULATED
£ DC VOLTAGE
o

Fiz. 10-10. Elsctronic Voltage Regulater.

with the resistance in shont with it. Tken this condeneer Lelps the
stabilizer in reducing the ripple.  This condenser should pot, kow.
ever, be made very large otherwice uxdezirable transient oscillations
may result in the ontput voltage.

In order to obtain a practically ripple-free cutput ard an
elmost perfect regulation, greater d.c. amplification isrequired to be
peed. Two stages of d.c. 2myplification are then provided for this
purpore.

Anzlysis of Electronic Voltage Stabilizer. Oferation of
the cirenit of Fiz. 10 9 may be aralyred in terms of the elope of the
tobe characteristics at points of operation. This is given belew for
two cases : (A) varying inpat voltage and (B) varying Jozd.

{4) Varying Input Voltage :
() P, connected to the input side of the stahilizer.
Assumptions made are :
{2) outpnut lozd remains constant,

{FV Smres ©altamn 60 sha atab Hinae

w0 ptl ae s se finedna.
.o . ltage In

It is required to find the stabilization ratio.

. Let g, and ry; be the mutual condactance 2ad dyramic plate
resistance of tube 7). Then szl variation i, in plate coment of
T is related to emall increments in grid voltzge acd plate voltage by
the relation

. 1
51 =Guy » €1 F— . £y wer {10723
L£21

Bat en=dey—dr, e
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tube is VR-150, then E, is equal to 150 volts. The grid to cathode
voltage of amplifier tube 7’3 is then .equal to the difference of voltage
¢, and F,. This difference voltage i3 amplified in the high-gain d.c.
emplifier consisting of tube 7’ and load resistance B, in the plate
circuit. Amplified output voltage is developed across R, and appears
between plate and grid of series control tube Ty In fact, the grid
voltage of 7 then falls short of plato voltage by a voltage equal to
the voltage drop across Ry, The rest of the stal?lllzatlon ac‘bxon is.
then similar to that in degenerative stabilizer of Fig. 10-5. Thus if
the input voltage increases, the control grid of amplifier tube Ty
rises in potential and voltage across I, increases. The grid of series
control tube 7'y then falls in potential with the result tha.t tpe 'vo)t—
age drop across tube 7'; increases compensating for the rise in inpu
voltage ¢;. The ountput voltage e, then remains almost constant,

By the uso of high-gain d.c. amplifier variation of grid voltage of”
serica control tube 7’ is made large and hence it avoids the necessity
of using a scries control tube in which d.c. resistance of the tube
(rge==Cy}1y) varies rapidly with changes in grid bias. This tube should,
however, bo capable of passing the requisite high load current cven
utb tho highest voltage drop across it corresponding to the highest
input voltage. A power triode is commonly used as tube 7'y, although
a pentode or o beam tetrode connected as a triode may be used with
cqual success.  Tubes commonly used as series control tube are 645,
643, 64S7@, GL6, 616G etec. Such tubes can conveniently carry

. current as farge as 70 m4 without overheating the plate.

’ Separate transformer windings, insulated to stand high volt-
ages, are used for cathodes of tubes 7'y and 7', because of large
potential difference between cathedes. Further resistance II; should
be chosen high enough to keep the current through the glow tube
within the permissible limitas.

Sometimes J2; is connected at the output end instead of input
end.  This gives slightly better stabilization and lower glow tube
current but increases the tendency of relaxation oscillations in 7'; at
low output voltages.

Modified Electronic Voltage Regulator. Tig. 10°10 shows
2 typical circuit arrangement that is & modified version of the circuit
of Fig, 100 and may be used in practice giving satisfactory results
over a considerable range of input voltage and load current, It
shows several circuit refinements over the basic circuit of Tig. 10°9. .
Firstly for good regulation d.c. amplifier uses a pentode 6SJ7 instead
;)f xlx triode because 15 grid impedance is much higher than that of a
f“%l \‘Yg‘?m trxf):ip. A high grid impedance is desirable specially if tho
Ifin-;,run capacity is to be utilized. Provision for variation of stabi-
i:;i;c{:\l}:({mt]"'()]u(‘lg(]:fls made by inclusion of g, variable resistance 2,
ot ncal ug . Anoth_er modification consists in the use of

nser Uy, Presence of € increases the fraction of the output
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voltage applied botween grid and cathods of 7,  The reactanco of
this condenser C; at ripple frequency may be made small compared

A3
—C
FUCTUATING ! REGULATED
DC VOLTAGE DC VOLTAGE
& FRs 4
£E
>"2
(- LAVR-150 1
- 't —o
Fig. 1010  Electronic Voltage Regulator
R e T LR SR L R 1 TN
. - d not, how-
. - - oscillations

Inorder to obtain a practically ripple-free output and an
slmost perfect regulation, greater d.c. amplification jsrequired to Le
ued. Two stages of d ¢ amplification are then provided for (his
purpose.

Analysis of Electronic Voltage Stabilizer,  Operation of
the circuit of Fiz. 10 0 may be analyeed in terms of the slope of the
tabe ch istics at points of of i This i!_« given below for
ta cases : (d) varying input voltage and (B} varying load.

{4} Varying Input Voltage :
() R, connected to the inpat side of the stabilizer,
Assumptions made are
{/) output load remains constant.

i » o the stabilizer varies cither duo to fluctua-
tzg s(i) m‘;g;’; ::llzt:ge ttg the rectifier or due to nf;'xlfilc' v,?hage in
teantznt of the rectifier resulting from inade?ua!e ittering.

1t is required to find the stabilization ratio. )

Let g, and 7, be the mataal d’-:d-m‘-m-wa-ldffﬁ’;:mema~
Pitinee of tube 7. Then seall varistion ta “:;d‘x ﬂmc o
T, inrited to small increments In g# veltege 2cd plate voita
Lerehation

\
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and epy==de;—de, o {10°25)
L .. (1020
A]SO 1111"'RL ( )

where By, is the load resistance which is assumed to be constant.
Combining equations (10°20) to (10°23), we get

~‘—~~9m1(del-—deo)+ -—(def—-deo) ... (10°27)
Beurrangmg terms in Eq (10-24), we get

deo (Pt 1) = - deschde

- JM -

g1 4 =2 .. (10°28)

[+

or de,=

In order to find the ratio o2 + the term de, in Eq. (10°25) should

‘be replaced by its equivalent expressxon in terms of de;, de, nnd
circuit constants, To get the expression for dey; it may be observed
that de; results because of two voltage variations de; and de,. In-
_crement de; causes a change in the voltage at the plate of 7'y amount-
.~ ing to -+ de; . .: “_ where 7p, is the dynamic plate resistance of
i, bube 7o Increment dc, is the change in the voltage fed %o the grid of
= tube ’.7‘ from the junction of resistors Ry and R,. This incremental
ultrme after amplification in tube T, results in an increment of

voltage at the plate of tube 7'y amounting to de. Ny B, 2 .4, where

4, is the voltage gain of amplifier usmg tube 7. e
Heunco d Loz .

co dey= 2+rm . de; - R,+R LA, de, ... {10°29)

) or  dey=oy ., degHB Ay de, . (10-30)
L3 Ro b nR
whero ¢y 02 =2 and A, s t2is
¥ Rg‘*—?'xn i ﬁ Rl"f‘R: and - rpn+R3

tSub‘ztltutmg the value of de, from Eq. (10'30) into Eq. (10°28)
wo ge

dc°=(il_(uv ~ deg-p. A dvo)+de,

. {10'31)
14 7 RL
On reerranging Lq. (10°28), we get
deres de;(Py,4-1)
o= .. (10°32)

bl

f
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Hence the stabilisation ratio § is given by :

dey _ Fll=BA) 14

S= ... (10°33)
deo gt
Under normal working conditions, d,>>1,
ond p,(1—~f4,)>>1-4 Z}‘; and hence we may write
—Bid, .
8 it 1 . (10°34)

For single-stage d.c. amplifier, stabilization ratio § is of the
order of #00. Ifalmost ripple free output is desired, tno-stage d.c.
emplifier should be used. This provides a stabilization ratio of the
order of 20,000,

{ii) Iy connected to the output side of the stabilizer,
Under this condition,

dey=B.4, de,+a, de, ...(10°35)
But ¢, < <B4, and hence Eq, (10°32) may be written as
dey=B.4,.de, .. {1036)

All other relations remain the same as for case (i) above. Hence

stabilization ratio § is given by

. 1423 "
8 & =p(l ’M')+]+T; «..(10°37)
Corresponding approximate expreasion for § is

§=—P dppy ..{10-38)

The value of Sas given by Eq. (1033) 13 greater than that
obtained from Eq. (10°30) for case (3) with B, connected to the input
side of the stabilizer. In practice, however, the dec. amplifier is
more linearand gives more gain under condition (i)  Hence thers
exists no appreciable difference in results obtamined by the ftwo~
methods of connection of Iy.

(B) Varying Load - (i) I, connected to the input side of
the stabilizer.

Here it is assumed that the input voltage remains constant but
change in output potential may take place due to change in the load
current. Stated otherwise, the stabilizer hae an internal resistance
resulting in the drop of output voltage with increase of load current.
It is desired that this internal resistance of the stabilizer be as _small
as possible.  Expre<sion for this internal resistance of the stabilizer
is derived as under :

Here agnin use is made of equations (10 22) and (10 23) {.e.,
at,=;,,=.g,,,.,,,+‘;4 ...(10°39)
Pl
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Cnl'-—"—'del'—‘dea "'(10'4’0)

But in this case due to stabilization, and due to constant input
voltage e;, variation in plate voltage i.e., ep is very small.

Hence in Eq. (10°20) it may be neglected compared with

7
gm. €97 and it may then be writtbén as
8 =g m1.51=Gma(des—deo) ... (10°41)
From equation (10°22) by putting de; equal to zero, we gob
dey=p.A4,.de, .{10°42)
Combining equations (10°41).and (10'42) we get
Al =gm(PA4,—1)deo ..-(10°43)

Then the effective internal resistance of the regulated power
supply is given by

» 1
Ry= de

- di, = gm(1—B4,)
Usually | B4, ] >>1 so that Eq. (10°38) may be written as

. 1
Ro= "'gmlaA?.
{3} R, connected to the output side of the stahilizer
Here again de; is given by

dey=0g.de,-+B.A,.des

or dey= s+ P 4,).deo ...(10°46)

All other expressions remain the same as in the case of B (i).
Hence,

...(10°44)

...{10°45)

Al ,=gmiBd,tu,—1]deo ' -.{10°47)
Effective internal resistance of the stabilizer is then given by
deo 1
Ro= ~ — == ...(1048
T, T gl = (e B4, (10°48)

However in practice B4, is much larger than either ¢, or unity

50 that in this case also the expression for effective internal resistance
oomes out to be
1

gmbd, ...{10°49)

The value of this effective internal resistance may be as small
as 05 ohm.

R,=

In the above analysis it has been assumed that the input volt-
age to the stabilizer remains constant in spite of the variation of the
load current. Stated otherwise, this means that the internal imped-
ance of the voltage source driving the regulator is negligible. In
practice the voltage sources always have some internal impedance.

Lot this internal resistance of the voltage source driving the stabilize
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bo B,. Then the expression for the effective internal impedance of
the stabilizer gets modified as below,

. R' ...(10:50)
TImy EAx
But stabilization ratio for cage A(n) is given by
S=Bda < (10°51)
1 o]
Hence Rom—pm [ FREL ] (10°52)

Typical value of R, may be taken ss 500 ohms and that of
stabilization ratio § may be taken as 600,50 that the additional
component added to the effective internal resistance of the stabilizer
by the presence of R, is 500/500=1"0 ohm.

Example 1. A VR.-105 tube is used in a_glow tube stabilizer.
Thenormal eperaling current range for this tube is taken as 5 o 40
mA. The input vollage remains constant at 255 volts Lut the load
current can vary from 35 to 55 mA. Load resistance is connected direct-
Iy acroes the glow tube, and the glow tube in series with g resistance R,
is connected {o the input d ¢, rollage source. Assuming stabilizer tube
characteristics (o be ideal, find the marimum and minimum possitle
values of series resistance R, sf current through the glow tube is to
remain within limits.

Solution. For ideal glow tube characterstics, ontpnt voltage
across the tube must remain constant at 105 volts. Hence current

4, through R, must remain constant at 2 value given by
5 255103
=,
Further fy=1,-+iy, .
Current 4;will then bemaximum when iz 1s minimem and vice
versa.

55—105

Hence —*RTA =1L min<ft mex

wnd ?ﬁr’_w‘i—il.m.>i: riia

or 205-105 <t maztigmin <(40435)mA
3

and 255%5->i, minFiL maz > (5-F53)mA

10V, o,
m—LOOohml

1;_“'- ~2000 ohm:

Hence maximum value of B,=

and minimum value of B,=
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Example 2, A [50.V neon lube atabilizer in connecled in
aerics with o resistance R, {o @ 240 volts d.o. aupply, T'he lond Ry, 19

connecled directly acroas the stubilizey tuhe, 1f Iond‘rcnialancc ‘]n’[, ]
15000 ohms and current 1, through the neon tube 8 20 md, find the
reaistance of Ry and power dissipuled in it

- If now the lond resistance {s reduced to 10000 ohms, find the
new value of current through the neon tube, assuming that it operales
sdeally. ‘

Solution,  Cirouit wreangoment is tho sumo ag piven in
oironit of Xxamploe 1,

Voltage drop aoross lond resistaneo Ry, is 160 voltn, Heneo ourrent iy,

through load resistane L amyp. = 10 milli :
wouglt load resistaneo < eyrpg fmpe = 10 milli.ampores,

Curvont 4 through ncon tube == 20 md

Honeo curvent through X, ez 10-4-20:30 mA

2 2401502200 volta.
00 volin .

% A0 i, 00 ohmn,

and powor disyipatod noross Jy z= 00 volls X 30 mA =« 27 watin,

Whon load rosisbanoo is roducod to 10000 olims, lond current bonomos

160 volia )
T 10000 ohms 15 mA

i

TFurthor voltngoe drop noross 1t

*

Ilenco Ry

“oand outrend, theough 1ty wtill remaing ot 30 . Ilenco current s,
through noon tuboe beeomen (30—106) =215 mA,

- Example 3, A VR[50 regulator tube i3 connected in scrics
with a resistor By of 2000 ohms to « 280 volts de. supply. The
load yesistance fa conncoled divectly across the VR tube, The input

Cdecvollage varies by < 20 volts,  Find the muaimaon and minimim
valtes of lond yesistance that may be wsed heeping current throwgh
VI tube awithin itx operating 1imits of 5 lo 40 md.,

Solution, Lot tho maximum and minimum values of load

Rs “9 iL

L

o T
[TEEOLION g (TIIN 2
1 wUCI:) (qu LB

o

current be €, e 00 €7, wne

\ {(280-4-20)~150
Thon X200 2-0”)0« = e 2% 40 md
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(280420} —~140
2000
> (76—40) m4
> 35ma
{28020} ~150

2000

OF §Z min — 40X 10-% amperes

Agnin 3L may 3> BmA
{280—20)—-150
T
< (65—5) md.

> < 5DmA.
150 150 volts

L min  36X107% amp,
160 150 volts

and o = = Y e,

—&X 10~ amperes

n

or 3% maz

Yeneo Bz par = = 4285 chms,

== 3000 ehms.

Example 4 A glow fube stabilizer has a neon tube and a
resistance R, of 2000 ohms in series connected across 250 wvolls voltage
eupply, The load resulance ss connected directly ncross the neon
tube. The volt-ampere characleristic of the neon tube in the region
of operation is given by

e =20. 4, +150.

Calculate the stabshzalion ratio of the stabilizer when the load
resislance Ry, ds 4000 ohms, If the smput vollage increases by 10
volts, find the oulput volluge of the stabilizer.

Solation : Stabilization ratio 1s given by the relation
S Ry (B, 4w+ 2 R,
o B,

4000 {2000+20) + 20 x 2000
= 204000

If next the input voltage is increased by 10 volts, de¢ becomes
10 volts. Tho de,=de;[S=10 volts/101'5
=01 volt approx,
Example 5. For simple degenerative sfabilizer of Fig. 105,
derive expreasions for stabilization ratio and effective internal impedanee
of the stabilizer. N

One auch cireuil uses a fube having amplification factor.
and r, of 10000 ohms. Load resistance is 4000 ohms. Calculate
lization votio, Also calculate the effective inlernal
stabilizer,

= 1015
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Solution. Case (4) : Varying input voltage
1
Ip=gm €t —
?

e,= —deo cp=de; —deo iy=deo/Ry,
+ Er 1,*_
+
P = s
LT .
o= -

1
Hence de, /Ry, =g (—deo) -+ e (deq—de,)
Rearranging terms : de, (rp-+it By, Ry ) =Dy de

Hence stabilization ratio is given by
de; rptRy (pt1)

Ry,

S= de, =
Case B : Varying Load
Here input voltage e¢; is assumed to be constant.
, e
1y =gmle+ 1‘:

al, =
e,=—de,
e, is small. Hence dI, = g, €5 = —gm.deo.
Hence effective internal resistance of the stabilizer
de, 1

-dIz = Im

= Ry=—
For the given values of p, », and Ry, we have

§— de_ rotRy (pk1)
de, Ry,
100004-4000 (2041)
- 4000
= (2'5) +21 =235
Effoctive internal resistance of this circuit is given by
R L _ 15 _ 10000
gﬂl I"' 20
: = £00 ohms,
Example 6. For the y-bridge siabilizer of Fig. 107, consider the
age as a sinusoidal vollage and hence find
oltage. Thus drawing lhe a.c. equi-

variation de in the inpui volt
the corresponding alternating oulput v
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. valent circuit for the stabilizer, find the stabilization ratio which Jor
the method adopted may be wrilten as Ef1, By,

Solution. In the cquivalent circuit shown above the tube has
been replaced by its cquivalent a.c. generafor of voltage X and
internal impedance ry whero Ey is the voltage applied between grid
and eathodo and hence js the voltage drop across resistor 2y and »,
in the dynamic plato resistance of the tube.

Let 1, and I, be the a ¢. currents through the input and out-
put loops as ehown in the equivalent circuit.

Then Eim LB+ (L41) Iy e

why = (b0 By + Iy {ry+ 22 ) . (9

and Ey = LBy w (3}
Equation (1} may be written as

L (By+RY) 4 LR, = E; . {#)

Equations (2) and (3} may be combined to give
IRy~ pBy) 4 Iy (ry+ Ry -+ By) =0
Eliminating I; from Equations (4) and (5) we get
Uy By +P) (B ) -
1. - ity TR L= E .. (B

Mence stabilization ratio 8 is given by

- ()

S e ”;_*_ By BoMry+ By 4124
i, T ke (aiy =83

Example 7. In the electronic sollage stabilizer of Fig. 109,
the d.c, voltage source hae {nternal resislance of 100 okma, series control
tube Ty has amplification foclor of 2'5, dynamic platz resistance s, of
300 ohrma.  The load recistance is 1000 okma, the gain of d.e. amplifier
i3 ~50, minus sign indicuting phase reversal, Dynamic plale 1esistanes
of d.c, amplifier tule is 500 Lilo-ohms. Resistances Ry, Ry and Byar-
respectively 200, 200 and 300 kilowokms. Caleulate the stabilizatio
ratio, Jf the d.c, supply rolinge changes by 10 volis, find the eorres
ponding change in output d.e. roliage, Alw ealeulate the >
snfernal rexistance of the atabilizer.
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Solution. Stabilization ratio for the given circuit is expressed
by the relation .
(1B o)+
S

a1
300
2:5(14+0'5 X 50)+——— e
1000 _ 653 0.0
ST @5 X05)F1 2°25 ‘
Tor the input voltage change of 10 volts, the output voltage

. 10
chango will be= W=0‘3445 volt.

Effective internal impedance of the stabilizer is given by :

R 1 100 1
Ro=-—a“+ R + "
S 7 gm(l—B4,) 7 20 ° 25 i
—5gg-(1+0°5 X 50)
=3'448-2:308
=5756
EXERCISES

1. With the help of a cireuit diagram explain the working of
a simple glow tube stabilizer. :

) A glow tube stabilizer uses a series resistance R, and a VR-150
‘ube. The input voltage remains constant at 270 volts but the load

current varies between the limits 40 m4 to 55 mA. Normal operating
* range of the glow tube is 5 to 40 m4. The output is required to be
maintained constant at 150 volts. Calenlate a suitable value of resis.
tance E, so that the current through the glow tube remains within
prescribed limits, ,

2. A 103-volt neon stabilizer tube is connected in serios with .
a resistor B, of 3000 olms to a 255 volts d.c. supply. The load
‘resistance Ry is connected directly across the stabilizer. Normal
operating current range of stabilizer tube is 5 to 40 mA4., Tind the
maximum and minimum values of load .Tesistance Ry, that may be
usged keeping the current through the neon-tube within prescribed
limits. Assume ideal operation of stabilizer.

3. Aglow tube stabilizer uses VR-105 regulator tube. This
tube in series with a resistor R, is connected to a d.c. voltage of 250
Zolts d.c. Thellond resistance is put directly across the VR tube. 'i‘lm

- d.c. source voitagoe varies by =15 volts and i i

to be varied between 30 nng 50 md, The 111 o et rrdvired
tho VR tube is 5 to 40 mA. Find a suitabl
Ry such that the VR tube operates wit}
Assume ideal operation of stabilizer.

e value of series resistor
un the prescribed limits,
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4. Arscn tcte stabifizer mses s series resistence B, znd fhe
two are connecied acress the input d.c. voltage souree of voltere e,
Load resistarce Er s conmected directly across the reen  tobe. The
volt-ampere charsetesi £ tte neon tobe in the operating region e
assumed to te of tte forre: e—=zi+B. Show that the_ ooyt
voltage ¢, and the inpus voltage ¢; are related by the expression -

- 2Bper+8.Re.R,
(B, +B1)RL.

o=

A .
Hence prove that tke stabilizaticn ratio S= %‘—for this eirecit
v 3
is given by the expression :

S 2etB B
=2t

5. Draw the cirezit di of 2 simple deg ive vacuum
tube stabilizer and explain itz stabilization action. Derive expression
for the stabilizetion ratio end effective internal resistance of the
etabilizer,

6. Forthe electronic voltage stabilizer shown below, derive
expression for the stabilization ratio. If amplification factor g, of
the series control tube T, is 2°5,
its dynamic plate resistance
7, i8 250 ohms, load resis-
tance is 500 ohms, gain of d.c.
emplifier s, —60 and B,=R,
=02 megohms, caleulate
atabilization ratio of the stabi-
lizer. If input voltage chanzes
by 20 volts, find the change in output voltage.

7-’ For the electronic voltage stabilizer of exercise 6, derive
expression for effective internal resistance of the stabilizer. If the
internal resistance of the ingut d.c. voltage source is assmed to be
zem, caleulate the effective internal resistance of the stabilizer for
the component values given in exercize 6.



CHAPTER Xi
VACUUM TUBE AMPLIFIER PRINCIPLES

Introduction.  An amplifier is o device which amplifics or in«
erenses in magnitude any current or voltage applied ab its input.

An amplifior is tormed as a vacmum {ube amplifier if it makes
uso of oncof the grid controlled vacuum tubes, typically a triode,
tetrode or pentode, as the basio samplifying dovice. On tho other
han if it ubilis3s on> or more iransistors as the basio amplifying
dovee, it will be ealled o transistor amplifior, In this and the
following chapters we will doal with only vacuum tube amplifior,

Tt has been seon that a grid controlled vacuum tubo is able
to amplify o small signal voltage applied botween its control grid
and cathodo, beeauso control grid exerts far prontor influonce on the
flow of eloctrons from cathode to anode than does the anode itself.
"This rosults bocause of tho closeness of control grid to ecathode.
Any small increment of input signal rosults in an inerement in the
plate curront which flowing through the load impedance in the plate
cireuit produces an incromont of volbagoe across tho load impedance,
This incromental or a.c. voltago devolopod across the load impedance
is, in gonoral, far groater than the incromental or n.¢, signal voltage
' iapplied on tho grid side, resulting in voltage amplifieation.

Tig. 11'1 shows tho basic circuit of a vacuum tube amplifier
using o triodo. Triode is shown here, it boing the simplest grid

controlled vacuum tube. Tetrode and pentode are, of course, also
used commonly,

—)

L0AD AMPLIF)
IMPEOANCE OUTPUL;D

J—
—~—

== PLATE suppLy
..T VOLTAGE

Ebb

GRID BIAS VOLTAGE ’

Fig. 11'1. Basic vacuum tube amplifier using triode.

In the circuit shown, grid of the triodo i ‘ays kopt i
with rospect to the cai-hod;)gby is always kopt negative

means of tho grid bias voltage £,
(slzo called C voltago). On this fixed grid binsé:'oltngo L. is Lsgt(:pa;f

296
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imposed the voltage e, which is required to be amplified, This
voltage is ealled the signal voltage and in general it is a
periodic  voltage. Tho simplest case of a periodic voltage
is a pure sinusoidal voltage. This signal voltage is conmnect-
ed at terminal 7y and 7y, in scries with the bias voltage E,.. On
the plato side, a positive d.o. voltage £, is applied between plato
and cathedo through a load impedance Zr. This voltage Ly, is
ealled the “plate supply voltage” or “B-voltage™. The load impe-
danco in its simplest form may be a pure resistance, but it may al-
ternative be o complex impedanco.

In the absence of a signal voltage 7e., when &, is zero, grid
voltago is constant at value E,. and a constant plate current, there-
fore, flows in the plate circuit. On application of a signal voltage,
plate current varies in accordance with the variations in signal
voltage. This incremental or a.c. component of plate current flowing
through the load impedance Zy dovelops the amplified output volt.
age across Zg, as shown in the circnit.

Vacuum tube amplifier as a linear device. In the above simple
description of the working of & vacuum triode as an amplifier, itis
assumed that a ¢. component of plate current is proportional to in-
put signal voltage with the result that amplfied output voltage ia
proportional to tho input smgnal. Thus if the signal ampltude is
doubled, the amplhitude of the output voltage also gets doubled, It
may then be said that the amplifier 1s a linear device. Such a
condition is possible provided that the characteristics of the tube
aro linoar, paralicl and equid for equal ts of the para-
meter, Obviously such a condition is not satisfied by any tube.
Thero exists considerable non-linearity in the tube characteristics.
Pt e t T4 ltage are small

usntities, then
. " - , characteristic
curves may bo treated as almost incar.  With this restriction, the
vacoum tube amplifier may be treated as a linear device.
Symbols and Conventions -

(a) Symbol for Tubes. Fig. 112 (a) shows two methods of

FAMENT
RHEOSTAT HEATER

STEP DOWN,
Egr ®  JRANSFORMER

{a} Two common methods of heating cathodes
Fig. 112. Symbols for triodes.
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heating the cathodes of filamentary cathodes anlil' ié}(lireg'iclzlli%:agﬁ
cathodes. For the sake of brovity the cntl%od(}) on mg1
. ‘climinated and symbols as shown in Fig. 112 () are used.

&

(b) Symbols for triodes using directly and indirectly heated cathodes.
Fig. 11-2. Symbols for triodes.

(b) Symbals for voltages and currents. (i) Instantancous values
of varying voltage and current are usually represented b‘)‘r !9“@1. easo
symbols e and 1 respectively followed by the subscripts “‘g" and ‘D
for grid and plate respectively.

Thus ¢,, ex—represent instantancous values of varying or a.c,
components of grid voltage and plate voltage res-
pectively,

i, I,—represont inslantancous values of the varying
components of grid and plate current respectively,

It may be noted here that grid and Plate voltages aro taken
with respect to the cathode. Henco sometimes a second subseript
'k is also used. Thus instead of ¢, and e,, sometimes symbols e,
and e,; are used.

(1) Instantaneous total values of current and v
reprosented by lower case letters e for voltage
followed by subseripts “5” and “c” for plate and

Thus,

Cp, Cc—-represent instantancous total values of plate and grid
voltages respectively.

Iy, le—ropresont instantaneous total values of Plate and grid
currents respectively.,

These total values consist of two parts (a)
or d.c. component and (b) instantancous value
component,

(ifi) No signal voltage and current are indicated 1

letters £ and 1 respeetively followed by subscript “b” for
e” for grid.

_ voltage are
and 7 for current
grid respectively,

no signal component
of the timo-varying

Yy capital
plate and

Thus £, E—~ropresent no signal plate

and grid voltages res.
pectively,

Iy, I.—ropresent no signal plate and grid currents res.
Pectively,
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Further let ¢, ¢, and Ey represent respectively tho instanta.
noous total value, nstantaneous value of varying component and zero
signal value of voltage developed across load impedance.

i-IgzP

o
O

RS =B

é’b= £, B €h

"c’fcl“'ﬂk
t | |
femm g ey

Fig. 13 3. Assigned positive reference directions for currents
and voltages 1n a basic vacuum triode linear
amplfier

e

Fig. 11'3 shows the symbols for different electrode voltages
and currents, To each voltage and current o positive reference
direction is assigned. This is done to establish the algebraic signs m
the analysis of such an i With ref to the
positive direction of ¢, for example, whenever gnd is at a ]uglxex
vnltnge than tl\e cathode, €| is glven a positive sign and vice-versa,

ot of positive of voltages is entiroly
nrbltrary The are | igned  positive reference
directions on the basis of the fact that conventional currentina
vacuum tube always flow from plate to cathode or from a grid to
cathode. Usually the grid bias m vacuum triode is kept quite nega.
tive and grid signal is of such small amplitude that the grid current
does not flow, Grid current is avoided to prevent power drainage
{from tho source of voltago to bo amplified.

No signal operation ol 2 vacoum tube amplifier. Tireuit of o
simplo vacuum triode amplifier using resistance load is shown in
Tig. 11'3.  To analyse the behaviour of such an amplifier it is de-
sirablo to study it under two conditions : (1) No-signal condition :
In this case ¢, is zero and only voltage on the grid mde or the input
side of the tubo is the gnd bias voltage E.. Corresponding plate
current and plate voltage will also have only steady orde. com.
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This article deals with the performance of the amplifier under
zero-signal condition or guiescent condition. Fig. 11'4 shows the
4= Ib circuit nr'mngemen.t

T and the assigned posi-
tive directions of diff-

! erent  voltages and
r3

currents under such a

= zero-signal  condition.

°T %% Dots %gndicate the as-

- signed positive direc-

eC-lEC tions o%) the voltages

) I[‘*‘ 4 T l{* . whereas arrow heads

T Y indicate the assigned

positive directions of

le Ecc— ! £ ‘Ji the currents. Thus in

I ’ bb circuit of Fig, 11'4, E,,

Fig. 11'4. Circuit diagram showing is negative and since

zero-signal operation of a no signal is applied,
vacuum triode amplifier. e;=E,=E,,, .

This eircuit consists of the amplifier tube and the associated
circuit. In the analysis of this amplifier, therefore, characteristics
of the tube as well as the associated circuit must be considered.

To analyse the operation under no signal condition; we apply
Kirchhoff’s voltage law to the plate circuit i.e., circuit consisting of

. plate, cathode, plate supply battery and load resistance R . We
¢ogeb:

cb+ib . RL :::Ebb vee (11'1)
. Ep—e
or 1,,::——97{-11—"— . (11°2)

Again the plate current /, at any instant is a function of in-
stantaneous values of total plate voltage e, and total grid voltage
¢.. This may be put mathematically as

h=f (e, &) .. (11°8)
or Iy=f (E¢, €,) o (11°4)

Since grid voltage is constant at value E,, in this case. Equat-
ing the expression (11'2) and (11'4), we get : * -

E,,—
J(Bes, ) =002

- e (11°5)

It is required to find the values of i, and e, that satisfy the
equations {11-2) and (11'4) simultaneously i.e., satil.'sfy the qution
(11'5). A graphical solution may be abtained by drawing curves
for equations (11'2) and (11'4) and finding the point of intersection
This is shown in Fig, 115 on the next page. .
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The curve corresponding to equation (11'4) is nothing tmt
the static plate characteristic curve of the tube for e=L, 8s

3 -
ha €0 gt
R N ’s;géck%fgucm/snc
¥ .
-—T‘—e i iR :zé’if’r%“"”% ‘E“'
v R, — N iyz flEce 6 )
‘bb"b"lj oo "
:
426 ;
_.’r. —Lﬁﬂ 7~ (Powriort;:jzzz/aﬂ)
A H INE REPRESENTIG
N 1 : iy EQUATION 06y e,

-————Eb——+-lb Rt~ L

]

g 11-5. No signal operating condition of a triode amplifier
with resistive load

shown in Fig 11'5. The curve corresponding to Eq (11'2) is &
straight line which cuts the current and voltage axes at points A
and B pashownin Fig, 115 Tho coordinates of theso points A
and B may bo obtamned by putting e,=0 and /,=0 in equation
(11°2). Thus tho coordinates of these points A4 and B are respec-

tisely {0, ﬁ‘b‘ }and (£, 0. This s joining tho points A

and B ia ealled the “load line” or “resstance hine” and the reci-
procal of the slope of this line equals the load resistance Ry .

The two curves intersect at the pomnt P which is called the
“'point of operation”. This point P satisfies both the equations
(11°2) and (11'4) simultancously. The ordinate of this point P then
gives the no-signal plate current Jy for grid bias of E.., plate supply
voltage Ey and Joad resistanco Ry . The abscissa of point P gives
the no-signal plate voltage E,. These no-signal plate current and
plate voltage are indicated by capitalletters I and E respectively
followed by subscript b pertamingto plate It may be noted that
no signal plate voltage £y 1s less than the plate supply Ey by an
amount equal to the d.c. voltage drop /. Rr across the load resis.
tor Ry . On the grid side, E,. being negative no grid current flows
and further since thero is no resistor 1n the grid cirenit, grid vol.
tago E. under no-signal condition is the samo as the grid bias vel-
tage £,..

If the load resistance Ry is changed to some new value R’
the load line will still pass through thepoint £ * =+ ™ °
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) ‘or down so as to intersect the current axis at point Ew/R;. On

B i i i hifts along
N hand if the grid voltage E., changes, point Ps
S ?1112 o}téx;g 131116 lllp or gdown dependir:g upon whether the value of

* the plate current and plate voltage,

. plate current J, plus the

© the no-signal plate volta

E.; is made less or more negative, The point of operation may

. be found by noting the point of intersection of load line and the

i aracteristic curve for this now value of bias. For instance
isxiatll?ig.c lﬁlz?.}tpoint P, is the point of operation for zero grid bias.
Finally keeping Rz and E,, unaltered, let the plate supply vol-
tago be changed. Then the load line gets shifted horizontally
by the same amount. The operating point P then shifts along the
plate characteristic curve for the given grid bias, Point P moves up
the plate characteristic for an increase in the value of plate supply
voltage Ep, and vice versa.

Working of vacuum-tube amplifier with small ac. grid
signal. Referring now to the circuit of Fig. 11'3, a sma,ll‘ aml?h-
tude a.c. signal is applied between grid and cathode in series with

the grid bias. Voltages E,; and E,,, ond load resistance Ry are so

chosen that the operating point lies over the linear region of the

- characteristics. Linear amplification is then obtained provided that

gipnal voltage has so small an amplitude that operation is con-

" fined essentially to linear region of characteristic curves. Amplified
.. output voltage then appears across the load resistor Rz, . We here

take up a graphical study of the relation between the grid-signal
voltage and the amplified output voltage.

Let signal voltage be sinusoidal. The total grid to cathode
voltage e, consists of two parts (i) constant grid bias voltage

- Ee (=E.) and (ii) a.c. signal voltage of instantaneous value ey, as

glven by the relation
. , S e =E.+te, SN § § Y )
- Usually it is so arranged that the maximum value of e,y is

- small compared with the bias voltage E.. Hence this grid signal

voltage e, may be considered as a slow variation of E,. This
change ¢, in the grid voltage results in corresponding increments in
indjeated respectively by i,
plate current i, equals the no-signal
incremental or a.c. plate current i,.

and ¢;. The fotal instantaneous

Thus,

' A A e (11°7)

Similarly total instantaneous plate voltage e, is the sum of

ge E; and incremental or a.c, plate voltage

€,. Thus
ey=Eyt-e, ... {11'8)
- Instantaneous

grid signal voltage e, may be for a sinusoidal
form, expressed as:

ep=E, . sin wf .. Q19
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where @ is the angular frequency =2z, f being the signal frequeney in
cycles per sccond, and E,,, being tho amplitude of the grid signal. - |

[bb —wt

€y -Epy ST wt

Fig, 116  Operation of an amplifier with sinusordal gnid
s1gnal and resistive load

Fig. 11°Gllustrates graphically tho operation of the ampli-
fier with sinusodal grid signal. P 1s the pont of operation with
zero grid signal and with steady state grid bias of £,==E,. The
ordinate of this point P gives the steady (or d.c.) plate current
J, and tho abscissa gives the d.c. plato voltage E;. On apphca-
tion of sinusoidal grid signal of maximum valuo E,,,, the total grid .
voltago e, varies between tho hmits E, and £, as shown in
Fig. 11'6. As tho a e, grid voltage e, exccutes the positive half
eycle, the point of operation P moves towards the point £y, with
the result that tho total plate current 7, becomes larger and at
the samo time the plato voltage { bocomes smaller. The completo
cycle of operation is shown in Fiz 11°6 It 1s to be noted that the
plate current cyele is in phaso with the grid voltage cycle whereas
the plate voltage cycle 13 180 degrees out of phase. Hence the a.c.
components of late current and plate voltage may be written as :

Iy=1lpm sin wt e (11°10)

and ¢y=Eyp. sin (01+180°) L
= Epm. 8 @ - (11°11)
Such phaso relations oxist for a resistive load. For a load
ped which ia not pletcly resistive, the a.c. plate curren'
willno longer be in phase with the grid voltars and henco thi

incremental or a.c. plate voltage ¢, will not b 1y 180 degree:
out of phase with the a.c. grid voltage. il
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Theso a0, or inocromontal (mrront'mul voltugon m'\'ublo s {l,.o
dotermino tho amplification property of tho umphhgr. Sinco lm(lp 11-
ficnbion or voltage gnin is nothing It the ratio of nr.c: ou ,pnl,
voltago to n.c. input voltage. Tig. 117 shows the waveforms ’]m(,(
phago relations of a.c. gricd vollago, n.c. plate ourrent and 4,0, It,) nbo
vollago. Theso a.e. or ineromontal quantitios are the varietions
ahout the zoro signal or quicscont valuos,

n 217 17
o I m—
; /%C/\ SN
e | . "
L

1 }b \ (LI/ N et

[T
§ o b ) 0 ,
9 i 2n 3rr
=
%
0/’ | i t ‘ /
1 Eb b \/
0 o , .
] 21 a —wd

Fig. 11'7.  Waveforms of a.c. grid sipnal, n.c, plate
voltage und w.c. plate current,

Tt has boon agsumed that the point. P moves nlong tho lond
lino and in so doing it comes norosy portions of tho static eharactor-
intio curves which are linoar, parallel and oquidistant for oqual in-
cromonts of tho grid bing,  This condition is nocossnry in - ordor that
tho wavoform of n,0. plato voltago in an oxnot bhut onlnrged ropro-
duetion of grid signal voltage. Tho throo cooflicients of tho {ube
namoly &, g, and r, aro constant only if tho ahove conditions nre
sndinfiod,  Tlowover, thoso conditions aro novor fully satisfied ovon
over the small rogion of oporation and henco the coofficionts aro not
ahrolutoly constant,  As nrogult of this, tho output voltago wavo-
form is not an oxaot roproduction of tho grid signal wavoeform,
Doviations from thoso idoal conditions are, howovor, usually smudl
and honeo thoe distortion in tho roproduced wavoeform is small,

Dynamic Transfer Chnencteristic.  In Fig, 11°5, lond lino cuts
tho ntatio plato charnotoristios for difforont valuos of grid voltago ¢,
in points which give the plato ourront for difloront values of grid
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B T T B LY .-
. ) PRI [ . e, ot
noted that it differs from the mutual characteristic which is a static
b ristio Le., a ch istic pertaining to the tube alone, This
dynamic characteristic, on the other hand, is a characteristic of the
tube as well as the associated cireuit and it enables us to obtain
directly the output current fora gx‘ven‘x'nputfigmL In Fig. 1I'8,
L - = -2 .'l-\..-I'- A BEruin ') B DRI .

exhibits marked non.lincarity particularly for small values of plato
current, the dynamic characteristic may be essentially linear if along
tho load line tho plate characterishies are essentially equidistant
for equal increments of grid voltage.

DYNAMIC
CHARACTERISTIC

\ 2
) ; (z' s”
exck [i4 —wt
P \/
t—0
[ & ———
'
2
3
4
1 5
€

Fig. 11’8 Dyramic charactenstic and its use for finding
the output current waveform for a given input signal waveshape.

Example 1. 4 triode amplifier uses resistance load. Keeping plate
supply voltage constant, if the grid bias is changed from —4 1o —
volts, the no-signal plate current reduces from 5 to 3 milliamperes and
no-signal plate voltage increases from 80 to J00 solts, Find the values
of load resistance and plate supply voltage.

Solation : Ey=En~i,.Re
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Substituting the values :
80=E;—(5X10-%) . Ry . (1)
and 100=Ep—(3%x10-%) . Ry, ° e (2)
From (1) and (2) eliminating Epp,
. 80--(5%10-%) . R, =100+ (3 X107 . Ry,
" or Ry, X (2%107%)=20.
: 20
- 2x10-®
From (1) substituting the value of Rp we get,
Eyp=80-+(5%107%) . 10¢=130 volts,

Example 2. In a triode amplifier with a grid bias of —4 volts,
no-signal plate current and plate voltage are 7 mA and 150 volts res-
pectively. Now if grid bias is changed to —7 volts, corresponding

. .values of no-signal plate current and plate voltage are 4 m4 and 210
- "volts respectively. Find the load resistance and plate supply voltage.
+* «If u of the tube in the region of operation is 20, by what amount should

the plate supply voltage be increased to bring the no-signal plate
” current I back to 7 mA4?

Hence Ry, =10,000 ohms.

Solution. In the figure below let Py and P, bhe the points 'of

€.=-av

P

bb D Epy

‘
-—
()]
s
o
X}

- operation for grid bias of —4 volts and —7 volts respectively with
a plate supply voltage of Ey;.

Then Ey=Ew—Iy . Ry,
Eyy=Ep—1Iy . Ry,
Substituting the values :
150=Ep—(7x10%) . R, e (1)

and 210=Ebb—'(4x 10—3) . RL ves (2) )
Eliminating Ey, from (1) and (2), we get
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(210—150) = (7—4) X 10~3 X Ry,

Heneo

60 volts

R IR0 amp,

==20,000 ohms,

Substituting the value of Ry, in {1) wo get,

Epy—

But
Henco
Example 3.

the cxprc:szon

E,,=150 +7%10-3%x 20 X 10°=290 volts,
. [ N e “of

. . - Lol
¢ R .

L= AE~OEy
AE=-3 volts,

p= —AL l, constant,

- (é_ih) or AEy=AEpn=3X20=60 volts.

The plate charactenistics of a triede are giren by .

1,=8%107% (ey+ 13e.)' ¢ amperes.

It is required to be operated at a plate voliage Ey of 200 volts and a

grid bias E, of —8 volts. (a) Calculate the dynanic plate resistance of

the tube at the [mmt of operation. (b) If the tube is 10 use a load
1 il ’

of 11

the plate supply voltage necessary

to get the specified upcratmg Ppoint.

Solution ;

fy=8x10-%c,+15¢,)""¢

At the operating point, ¢, =E,, =—8 volts, so that

Iy=8 X 10~%(e,—120)* * - (1)

Differentiating (1) with respect to e, we get

dy _ -6 3¢ 1° — 9-8
&;—sx}o %16 (e,—120)

At tho operating point e,=200 volts,

Henco

Dymnamio plate resistanco

%'5'=12'8x 1075 (200-120)° *=128 10-4x 162
1]

M= —p= S =5635 ohms.

At the specified points, plate current is given by

L=8x10"° (200—15x 8)**
=8X 107 X80V =874 X103 gromaraa
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Plate supply voltage is given by \
Eyy=E,+I,.R;, =200+8874x1073X12x 10°
=200+1.6'5-=306"5 volts.

Classification of amplifiers. Amplifiers may be classified in
accordance with one of the following ways :—

I. In accordance with the type of lead. _Accord'n}g to this
method of classification amplifiers may be classified as (i) Untuned
amplifiers and (i) Tuned amplifiers. :

Untuned amplifiers may further be put into two op,tegories
(@) Audio frequency amplifiers and (b) video frequency amplifiers.

Audio frequency amplifiers, are used for amplifying a.c. signals
having frequencies in the audio frequency range ie., upto about
15 kefs. This is the frequency range in which signals are generated
when we speak or when any sound instrument is played. Such
amplifiers are, therefore, in general used for amplifying the output of
a microphone responding to the sound signal.

Video frequency awplifiers. These are the amplifiers used for
" amplifying clectrical signals extending in frequency upto a few Meo/s
such as produced for transmission of vision or picture. For transmit-
ting a picture, as required in Television, the pieture or vision is
dissected into a number of small elements and electrical signals
generated corresponding to the light value of each element and then
transmitted in proper sequence. A video amplifier used for amplifying
sich a vision signal must amplify all the frequency components
equally.

Tuned amplifiers or Radio Frequency amplifiers. These are the
amplifiers used for amplifying an electrical signal containing either a
single radio frequency or narrow band of radio frequencies. By
radio frequency we mean a frequency greater than 3¢ kefs. Such
Radio Frequency {abbreviated as R.F.) amplifiers invariably use a
tuned cirenit as the load and hence radio frequency awmplifiers are
often referred to as tuned amplifiers, This method of classification

may thus be considered to be one based on the frequencies of signals
to be amplified.

. IL. Classification of amplifiers on the basis of the period of
conduction of amplifier tube. According to this method of classi-
fication, all amplifiers may be classified as 4, AB, B or C amplifiers,

(@) Class A amplifier is one in which the grid bias and the

a.c. grid voltage are so adjusted that the plate current flows for the
complete a.c. cycle.

A subscript 1 is added to letter or letters of the class identifica-
tion to indicate that the grid current does not flow during any part
of the input cycle. Thus class 4, amplifier is one in which the grid
bias and a.c. grid signal amplitude are so adjusted that the plate
current flows for the entire a.c. cycle while the grid current does not
flow at any time. Such a condition is illustrated in Trig, 11-9.
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A subscript 2 ia added to indicate that the grid cureent does
flow during some part of the input ac. eycle. Thus in a class 4,

DYNAMIC
TRANSFER
rMRA CTERISTIC

Fig. 119 Input voltage and output current waveforms
n 2 class Ay amphifier.

amplifier plate current flows throughout the a ¢, cycle while at the
same time prid eurrent aleo flows during <ome part of the a.c. cyele.

OYHAMIC TRANSFER
CHARACTERISTIC

Fig. 11°10. Input voltage and output current waveforms
n aclass Ay amphl'tr

Tho aperating ditions for Ay indicated in Fig. 11'10.

During the shaded portion nf tho npphcd input =emal  tntal
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.- Yoltage cyclo, total instantancous gri
- hence grid current flows for that period,

instantaneous grid voltage is positive and henco grid current flows.

" (b) Class AB ampfilier is one in which the grid bias and a.c.
grid voltages are so adjusted that the plate current flows for
appreciably greater than half but less'than the entire cyclo.

. This type of amplifior may further be classified as 4B, and AB,
amplifiers depending upon whother the grid current, does or does not
flow for some period of the a.e. cycle. Ifig. 11°11 shows the input
grid voltage and output plate current waveforms in o class 4B,
amplifier. During the shaded part of the negative half cycle of the
applied a.c. voltage, the total instantancous grid voltage e, hecomes
more negativo than the cutoff voltage and hence plate current does
not flow during this interval. During the positive half cycle of the
applied a.c, voltage, the total instantancous grid voltage e, never
hecomes positivo, and henee grid never flows, The plate current
obviously flows for a period appreciably greater than half but less
than the entire cycle. The shaded and dotted portion of the plate

current a.c, waveform is removed. Obviously then the operation is
class 4B,, ‘

DYNAMIC
TRANSFER
CHARACTERISTIC

________

fcutof{”

~ Fig. 1111,

Input voltage and output current waveforms
in class AB; amplifier.

Fig. 11'12 shows the waveforms of inpub i ‘

' i t grid volt ; -
put plate current in a class AB, ampliﬁc?r. %[t diffcl}:sggrgillld 2112)
operation only in the fact that during & portion of the applied a.c1

d voltage becomes positive and.
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{¢) Class B zoplifier is ene in whish th eg"r! Biae fe edizetad
to be almmoet cqusl to cate volage so that the plate exment is zro

S

fatel],
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Fig. 1112.  Waveforms of gnid mmgc and output plate current
0 a class A Br amplifier.

with *no-grid signal and on application of a ¢ grid signal, plate cur-
rent flows for half the a.c. eycle.

PERIOD OF
NONCONDUCTION

Fig. 11113, Input mml wvoltage and ontput cusrent waveforms
n & class By amphiier.
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A class B amplifier may further be classified as B; and B,
depending upon whether grid ocurrent does not or does flow for a
portion of the applied signal cycle. Fig. 11°18 shows the waveforms
of input grid voltage and output plate current in a class B, amplifier
for sinusoidal input. Obviously the plate current flows for half the
a.c. cycle. Further the grid bias and grid signal amplitude are so
adjusted that the total instantaneous grid voltage never becomes
positive and hence grid current never flows.

Fig. 11'14 shows the waveforms of grid voltage and output
plate current in a class B, amplifier for sinusoidal signal. The opera-
tion is similar to that for class B, amplifier except that the grid
signal amplitude is so adjusted that the total instantaneous grid
voltage becomes positive for a part of the a.c. eycle and hence grid -
current does flow during that interval. The plate current in this
case also flows for half the a.c. cycle.

PLATE
CURRENT

e~ —wt

PERIOD OF
NONCONDUCTION

(P

N\«-PERIOD OF GRID
> | CURRENT FLOW

|

GRID SIGNAL €y ’éj”’ sin wt
' !

Yo

Fig. 11'14.  Waveforms of input grid volta
( ge and out,
current in a class B, amplifier. put plate

tﬁ
(d) Class C amplifier is one in which the grid bias i
L id bias is suffi-
ciently greater than the cutoff voltage with the resgglt that t!lxi p}:g:ie
current is zevo for no-signal condition and on application of grid

signal, plate current flows for a period appreciabl
of a.c. cyele as shown in Tig, 11‘%5. ppreciably less than one-half

Effect of grid current flow. In th
anxglitﬁers,(h subscript 2 is suffixed to the cl s ot
or C' to indieate that grid current flows for a

> | part of the a.c.
ﬁyn . grl&i‘l .currexafl flow We mean an appreciable conduction gn(?;ﬂ:-
ot uis qualification is necessary to exclude firstly displacement
grid current which always flows except at very low frequencies and

: - classification of
ass identification 4, AB, B
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sccondly very minute grid current which may flow even when the grid
voltagn is alightly negative with reepect to the eathode. Thus appre-

D OF PLATE
H ngpuk[ﬂ7 FIow
: VT gaip SIGNAL

SIG.
ll i ! Equetgn 5T ot

Fig 1115 Waveforms of input gid voltage and
output plate current 1n a class C amplifier,

cinblo grid current flows only when grid becomes poative with reapect
to the cathode and this grid current 1s generally avouded for the
following reacons —
et " 1ge drop across any element
ze actually applied to the
ccome pruminent even at
es unpedance 15 very large.
voltage, flowing through
a Iarge inpedance may produce conuderable voltape drop. This
effect s of eigmificance in audio frequency amplifiers and repeaters
particularly thoso using small electron tubes,

(i) Since total emiswion current from cathode conaists of plate
and prid currcnte, the presence of grid current reduces the plate
current to a value below the emussion current This «ffect of phte
current reduction hecomes mmportant in high power oxcillators and
amplifiers,

(iii) Grid current may cauce overheating to the grid and in
extremo cases may even damage the tube.
111, Classification of amplifiers depending on the number of
T e . P . : s s
' . and
. . . mpli.
fier.  Such an amphficr i rnitable when small amplification is suffi.
cient. A ecaccade amplfier, on the other hand, eonsists of many
amplifiers connected in ruch a way that the outpnt of one amplficr
is fed to the input of the next. Each amplifier is then ref= to
asnstape of the overll cascade amplifier. Ovem
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where Ay, Aee, and /e, are the increments of plate current, grid
voltage and plate voltage respectively. :

This equation (1113) states that when a small change Ae, is
introduced in the grid voltage, this itself changes the plate current by

. an amount —%’el N\, which is multiplication of the grid voltage
-

iy

dee

grid voltage assuming all other quantities to be constant. But

simultaneously this increment /\e, in the grid voltage causes an in-

crement /\e, in the plate voltage. This increment e, in if,s turn

ol
e, ANey

increment Ae, with , the rate of change of plate current with

causes a further change in the plate current amounting to

which is the multiplication of the increment Ae, with %%—- , the
Y

rate of change of plate current with plate voltage, keeping all other

quantities constant.

If the increment Ae, in the grid voltage is sinusoidal, it may be
replaced by e€,.=E,p, .5in of. Since the operation is linear class 4,, the
corresponding increments in plate voltage and plate current namely
Aey and A, may also be ?eplaced by the a.c. components e, and i,
respectively. Turther %—léb— , the rate of change of plate current

T, . . °
oewith grid voltage keeping the plate voltage constant, is nothing but
«» cocfficient mutual conductance gn, of the tube. Similarly

iy . . 1
5-"’* is nofhing but ;—~0f the tube at the point of operation.

GCy P
The equation (11'13) may then be written as :
. e
Iy = Em.ort r: e (11714)
or €p = — Zu.Ip€or + 10y
or €p = — ey tinly ... (11°15)

Current i), as given by equation (11°14) is the same as obtained
from o constant current signal generator of current gn.eq. with a
source resistance of 7, in shunt with the generator. He:.ceﬂkthe tub;
itsclf may bo represented by a constant-current generator as indicated
in Tig. 1117 {a). The positive direction of ey, e,, and i, are 1
given in the figure. Current flowing upward th’;ouﬂh r Jis —ea} it
negabive sign appearing because of positive, assigned gire:’oion ozf)' gm
e

Because of no grid current flow i i
g ow, the input circuit is shown dj -
ted from the a.c. current-generator, P i disconneo

Output voltage e, as gi i

t: s given by Eq. (11°15) is, on the oth.
the sam& as obtained from a constant-voltage ge’nerator of efrgi:? df;
R.Lor: With & souree resistance of r, as shown in Fig, 1117 (b) W‘igh
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where Ady, Aec, and /e, are the increments of plate current, grid
voltage and plate voltage respectively.

This equation (11'13) states that when a small change Negis
introduced in the grid voltage, this iteelf changes the plate current by

an amount %’é’ . A\e, which is multiplication of the grid voltage
¢

increment Ae. with %’3 , the rate of change of plate current with
14

grid voltage assuming all other quantities to be constant. But

simultaneously this increment Ae, in the grid voltage causes an in-

crement /\e, in the plate voltage. This inerement Ae, in its turn

alb
ve, " FAYS

causes a further change in the plate current amounting to

which is the multiplication of the increment /e, with the

Iy
oe
rate of change of plate current with plate voltage, keeping all other
quantities constant.

If the increment /\e, in the grid voltage is sinusoidal, it may be
replaced by e,=FE,,, .sin ¢, Since the operation is linear class 4y, the
corresponding inerements in plate voltage and plate current namely
e, and A, may also be }'eplaced by the a.c. components e, and 7,

respectively.  Further —gg’ , the rate of change of plate current

c
‘.. with grid voltage keeping the plate voltage constant, is nothing but

ithe coefficient mutual conductance g,, of the tube. Similarly
1/ . 1 .
e is nothing but = of the tube at the point of operation.

b

The equation (11°13) may then be written as :

. e
iy = gp.Copt—2- 14}
z m-Cgk 'p (11 14)
or €p = — BudpCr + iz).r-» -
or €y = — P.Co Finr, - (11'15)

Current #;, as given by equation (11°14) is the same as obtained
from a constant current signal generator of current g,.ey with a
source resistance of 7, in shunt with the generator. Hence the tubo
itself may be represented by a constant-current generator as indicated
in Flg..ll'l'i (a). The positive direction of e,, e, and 7, are also
given in the figure. Current flowing upward through r. is —e fr.
negative sign appearing because of positive assigned diregtion ojf,' e:f

Because of no grid current flow i ircuit i
5 w, the input circuit is shown di
isconnee-
ted from the a.c. eurrent-generator. *

Output voltage e, as gi 15) 1

tage ¢, as given by Eq. (11'15) is, on the other hand
the same as obtained from a constant-voltage generator of vo’ttagc;
g With o source resistance of r, as shown in Fig. 11’17 (b). VVith



VACUUM TUBE AMPLIFIXR PRINOIPLES 37

the assigned positive directions of valtages p.e,e and e, aml current
iy, Eq. (11115) is fully satisfied,

p P \
¥ V9 g o6&
€9k )
o i }

e |
TUBE ACTING 45 ____ 1
TCORRENT GENERATOR 104D

(a) Amplifies tube as a copstant current geperator.

TJUBE ACTING AS
AVOLTAGE SOURCE |

(6) Amplificr tube asa constant voltage generator,
Fig. 1117, AC. equivalent form of an amplifier tube.

The n.0. cquivalent cirourts for clectron tubes as given in
Fig. 11°17 are vald only of the interelectrode capacitances in the
tubo are negligible. At high frequencies the effect of these capadi-
tances become quite dominant and then the a.c. equivalent circuits
raust bs modified. Further the load hne s a straight lino only for
resistive load.  If the load is complex the path of operation i3 an
ellipso. This elfipse must lie over the regron of static characteristics
which are linear, parallel and equidistant for increments of the
parameter, if linear amplification 13 to be obtained.

ValMtage gaia of a siogle stage untuned linear A, amplifier.
Fig. 11°18 shows the basic ewrcutb of a single atage untuned Jinear Ay
amplfier using load jmpedance Zy, which, m general, is complex.

"Fo find the voltage amplification or voltage gain of the ampli-
fier of Fig, 11°18, we ficst draw the a¢. equivalent crcult of this
amplifier by (/) replacmg the tube itsclf by either the cquivalent
current g or voltage g i) efiminating all Q.e. voltags
and, cugrent sources and (i) considering oply the a.e. of ineremental
values of corrents and voltages, Fig. 1119 shows the n.e. eanivalent
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cireuit of the amplifier of Fig. 11'18 using voltage generator form
. for the tube.

Fig. 11°19, A.C. equivalent citcuit of amplifier of Fig. 11-18.

Let the grid signal voltage applied to the amplifier be sinu-
soidal and given by the equation :

egr=1/2.E,.. sin ot <. (11°16)

where €, is the instantancous value and E,; is the r.m.s, or effective
- value of the sinusoidal signal voltage of angular {frequency w
‘radians/sce. Then if the amplifier is linear, all other voltages and
currents will also be sinusoidal and of the same frequency. In that
cage, instead of using the instantaneous values, such as e, €;, €z,
iy ete., we may use the corresponding effective or rm.s. values
Ey, E,, Ey, , 1, etc. With this modification, we may say that the
grid signal is of r.m.s. value E,;. and the equivalent voltage genera-
tor generates a voltage uEy;. and has a series resistance r, as shown
in Fig. 11'19. The total impedance in the plate cirenit is then
“Tp+2Zy so that effective value of a.c. plate current is given by :

- . — ___lf_l‘_:gk__ .
. : L= rot 71 - (117

. - This current I, flowing through the load impedance Zj,
produces the outpub voltage E,. Obviously E,is the same as the
r.m.s. plate voltage E,. K, is given by :

Ey=—T1,.Zy, v (11°18).
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Substituting the value of I, from Eq. (11'17) inte Eq. (11:18),

we get :
Eo=—p Eop ~ 2% _ o (1119} -
° Ttz i

Complex voltage amplification (or gain), of an amplifier is
defined as the ratio of the complex value of the output voltage to
the complex value of the input voltage. Thus from Eq. (11°19),

s oA _Eo Zr 11°20

Complex voltage gain A= ol s ( )

This ecomplex voltage gain, often abbreviated simply as vol-
tage gain, may be put as,

A=A/L0 .. (112D

where A is the magnitude of complex voltago gain A ie.,
simply the ratio of the amplitudes or r.m.s. values of the output
voltage and input signal voltage, and ¢ is the phase angle of the
complex voltage gain,

Astudy of Eq. (1120) roveals that this phaso angle § has
two components (i) constant 180° phase shift corresponding to the
minus sign in Eq. {11'20) and (#) additional phase nngl_e due to
the complex nature of load impedance Zy. Thusif Zpis purely
resistive, this additional phase angle 15 zero

Jored :

Three types of load imped Zg will be
CASE (I) : Zy is a complex inductive impedance.

The a.c, equivalent cirenit is given in Fig. 11-20.

£gk
ot

Fig. 11°20. A C, equivalent circust of a single stage amplifier
using complex inductive [oad

Then Zg =Ry +j Xy, we (11:22)

where Xz = wy e (11°23)
= 1 Eg o
Henco I,= ey e (15 24_) .

E,
magnitude I,= V(T’glﬁ;’*v . {11°23)
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and phase angle « of plate current is given by :

= —tan™!

N . {11°26)
rp+RL
Further plate voltags E,=output voltage Eq= ~I,Zy
Zr
L

R $/ -+ jm I
(rptrr ) Hjor
The magnitude of the output voltage is given by :
T
V(ro Ry Pt olL?
and phase angle ¢=180°+-4-o

=—pE,. . (11‘27)

E,=pE,. ... {11°28)

wl
whers p=phase angle of load=tan™! R, (11-29)

: and a=phase angle of plate current
ol
rp+RL
Hence phase angle of output voltage may be written as :

I,= —tan~!

—180°+tant UL a1 — %L 130
9=180°+-tan y tan oy (11-30)

. E Zy.

Complex voltage gain A= E:; = ‘,‘:_!jjz";
R o7 ) 2 1181
= TR F R oL w (18

Magnitude of voltage is given by :
A=p YR FLF
N (r,4-Rp P Fo?L?
and phase angle ¢ of the complex voltage gain is given by :

—1R0° —180° -1.-°’£._ 1 oL .
9==180°+}f+a=180°+tan R, tan TER (11-33)

Lo (11°32)

This is the same as the phase angle of the output voltage Ej.

The veetor diagram or phasor diagram for sinusoidally varying
quantities in the amplifier of Fig. 11'20 for complex inductive
load is shown in Fig. 11°'21. The input grid voltage Ey. is used
as the reference vector. Since Z; is inductive, a.c. plate current
I, lags behind the driving voltage wE,. The phase angle of
I, with respect to ¢ E, is given by Eq. (11'26). The
voltage drop K, (R +r;) across the series resistances (r,-+Ry )

- s in phase with I, while the voltage drop j¥,.Xy across indue-
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tance L leads I, by 90°. These two components namely I, (Ry +7,)
and 4X, . Xz added vectorially equal to the total driving voltage
pE;: as shown in phasor diagram of Fig. 11°21. The components
I,.Ry, and jY,.Xzy added vectorially constitute the voltage drop
I, Z; across the load impedance as shown in the phasor diagram.
e AR * 77 an angle ¢ as given by Eqn.
1ge with respect to referemce
. in phasor diagram The a.c.
output voltage, however, is equal to —I,.Zz and it is shown as a
westoeee Vot e 0t T 7 The phase angle @ of this out-
i 1 (11'27). The phase angle of
N ' A she same as that of the out-

“put voltage Fy. .

P&

IpUptRL)

Fig. 11°21, Vector diagram or phasor diagram for sinusoidally
vaiying a.c components 1n 2 single stage amplifier
using inductive load

CASE I : Pure resistance load

In this case, Z, =Ry, +,.0 v (11°34)
— B EvL B
and I,= +¥R: . (11:35)

1, is In phase with ¢t E,y.
Re

Hence Ey=«I,.R; =~ pE,. IR v {11°36)
n A= <Fo_ R gy
and voltago gain A= B = WS RE .. {11-37)

The phase angle of output voltage E, and also that of the
voltage gain A is o fixed quantity 180° Thus we conclude that if we
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i 1pli ircuit, the phase
11 reactive components fx:om -amphﬁer circuit, I
gﬁffl: ggoitliuced by one stage of amplifier is always 180° irrespective of
- frequency.

" CASE Il : Zj, a pure inductance

In this case Zy =0+j X1 =0+j.oL ... (11-38)
R v oo (11°39)
and I= el (

Phase angle « of I, is given by,

a= —tan~?

oo (11°40)

rp

and magnitude of I, is given by

I.’D= —y Eak

_— ¢ B o (11°41)
v ’-?2+ msz
The output voltage E, is given by
b Eajol  —eBa149)
Eo= _Ip . ZL = - rp+ij "'1+ __fﬂm ( )
Jol
oot B lorge a1 2L g4y
T VI (L) )
i.e., the magnitude is &_—__, and the phase angle is
s
[ 1+ 52
y oL
270°—~tan™ -, .
?
Voltage gain A= E, = —Wjor o (11°44)
E,;. rytjor
=t 1270°—tan— %L

ZA 2 (1145
'\/ 1+ (mL ( 5
Trom Eq. 11'31 it may be seen that, for a given tube, as the

Y/ . . .
ratio -;£ 1s nereased by increasing the value of Z, » the magnitude
n

of the voltage gain of the amplifier increases. Fig. 11'22 shows the
" nature of the variation of magnitude A with ratio Z;, [r» for the

three cases of complex inductive load, pure inductance load and
pure resistance load, ’
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It may be seen from Fig, 1122 that for the same value of
produces greater voltage gain

ratio Zg fr,, pure inductive load

because the magnitude
of the denominator
in equetion (11'43) is
Vit LWl e, 1,
and @L are vectorially
added with a phase
difference of 80> where-
2s the magnitude of
the denominator in
Eq. (11'37) for pure
resistive load is simply
(rs-+R1) ie.,r, and
Rp are scalarly added.
Stated  alternatively,
to produce the same
voltage gain, the
impedance  of pure

afp—

Fig. 11'22.  Voltage of a single stage untuned
amplifier as a function of ratio —,—,‘ .
»

inductance load required is much smaller than the impedance of a
pure resistive load. Another advantage obtained by the use of pure
inductance load is that there is no d.c voltage drop in 1t and hence
to provide the same d.c plate voltage Ej, the requisite plate supply

pure resistance load.
and expensive and

Curves of Fig. 11-23 show the nature of variation of phase
angle of voltage gain with the ratio Zg [r, for pure resistive load,

pure inductance load
and for  complex-
inductive load. With
resistance load, the
phase angle has p

valuo  of
180° as seen from
Eq (11'37). With pure
inductive load, value
of phase angle ¢ is
270° for Zy /rp equal
to zero and then it

1270'
o 180"
]
o
g
R 90
:
1 2 3
Z /I,;_, —

Fig 112). Varjation of phase angle of voltage
gain with the ratio Zg /ry

reduces  approaching
the valuc of 180° for
larger values of Zy, {rp,
in accordance with
equation {11'44). For
complex inductive

Joad, the curve lies in-between the two curves or puro inductance
load and pure resistance load and it follows the Eq. (1133}
The value at Zp [rp equal to zero, depends upon 1
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of wL and Ry, and their relative variations.

Tt is of interest to know the variation of voltage gain with
frequency. Fig. 11°24 shows the nature of these curves in the cases
. . of pure resistance
load, pure inductance
___________________ load, and complex in-
————————— ductive load. For pure
resistance load, the vo-

A
=

Z=RHjL

g g Itage gain is indepen-

S ) dent of frequency and

YptRL \ =R its  magnitnde is

’S- Z= lw[_ N .RI, .

g . 1=/ . B gpgy 0 given
FREQUENCY ——> by Eq. (11'37). For

pure inductive load,

voltage gain increases
Fig. 1124, Variation of voltage gain with frequency with frequency in

in a single stage amplifier. accordance with Eq.

(11'45). For complex
inductive load, the voltage gain increases with frequency in accor-

dance with Eq. (11-32). Obviously the minimum value of voltage

e aae . I
gain in this case is p.—— “"5—and occurs at zero frequency.
) 1o+ R

Voltage gain of a single stage amplifier using pentode (or
tetrode). The dynamic plate resistance r; of 3 pentode or a tetrode
is very large, nusually of the order of a meg-ohm for receiving tubes.
Hence in Eq. (11'20) for voltage gain, Zy may be neglected compared
with r, so that the expression for voltage gain of a single stage
amplifier using pentode becomes :

2y
A=—p, »
or A=—g..Z; ... (11°45)

Thus with a pentode, the voltage gain may be increased
simply by increasing the load impedance.

Since plate resistance r, is very large for a pentode, it is
convenient to replace pentode by a constant current generator
generating a current gn.. E; with such a large shunt impedance ryp
that it may be omitted. This current generator when connected
to the load impedance Zjy, produces output voltage equal to
—&nEox Zy, and hence voltage gain o—g,.Zy. This expression is

the same as (11°45), obtained by using voltage generator equivalent
-circuit for the tube.

Example 4. A linear A, amplifier uses a vacuum triode having

amplification factor of 20 and dynamic plate resistance r, of 8000
ohms. The load in the plate circuit is a resistance of 12000 olwms.
‘Calculate.the voltage gain of the amplifier.
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Solution :  The gain of a triode amplifier is given by
Zy
A= —r g
Substituting values of p, 7, and 2y,
oo 20X12000 _
8000+12000
Example 5. A linear A, triode amplifier has a voltage gain of
—9 with a load resistance of 6 kilo-ohms and gain of — 12 with a load
resistance of 12 kilo-ohms. Caleulate the amplification factor and
plate resistance of the triode.
Solution :  For resistive load, voltage gain 13 given by :
__BRs -
A= Ry
Let Joad resistanco Rr and plate resistance r, be expressed in
kilo-ohms,

—~12.

#X0

Then —9—'<—YP+6 e {1}
pXI12
and —-1~=—r,+12 w (2)

Combining (1) and (2) we get
18(rp+6)=12(r;+12)

or B{ro-+6)==2(r,-+12)

r,~=24—18=6 kilo-ohms,

Hence
Substituting the value of 75 in (1), we get
_—pX6
—%=%+c
Hence p=l18.

Example 6. A4 linear A, amplifier uses a triode having amplifica-
tion p of 10 and plate resistance ry of 6000 ohms. The load in the
plate circuit consist of a resistance of 10,000 ohms 1n series with an
inductor of 1'5 henry. If the imput is a sinusoidal voltage of effective
value 2 volts and frequency 1000 ¢fs, find the amphtudes and phase
angles of alternating plate current, plate voltage and complex voltage
gain,

Solutien : Effective value of a.c. plate current is given by

1,= pEax . eEw
ro+Zr  (rp+Ri)-Fjwl
. #En
It magnitude I,=‘/—U;’—WTL—=
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Example 10, An amplifier on using a valve Vy having amplifi-
cation factor of 30 and plate resistance of 50 kilo-ohms has the same
gain as on using another valve V, having amplification factor of 15 and
plate resistance of 8 kilo-ohms. ~ Find the value of load resistance if
such a condition is to be obtained.

. e _B0XR;
Solution. 4= 50000+ Ry,
___IoxRs
Also A= — SG0LR;,
30 15

Hence ~g5600-F Ry, = §0004 K5,
or 2R;+16000 = R;4-50000
Hence Ry = 50000-—16000=234,000 ohms.

5 Example 11.  The characteristics of a vacuum friode are given
JY

3
iy=13 % 10-%{e,+- 16¢.]"

This value is used in an amplifier with an anode load of 5 kilp-
ohms. Find (a) the plate supply voltage to get the no-signal voliage
E, = 180 volts for a grid bias of —5 volts and (b) the voltage gain.

. . 2
Solution. I, == 13 X1075[¢,+16¢.]* eee (1)
For L, == 180 volts and E, = —5 volts,
3
I, = 13 X10 °[180—80}*amp.
13 X10°%x 1000 amp.
= 13 milliamyp.

I

Hence Ey=E,+1,.R;, = 180+ (18 X 10~3) X 5 X 10% volts
= 18065 = 245 volts

Ah oz o/ 1 |
do; = 18%10°°x3 x (e, +16e, )’ x({,’f’-ﬁ +1c)
b e
AL the point of operation ;== E,=180 volts and i
ec=Ec=—5 volts, so that

D 13x10%15 18 5 )E (e y.
S .,( 0-16x5 )° (Wei-;- 16)
But — diyX Ry, = de, and )

de,
de, = voltage gain A,
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and hence — RA— = 195X10-¢x10 X(A-!—-IG)
Ry = 5000 ohms,

50 that —A = 195 X10~8X10 X 5000 (44-16)
= 0975 (A+16)
__ 16x0075 _ ..
Henee A= 1575 79,

Interelectrode capacitances in a triode. Tig, 11°253 shows the
three interelectrode capacitances in a triode. Cj; denotes the capaci-
tance between grid and cathode,

C,, is the capacitance between PLATE

grid and plate, and C,: js the
capacitance between plate and
cathode. These interelectrode
capacitances are nsignificant at
low frequencies but they effect
the operation of the tube at
high frequencies. Although these
capacitances  are  distributed
throughout the length of the
electrodes and exist inside the
tube, for convemence, these CATHODE

are shown as lumped capacitances

oxternal to the tube and con- Fig. 11 25. Three inter electrode
nected between the electrode capacitances in a friode,
terminals.

Fig. 11'26 (@) gives schematic diagram of a triode amplifier
including the three inter-electrode capacitances. Fig. 1126 (b}
shows the n.c. equivalent circuit of this triode amplifier including the
three inter electrode capacitances.

A _J.P Ip p
'y~ &
‘p'[ K
{a) Schematic triode amplifier (b} A.c. equivalent circuit of the
with inter-electrode capacitances. triode amplifier.

Fig. 11°26, Schematic triode amplifier circuit and s5ts a.c, equivalent
cireuit constdering the three inter-electrode capacitances.

These inter-electrode capacitances have two effects on the per-
formanco of an amplifier using a triode : (7} modification of o
plex voltage gain A and (u) modification of input admltta.l
These two effects are considered below. .
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Example 10.  4u anmplifier on using a valve Vy having amplifi-
cation factor of 30 and plate resistance of 50 kilo-ohms has the samne
gain as on using another valve V, having amplification Sactor of 15 and
plate resistance of 8 kilo-ohms. Find the value of load resistance if
such a condition is to be obtained. :

_ __ _B80XRy
Solution. 4=— 50000+ R,
_ 15X R;,
Also 4= — Z000L R,
=4
Hence — 30 2

500004+ Rz = 8000-+R;,
or 2R;+16000 = Ryz+450000
Hence Ry = 50000—16000=234,000 ohms.
b Example 11.  The characteristics of a vacuum triode are given
y
I==13 % 10-%e,-+ 16ec]%
This value is used in an amplifier with an anode load of 5 kilo-

olms, Find (a) the plate supply voltage to get the no-signal voltage
E, = 180 volts for a grid bias of —5 volts and (b) the voltage gain.

3
Solution. iy = 13 X 1075[e,+16e.]* v (1)
For E, = 180 volts and E, =—5 volts,

I, = 13x10 6[180~801§amp.
= 13 X10°¢x 1000 amp.
= 13 milliamp.
Hence £, =E, +1,.Ry, = 180+(13 X 10-3) X5 X 103 volts

= 180--65 = 245 volts
Differentiating Eq. (1) with respect to e, we get
Ay 13x10-%8 x ¢ (e
- 3 \e,,-}—lﬁec)' x(?—; +16)
At the point of operation ¢,>=E,=180 volts and :
e.==E,=—5 volts, so that
diz, — l3>< 10_(; o= 3 de '
T x15(180 ~16 x5 ) (”{?Eb‘+ 16) :
But — diyX Ry, = de, and ‘
de,

do, = voltage gain A,
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and hence — 1?2 = 195 X10° X 10 X (A-+16)
Ry = 5000 ohms.

g0 that —A = 195X10-0X 1035000 (4+10)
== 0075 (A4-16)
16x0 075 .
Hence A=— 1975 70

Interelectrode capacitances in n triode. Fig. 11'25 shows tho
three intercleetrode capacitances 10 a triode, Cy donotes tho capaci-
tance between grid and cathode,

C,» is the capacitanco between PLATE

grid and plate, and Cy is the
capacitance betueen plete and
cathode. These jnterelectrode
capacitanees are ineignificant nt
Jow frequencies but they effect
the operation of the tubo at
high frequencies. Although these
capacitances  are  distributed
throughout the length of the
electrodes and exist inside the
tube, for convenience, thesc
are shown as Jumped capacitances

external to the tube and con- Fig 1125 Three inter-clectrode
nected between the electrode capacitances in a triode.
terminals,

Fig. 11'26 (@) gives schematic diagram of a triode amplifier
including the three inter-electrode capacitances. Fig. 1126 (5)
shows the a.c. equivalent circuit of this triode amphfier including the
three inter electrode capacitances

(@) Schematic triode amplifier. {5) A.c. cquivalent circurt of the
with inter-clectrode capacitances, tnode amphifier.

Fig. 11-26. Schematic teiode amplifier cicuit and 1ts a ¢. equivalent
circuit the three inter-clectrod i

These inter-electrode capacitances have two effects on the
- t-
;:;manrc“of an gmp/lixﬁerdus(mg a triode : (f) modification of cgzcn-
plex voltage gain A and (i1} modification of input i
These two effects are considerad belor. Pt admittance.
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PR Voltage gain of a triode amplifier censidering the ‘:'nfe.r-electro.dc
", capacitances. With reference to the a.c. cquivalent circuit of Fig. .
1126 (), the voltage gain of the ampiifier may be reac}ﬁy found by
application of Millman Theorem between points P and K. Four shunt
branches then existing are :

(i) load impedance with zero potential (i) capacitance Cpx with
zero potential (iii) potential — g, in serins with rp, and (iv) potential
E.» in series with capacitance C,,. Capacitance C,y. does not appear
cince it is across the source potential E. Application of Millman
Theorem then yields

— 0B Yyt Ee Yoy 11°46
B = WV Yot Ve - (A148)
where Y, = -;— is admittance of load impedance Z,
4

Y, = joC,y, is admittance of Cpr

. 1 . .
- ¥, = - js ndmittance of 1,
N ]'

- B .
. ‘and Y,p = joC,, is admittance of Cyp.
. Hence complex voltage gain is given by
. A=-Xo Yoty (11°47)

En” VYt ¥ ¥, 7
JuCop—gm
1 . 1 .
*Z‘l"“i- JoCor+ *;,;“"l‘ JoCy,
It may be noted that if C,p and Cpy. are neglected, Bq. {11°48)

- reduces to Bq. (11°20) obtained by using conventional method and
neglecting inter-electrode capacitanees.

-, or A =

v (11°48)

Assumptions made in the above analysis are : () no conduction
sor leakage currents exist between various tube'terminals and (if)
interwiring and stray capacitances have to be neglected. In practice
. these may be added in parallel with Cpr, Cpr and C,,, -

Input admittance of a tricde amplifier considering the inter:
e!qctx:a:?c capacitances. In the amplifier circuit of Wi, 11°26 (a).
grid s kept sufficiently negative so that no conduction prid current
fiows but because of the presence of these intcr-e}ectrodegca acitan

displacement current  flows through C,.. Further owirzl)fr tc;l‘tc;;s '
presenee of Cyy grid is no longer isolated from the ph’te eirciit by .
any inputb a.c. signal voltage at G, amplified a.c vo(ltage appn;firs gz

s 2Co A IS ¢

1) : : " & ) - Sy ¥e
nd henes larger a.c. voltage difference appears across Cp.
are supplied from the signal source.

f)urrcnts through C,; and C,,
This results in inpué admittance of the amplifier. This admibtance
amplifier. Here-

de;()lends upon _Cg;;, Cyy and also the gain of the
under we derive an expression for the input admittance of the

amplifier.



VACUUS TOBE AMPLIYILR PRINCITLES 331

Let Iz and I,y be the effective values of the current through
Cpr and C,,.  E,, i3 grid-to-plate voltage.

Then,
Iy = E,.Yp e (11°49)
and L, = EinYos e (11°50)
But Ep =Ep —E, = Ex—AEL;
= LB (1—~A) . (11°51)

where A is the complex voltage gain,
Total input current is,
T = I 4T =Enl Yo +Yop (1—A)] ... (11°32)
The input admittance is then given by

¥, = gl =YY, (1—4) wee (11°53)
%
Voltage again A may be put as,
A=A, +jA, v (11°54)

where A, and A, are the real and imagmary components of complex
voltage grin A. |

Heneo Y, =G +jBi=joCh+ joChp(l—4,)+wC,, 4, ... (11'55)

So that input shunt conductance G,=wC,pd, .. (11°56)
and input ghunt susceptance=s w[Cor+Cp,(1—A4,)] - (157
Input ud:alttance as gxhvre.x:.l:‘)_v }Eq. (11“53) or ({1'55) h:‘f ref\:]led

PR B

oo :
Presence of large effective input capacitance is usually undesir-
able and in such cases becauso of this Miller eflect, even o small
Tt ot sjome special applica-
‘ e input capacitanee is
. betneen plate and
grid,
In accordance with Eq (11'53), a c. equivalent input eircuit of
an amplifier may be ropresented by & shunt resistance equal to
reeiprocal of G, in perallel with
<capacitance equal to Cop+Cop(1—4,) 1A C_koCgp{I-Ar)
as shown in Fig, 11°27, -
It may be noted that, in
general, both 4, and 4; are func- ‘gk
tions of frequency and hence input
shunt resistanco and input shunt T 7
A . Rl
capacitanco ate both functions of (A Oigp &]
frequeney, Tho complox  voltage .
gain A may bo caleulated for differ- Fig. 1127. 2 c. equivalent input
ent types of loads for a given tube cirenit of a trode amph
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constants and Y, caleulated therefrom. This is dono for two types
of lond below :

Case I: Pure Resistive Load : 'Tho gain of amplifier may be
calenlated by application of Millman theorom and Eq. (11‘4(‘3) may be
used but in genoral, if the frequency 18 low, not much crror is_ caused
by neglecting the reactances of Cop ancl Cpp. Voltage gain is then
given by .

R:
o gl e o we (117
A= —p1, TG (11°68)
where Ry, is the load resistance,
Trom Bq. (11'68), Ap=—p -r-,;_ﬁk;- and A;=0 ee. (11°59)
Hence
) i Ry, ] .
= Cor - 14—l e (11°60
Yi=jm [ ok Cun( + R, ) ( )
8o that inpul shunt capacitance
Ry, . :
; Ci=Cp+Cyy ( }"!"'.p_*_R[‘") o (11 61)
and input shunt conductance G=0. «. (11°62)

Case Il :  Complex Load : Load is a combination of n resis-
tance and @ reactance, I Cyp. and Cyy, cannot be nogleeted in caleu-
lation of voltage gain, the caloulation of voltage gain becomes quite
involved but Millman Theorem may be applied to get the valne of

- vollago gnin readily. In practico, howover, roactanco of C,, may
be negleeted  without causing much orror, ~ Cyy may bo merged with
the lond impedanee to give the overall effective load impedanco Z
which may be exprossed in the form,

Z=R4jX e (11°63)
Then the voltage gain

B Z
D Pt
ey REJY .
* RREE e (1164)

. Ry-jX
w A
R("r”’_‘R)‘f‘X“‘

==-—I A e e

SLp M T I X
(Pt RYEFTT T (o pye g e o (11°65)

R(ry+R) 4 X°
Henoo Apm—y, 220180
Henoo Ap==—p (r:+ Rt e (11°66)
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and 4 o (11°67)

e L T

T kR
Substituting tho valucs of 4, and 4, from cquations (11°66}

and (11'67) into equations (11°56) and (11'57) respectively, we get

¢
‘and B=o [c,,,+c,, (1+p%:‘_1§%)] ees (11°60)

Complex Joad impedance Z including C,, may be either induc-
tive or capacitive so that when expressed in the form (11'63), the
component X" may be either positive or negative,

If the overall load impedance Z (including actual load im-
pedanco Zz, Cyy and any other shunt impedance) is inductive, i.e., X
in Eq. (11'63) is positive, then input shunt conductance in accordance
with Eq. (11'68) 1s negative. On the other hand, 1f overall load Z is
capacitive f.e., reactance X" is negative, then input shunt conductance
G, is positive,

Thus for overall inductive plate load, input conductance is
negative and hence mput resistive 1s negative. Since a positive

ower,

" - - = er,at
R . _ this
means that power 15 fed back from tho output plate cireuit to the
oeov e e et e 7 he voltage
! st . magnitude
- . - " - to get an
. ' he fact that

If, therefore, the amplifier is to amplify stably with little ten-
dency of oscillation, the element Cg, which provides the feedback
path or rosults in negative input resistance, must be eliminated as
in tetrodes and pentodes. Alternatively the effect of Cyp must be
balanced out * R oo ™o SEL T T e s
the effect of + | .
used as an -
provided.

If the above discussion, effect of C,, has becn neglected in
caleulating the complex voltage gain 4. When this effect of Cpp on
voltage gain is considered, it 13 found that with induetive load the
input conductance remains negative for o range of inductive react-
ance, but for values on cither side, the mput shunt conductance Gy
becomes positive, .
Inter-clectrode capacitances in a tetrode :

In a tetrode, sereen grid is inserted between the contral srid
(gride no. 1) and the plate. The screen grid is usuall;
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as 1o almost completely surround tho plate and thereby rcducor "thc
cleotrostatic coupling between the control grid and plate. Timo
rednees the value of Cyp by the factors of the order of one thousand.
Typical value of Cyyp (control grid-to-plato cnpnci‘cnu_ce) in o tetrode
or pentodo is only 0°01 ppF. The sercen grid mesh is, howover, sufli-
ciently coarse as 1o allow most of the clectrons travelling from
eathode to plate to pass through it.

Tig-+11:28 shows that the basic eircuit of & single stago untunetd
amplifier using a tetrodo, Sorcon grid £ is usunlly fed from tho
plate supply sourco Ly
throngh a dropping re-
gistanco Ry The d.c.
sereen-grid  voltage Eeg

o X ) kA is equal to supply vol-

i T N2 L it tage minus the  de
'R‘D Eygk ko==xq —=—Epp voltago drop in drop-
i i | i i ping resistanco Ry By-
=t .'M’I pass  condenser Cp s
Ecc conneeted  {rom  seroen

Fig. 11-28. Basic circuit of a singlo grid 1o eathodo  or
stage tetrode amplifier. gl'mmd, in order to by-

. poss  the a.c. compo-
nents so that the sereen grid is at a.c. ground potentinl. Soreen grid
curront, through Ry then has no a.c. component.

| 1S9p

CONTROL 1}
GRID Cq=p

Fig. 11'29. A.c. cquivalent circuit of the tetrode amplifier of
Fig. 11°28 including the inter-clectrode capacitances.

Tig. 1120 shows the a.c. cquivalent circuit of the tetrodo
amplifier of Fig. 1128 including the six inter-clectrode capacitances
- betwoen the four cleetrodes of the ietrode.

In goneral, however, bypass condenser €, i so Jarge that its
* renctance is negligibly small. This cffoctively puls an a.c. short
circuit across Cogr. This short_cirenit puts Cpyye in pnmillo.l with
Con tmd Cpoy, i parallel with Cpp. The aue. equivalont. cirouit. of
Fig. 1129 may then be redeawn a8 shown in Tig. 11'30 (a). This
a.ce. equivalont eireuit of Fig, 11°30 is similar {o that of the tr’md;)
'nmphﬁer as deawn in Fig, 1126 ().  But beenuse of the shieldin
netion of the acreen grid, capacitance C,y, becomes so small that i%
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may be neglected as shown in Tig. 11'30 (b). No feedback path
from plate to control grid then exista, For suceessful elimination of
feedback path, electrostatic screening shonld be provided between |
the control grid and plate ontside the tube as well in order to avoid |,
any eclectrostatic coupling between the various connecting wires in
the plate and grid circuits.

¢

| p ~—r
lEk 2 ] ZL ?
+ CapH
' ‘i ‘Cyrk Ggig2 kp;.x ‘Pk p !

(a) Modified a ¢ equiralent circurt of a tetrode amphifier assuming
screen gnd at zero a.¢ potential
gt

1 _IC—nyrk'Cylgz

(b) 1deal ac. equuvalent €ucuit of a tetrede amphifier neglecting
control grid-to-plate capacitance.

Fig. 1130, A C. equivalent circuits of a tetrode amphifier.

The input admittance B; of the tube from cirenit of Fig. 11°30
(B) is,
By = joC; = jolCopt+Coral. e (1171)
Obviously input shunt conductance 1s zero and input shunt
capacitance is given by,
Ci = CortCoin. e (1171}
Strictly speaking, to this value of input capacitance C; as
given by Eq. (11'71) we must ndd‘C,,,, (1—4,) to get the total
o - tremely small,
mput capaei-
ag the gain -of
. : d aza part of

the loadl impedance Z -

In tho above analysis, stray and wiring capacitances outside
tho tube have been neglected. These may merense the values of
input shunt capacitanco C; and output shunt capacitance C,. -
Further these may provide plate-to-control grid coupling unless cars
is taken to shield and widely separate the plate and grid ei==#
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Inter-electrode Capacitances in a pentode.~Pentode when used
in an amplifier has the advantage over tetrode of having no secon-
dary emission effects at the plate. This is achieved by the presence
of a suppressor grid placed between the screen grid and the plate
and maintained at zero potential by being connected to the cathode.
Tive electrodes in a pentode result in ten inter-electrode capacitances.
Out of these, Cpgy, i.€., the capacitance between suppressor grid and
cathode is absent, since suppressor grid is directly connected to the -
cathode. The remaining nine are shown in the a.c. equivalent

ircuit of the pentode amplifier in Fig. 11-31.

1159
i
g! g2 Gz {p .
‘ ]
<552 s | ]
Eok = R
gk —E}ﬂk*c'y@z d Gk N;l; ]’C}k“cgip £
l { *Cg2g3 e ‘ l

kigq3

Fig. 11.31. A.C. equivalent circuit of pentode amplifier including
all inter-electrode capacitances.

Since value of bypass condenser C; is usually very large, its
reactance is almost zero and hence screen grid is at zero a.c. poten-
tial.  Also value of control grid-to-plate capacitance C,;, is negligi-
b_ly sn}all. Hence equivalent circuit of Fig. 11'31 reduces to one
_ given in Fig. 11'32.

9{’ p . N

- r . ‘ Ae

El « ..LCFCgtk + T __-J:Co’cph 7|

1 9192*Cqig3 gk Cgsp*Cgzp l !
. . O h i

k.g2,93
Fig. 11'32. Ideala c. equivalent circuit of pentode amplifier,

F . - . - - . 3 ’
i, rom a.c. equivalent circuit of Fig. 11°32, the nput admittance

Y =joCi=jo [CorrtEgype+Coppal. . (11'72)

by Input conductance is zero and input shunt capacitance is given
14

Ci = Cnlk+colae+cq1g3.
Similarly effective output shunt capacitance is
Co= Cﬂk+cy‘.‘p+cg3p.

o (1173)

e (11°74)
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Example 12, Calculate the complex roltage gain of a triode
antuned amplificr at an angular frequency of 108 radians per second
given that ; amplification factor of the tube is 20, plate resistance is
10,000 ohms, C,, is 4upF, Cp=4 ppF, Cp=3ppF and load impe-

| dance is a resistance of 10,000 ohms.

Solution, A.C. equivalent circuit of the amplificr at high
frequencies is given below :

for p

Applying Miliman Theorem between points P and k, we get,

3

—REq 7 + ExjoCop

E, =

11 :
Z t + JoCoxtjwCp
Hence voltage gam
E, —gm+jwCyp

1 1 .

" gt HeCotCar
_ —2X107ix 10P x4 x10-1
T 107441074+ X10%(4+4) X102

= +/{T0F*+( 38]* 180°—tan-2.038

= 10007 [177°48".
Ty " 17 ¢ 7 em=- - ~tage amplifier uses a
. ) ‘ + + plate resistance r, of
[ .+ . . uF. At the operating
T ) + Zp=20000+J 20000.
The wiring and stray capacitances increase the effective values of the
inter-elecirode capacitances to twice the specified values, Caleulate
the magnitude and phase angle of the voltage gain.
Solution. Effective values of inter-clectrode capacitances are
Con -‘=C,, = 4ppF and Cpy = 2ppF, Tho gain of this amplifier by
application of Millman Theorem becomes,
A= o Y—Em
N Yo +Yo+ Y+ Y,
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JoCop—E&m

g+ Cosrt =i Con

T Substituting the values,
—fdfes -+ 2%10°0 X4 X 1071

A=

1 1 . .
- 2% 10° (44+2) X101
S0000(14) T 20000 ©/ 4+2)
= — [25'044'383]
Magnitude of A=+/(35°0)* + (4'383)° =26'27.
4 4383
Phase angle ¢$=180-tan 1*25_{)__

= 180°+9° 36'=189° 36'.

Example 14. A4 class Ay amplifier uses a high . triode having
n=80, r,=50 kilo-ohms, C,,==Cy=2ppF. A signal of frequency
80,000

2
tance, input shunt capacitance and input shunt admittance of the
amplifier if the load including Cp. in shunt is {(a) resistance of 200
kilo-ohms and (b} a pure inductive reactance of 200 kiloohms and (c)
complex inductive impedance of 105 - j10° ohms.

c|s is applied at the input. Calculate the input shunt conduc-

. , ) _ —u Ry,
Solution Case (a). Voltage gain A = “r.¥Rg
—80X200X10°
=T(50F200) x10°
Input admittance is given by,
Y,'=j°3 Cpk+ j(l) sz (1 "'A)
=jX80X10% [Cyr. + Cop (1-4+64)].

pbvi01}sly input conductance is zero and effective input shunt
" capacitance is given by,

—04.

Ci=Cvk + Cyy (14-64)
. =242 (65)=132 puF.
Effective inpnt admittance ¥i=m [Cpt-Cyy (1 —A)]
=80000 %132 x 1012 mho.
=10"56 x 10~° mho,
Case (b). Load impedance Z;= 0 + 7 200000 ohms.
Hence voltage gain Aw=— —£2 Zi_ . __80x(j200000)
ro+Zy, 50000 - j 200000
L2 I
=14 = {75°3 j 18°8].
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Effective input admittance is given by,
Yi=jw Cp + ju Cop (1—A,~j 4]
=ja [Cop + Cop (1—4)] + © Cyp Ay .

Hence effective input capacitance Cy=Cot+Cep (1-~Ar)
(242 (14+76°3)] pue F.
=164'0 pyF.

Effective input conductance G, =% Cop. i

=—(80%10%) x2 X107 X188

+2—3X10"¢ mho.

Effective input admittance ¥, =:~(3x10°% +J80 Xxli)(’)x 1646

=12 cuhn
. =[—3+712:37]10
Hence magnitede of Y, =4/ (3)' + (12‘37)‘ X108 m
= 12+ X10™° ndl
Case (¢). Zg =10% 4 j10%

~Zp —80 (105 + j 109
= Zpfor UL T s
Heoce A= 7~ = “Eox10Y (10" + 109
= —[615 + s123].
Effective input admittance is
Yi= jo Cp + jo Cop (1—A— j A
Hence effective input eapacitance Cy = Cox + Cop (1~ 41
— (242 (14 615)] puF
=127 ppk.
Effective input conductance Gy = 0 Cop 4;
=80x10° X2 %1071 X (—121 3)
= ~1'068 X10~¢ mho.’
Effective input admittance .
Y= —1968 X 1078 + J §0 X 107 (127 x107%) .
={—1'968 + J 1016) X102, ’ )
Hence magmtude of Y= 4/ (1°068)F 4 (10'16%) X107 mho,
= 1035 x10-6 mho.

artare .4 M oeme —efifier uses
" . 100 ohms,
. impedance

K Angular

R XY NN
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input conductance, ffective input susceptance and e[feft_n_’e ina};:lé
wdmittance. Draw the equivalent input circuit. Assume wiring
stray capacitances to be negligible.

Solution. By application of Millman theorem to the a.c.
squivalent cirenit of the amplifier,

A ""gm+Yﬂ’ - ""gm+ jG) va .
T EY Y+ Y, Z—L+jm Cor+ 7_];- + jar Cop
1 »

Substituting the values,

20 i 106 -12
-l X4 %10
sgop” T/ 10°%x4x

A L %105 (44-10) X 10712
20000 Tgog0 T/ ¥ 10° (4+10)

= —14'34-1166;.
Input admittance Y;== jo Cyp. + jo Cgp [1—4,—jd].

Input capacitance C;=C;+C,, (1—4,)

= [4+4 (14+143)) ppF
= 052 ppF.

Input shunt conduetance Gy= o C,; 4,
= 10°X4X10-1*X 1166 mho.
= 4664 X 10-¢ mho.

. 1 1

Input shunt resistance = T T TIGA XIS ohms,
= 2144 X 10° ohms,

Input equivalent circuit then is as below

652 .

PEET

1

2144x10° ohms

Input shunt admittance Y;~="4664 X 19~6 + /X 109X 55'2 X 10~12

= ["4664 + j 65'2] x10-¢
Magnitude of input admittance

= /(04004 (652 x 10-°,
~ 652 %10°% mho.
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Lxample 16 ~ oo mts is
used in a lincar ' upF,
Cop=4upF and ox and
shunt wiring and ¢ e that

wiring and stray capacitances increase the salues of inter-electrode
capacitances two-fold. If the frequency of input signal is 50 x 103
radiansfsec., calculate (@) effective input capacitance (b) effectire
input conductance and (c) effective input admittance. Assume that
the effect of C,, on voltage gain is negligible.

Solution, Neglecting the effect of C,5, the voltage gain of the
amplifier is given by,
ez
A= ro+Z

where Z is the overall load impedanee includ shunt caf
in the plate circuit,
_ —40X(40,000+7 10,000} _ . .
Then  A=55600+ 40,000 +/10,000 o7 +2 16/}
Effective Cox=2X ==10ppl"
and Cyp =2X4=8upF.

Effective Input capaeitance C,=Cp+Cpp(1—4,)
=1048(1+27)=234ppF.
Effective Input conductance Gy=oCppd;
=50% 10*X8x 10~ —2'16)=—0864 X 10~ mho,
Effective input admittance Y;=G,+joC;
=--0°864-/50 X10°
%234 x10~'* mho,
=(—0864+411'7;) x10~* mho
Magnitude of input admittance=+/(0 864)*4+(11'7)2 x 10-¢
mho

=11'73X10"* mho.
Method of biasing the control grid

‘There arc three common methods of biasmng negatively the
control grid of an electron tube.

(A) Fixed Bias. A battery may be used for biasing the
control grid as shown in Fig. 11", It is usually cumbersome,
however, to install and maintain & constant voltage battery in the
circuit. To avercome this trouble, control grid bias voltage may be
obtained from the same d.e. voltage source as the plate supply
voltage by use of appropriate potential divider as shown in the
pentode amplifier cireuit of Fig, 11°33.
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input conductance, effective input susceptance and eﬂeet_ixje input
admittance. Draw the equivalent input circuit. Assume wiring and
stray capacitances to be negligible.

Solution, By application of Millman theorem to the a.c.
equivalent circuit of the amplifier,

A=— —8m+Yop _ ~gm+ j© Cop
- : - . 1 R )
Y1+YpL+Yp+YnD _Zl +]0J Cpk+ _r__ +]O) C,,
»

Substituting the values,

20 _ 4+ j 108 X4 x 1012
A= 3000
RN ST, -
o000~ T gog0” TV X 10° (4-+10)X10

= —14'3-+°1166;.
Input admittance Y;= jo Cg + jo C,p [1—4,—j44].
Input capacitance C;=C;~+-C,p, (1—4,)
[44+4 (14143)] upF
652 ppkF.
Input shunt conductance G;=  C,; 4,
= 10%Xx4 x10-1% X 1166 mho.
*4664 X 10~¢ mho.

. 1 1
Input shunt resistance = G = L6610 ohms.

= 2'144 X 10° ochms.

Input equivalent circuit then is as below

i

f

65-2

]

Input shunt admittance Y;=="4664 X100 4 j X 10° X 55'2 X 10~
= ["4664 + j 652) X108
Magnitude of input admittance = +/(04664)*+(65°2)¢ X 10-,

~ 652%10-% mho.
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Example 16. A e aarre
used In a linear Ay an - o
Cop=9upF and Cy=" . [ . .
shunt wiring and stray ¢
wiring and stray capacitances Intrca:e the ralue: of mleneleumde
capacitances two-fold. If the frequency of input signal is 50x10%
radiansfsec., calculate (a) effective input capacitance (b) effective
input eonductance and (c) eﬂeclne input admittance, Assume that
the effect of C,, on voltage gain is negligible.

Solution, Neglecting the effect of Cy, the voltage gain of the
amplifier is given by,
_ sz
A= Tz
where Z is the overall load impedance inclnding shunt ecapacitances
in the plate circuit.

40 % (40,000 47 10,000)

B e = [27 4216
Then  A=55560+40,00004 510,000 — 27+ 167
Effective Copp=2X5==10ppF
and Cop =2X4$==8upF.

Effective Input capactance C,=Coi+Cop{l —4,)
=104+-8(14-27)=2Hpul.
Effective Input conductance G;=0Cypd,
=50X10°X8x 1071}(—2'16)=—0'864 X 10~¢ mho.
Effective input admittance Y,=Gi+juC;
= --0°864+j50 X 10°
X234 x107'* mho.
=(—08644-11'7/) X107¢ mho
Magnitude of input admittance=4/(0-8644(11'7)* % 10-*
mho

=11"73x 10~* mho.
Method of biasing the control grid.
There ore three common methods of biasing negatively the
control grid of an electron tube.

(A) Fixed Bias. A buttcry may be uced for biasing the
control grid as sho\m m Flg l. It 15 usually cumbcmome,

lowever, * : the
cirenit, . . L - . be
obtained . - PRI . 1y

voltage by use of nppmpnn!e potcntxal (lmtlor as shawn in ?lm
pentode amplifier circuit of Fig. 1133,
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>
. =
IS s oY o /\/\/\“r«:

POTENTIAL DIVICER

=G 0.C.VOLTAGE FROM RECTIFIER o+

Fig. 11-33. Method of providing plate & sereen grid supply
- voltages and control grid bias from a potentinl
’ divider in the output of a rectifier.

(B) Cathode Bias or Self Bias.—This is o more common
‘method of providing the grid bias, This consists in counceting
- vesistor in the cathodo.

cicouit as shown in

Fig. 11°34. 'This has
Ry the advantago that no

power supply is noces-

-

z i ¥ " sary for binsing pur-

Iy + — pose, Fig, 11°34 shows

N gk R c “2%b  the basic circuit of a

- k_*») l k T triodo amplifior using

N : thig solf bins,
o L cATHODE Bias ,

o = RESISTOR The instantancous
Fige 11'34.  Amplifier using sclf bias total plate current iy,
or Cathode bias. consists of two compo-

‘ \ nents: (i) the d.e.
plite current £, and (i) the n.c. component of plate current i, This
total plate current i, on roaching the cathodo terminal X, encountors
a parallel combination of resistor Ry and large value condenser C,.
The d,e. component of plate current flows through the resistor R,
sinee it canmot flow through the condenser €. On the other hand,.
" tho ne. component i, of the tolal plate current takes the low
impedance path through the high value condenser Cy.  Almost the
entire e, component of plate current flows through the condeniser
provided that the cupacity of condenser Cp is so large that its
reactance at the operating {frequency is much smaller than registance
Ry, 'The d.e. plate curront £, flowing through R, produces o d.e,
voltage drop across it with positive polarity at the eathode end and
negative at'the lower end, e, the grid end. This makes the grid
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negative with respect to cathode by a d.c. voltage equal to /,.R. '.

Condenser Cy is nsed simply to provide a low, impedance shunt
path to a.c. component of plate current. In the absence of this
. o L A -G

R,—C; combination in the cathode lead provides a sixﬁple and
economic method of obtaning the grid bias,  High capacitance, low-
voltage clectrolytic capacitors are used for this purposc  These are

quite small physically. If the tube used is a pentode, the screcn-grid -

current also produces a d ¢ voltage drop. across R, and increases
the grid bias. MHence in sclecting the value of R;, for a required
value of grid bias, both the d ¢ plate current and the screen-grid
current must be considered. The use of this self bras is restricted to
clasg 4 and AB amplifiers.

(C) Grid Leak Bias. Sometimes grid-leak bias 15 used, The
circuit consists of a condenser C mn geries with the grid and a grid-

leak resistor R, connected from grid to ground as shown in
Iig. 1135,

During part of the positive half cycle of the applied a c. grid
signal, the total grid voltage e, almost reaches zere potential or may
even becoms posttive,
with the result that
grid current may flow .
charging the series C
condenser in  the + ,L_
polarity shown. Dur. *
ing the remaining <
portion of tho applied  £gk Ry
signal eycle the grid l
current does not flow
with the result that GRID LEAK
tho condenser C dis- RESISTOR
charges through the  pjp 1135 Method of providiog grid lezk bias
grid leak resistor R,. 1n an amphfier.

Sinee R, is uvenally

kept lerge, of the order of 230 kilo-ohm or higher, the time constant
of diseharge is usnally very large so that afier a few cycles of alter-
nate charge and discharze, an almost constent d.c. voltage appears
across the condenser in the polarity shown making grid negative
with tespect to the cathode, This provides the necessary grad leak
bizs. Usually grid leak biasis used in conjunction with

fixcd bigs or zelf bias. )
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Zero-signal operation of an amplifier with cathode bias resistor.

When cathode
bias is utilized, it is

] % not possible to deter-

e R mine the zero-signal

L condition directly.

* o \— l Complication comes in
—- + because of the fact that

€s R c —_ the plate current and
k k “=-"bp grid bias voltages are

T mutually dependent.
Total .impedanc.c
in the plate circuit s
(Ry, +R;) and hence
Fig. 11°36. (a) Amplifier Circuit. platcf curgezl-t is given

by the relation

o

N N
YU T S I
1‘ l(OADngﬂf FOR
R+R, )=50000
T, K Y oams,
oo fo
2, . /
S IS S oA [ carmooe suas
§ CURVE FOR R, 2000
R N OHMS,
S Li--/-- 2
oI AL ZERD SIGNAL
3 1 i OPERATING POINT
Q I'e) by

100 Eb 200 300
FLATE VOLTAGE IN VOLTS >
(b) Cathode bias curve.

Fig. 11-36. Graphical determination of zero-signal
operating point in a triods amplifier using cathode-bias resistor.

Eyp=iy(Ry, +Ri)-+e, o (11%75) .
s ___.Ebb_eb .
or Iy= R IR . (11°76)

Equation (11°76) when plotted provides the load Ji i
. iC ) on plottec ad line sho
Fig. 11 36 (b). This load line is similar to that obtained witl‘rntl‘)g
tfbilx'ed bias but wx(flsh th(szlﬂ‘ercnco that the slope of the load line in
1s case corresponds to (Ry, +R;). The zero sions i i
must lie somewhere on this line. * ‘gnal operation point
Another relation governing the plate current i, is :

iy=fle., e,) e (11777)
But for zero signal condition,

e —iy Ry, . L (1178)
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We arc required to find a curve satisfying Equations (11°77)
and (11+78) simultancously, There is only one point of each plate
characteristic representing Eq. (11°77) which simultancously satisfies
the Eq. (11'78).

Let R:=2,000 ohms., Then for i,=1md, e,=—i, R =—2
volts corresponding to point Py in Fig, 1136 {b). Similarly point Py
satisfies Equations (11'77) and (11°78) simultaneously for fy=2mA
and so on. Points Py, P,, P, ete. aro joined by & curve, which may be
st DR - " t on this curve satisfies

This curve intersect
then the zero-signal
operating point.

In o pentode, the situation is somowhat complicated by the pre.
5 e 2R B 0 SRR

screen-grid currents.  Hence in Eq. (11 78) this total cathode current
should be used instead of plate current 1, Tor o given value of
plate current f,, sereen-grid current i, may be found by remembering
that in tho regton of plato characteristies beyond the knees, the
values of plate current and screen-grid current are almost constant
and bears n definite ratio depending upon the construction of the
sereen-grid,  The ratio of screen gnd current to total emission current
for negativo control-grid operation jn the saturation region is a
constant independent of grid bias and represents the fraction of the
total emission current intercepted by the wires of the screen grid
and hence dependent only on the fineness of the screen grid, Thus
once wo know this ratio, for any value of plate current m the satura-
tion region, we may find the corresponding value of screen grid
current, 'The cathode bias curve obtained for a pentode is almost
horizontal. Point of intersection of this curve with load line for
(Ry + Ry) yiclds the zero-signal conditions.

Veltage gain cf an amplificr using cathode impedance It has
been seen that Ry~ Cy combination 1s generally used in the cathode

I
7 -
uen
. >
3 » s
RS & 4 RS &
3z ' b3
Bis
£ .
}
[
{a) Simple a ¢. equivalent circuont. {b) Modified a c. equivalent circuit

tor a general cathode ympedance
Z;
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lead to provide the self bias or cathode bias. Value of condenser

‘ C,. is ‘chosen so high that it offers almost zero impedance at the

lowest frequency of the signal to be amplified. In practice, however,
often condenser C; fails to offer negligible impedance at the lowest
frequency contained in the signal voltage to be amplified. Hence
this R,—C, combination must be included in the a.c. equivalent
circuit of the amplifier. Fig. 11-37 (a) shows the a.c. equivalent circuit
of a linear 4; voltage amplifier using resistance load Ry and cathode
load impedance Z; which is a parallel combination of resistance R;
and condenser C;. Input is assumed to be sinusoidal so that effec-
tive values are shown in the equivalent circuit. This circuit of
Fig. 11'37 (@) has been obtained by replacing the tube by voltage
generator pE;; and internal impedance rp. .

{€) A.C. cquivalent circuit when Zy, is a
parallel combination Rx and Ck,

Fig. 11-37.  A.C. equivalent circuits for linear Ay
amplifier using cathode impedance.

Let. E, be the effective value of the sinusoid
at the grid. Then, plate current is given by
IL=—22MW" Ep |

"D+Z]:.+RL e (11'79)
- Here Z, is the impedance of the parallel combination of R,

al voltage applied

- and C;, but it may, in general, be any complex impedance,

But Ep=E,~I,.Z,. «. (11'80)
Substituting the valne of B, fr D : i
17 welitutd ne of oy from Eq. (11'80) into Eq.
I = P[Es"lp_-__zl:]
b rp+Zk+RL . ose (11'81)
Rearranging Eq. (11'79), we get
L= BB .
rr D) ZiF R v (11eR)
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The presence of impedance Z; in the eathode circuit results in

a feedback into grid circnit which modifies the value of grid-to- °

cathode voltage E,x asgiven by Eq. (11'80). The ultimate resmit

of this feu]bac}. is to yield an expmsuon for plate current as given

1

v, .
1 .

- .

observed that the effect of an jmpedance in the cathode circmt is
the same as that of a much larger impedance (¢+1)Z; in the plate
circuit.

If the cathode impedance Zt is a pamllcl combmatmn of o

: and o ), Ch {(u+1)Z, in the
plate circuit may be put as apamllel combmahon of a resistance
{(u+1)R: and o condenser
the a.c. equivalent circuit of Fig. 11'37 (¢). This equivalence is true o

since the impedance of (r-+I1)R; and —(_';_'—l in parallel is (x41)Zy

where Z, is the impedance of R; and C; in parallel, -

From the a.c. eqmvalcnt circuit of Fig. 11:37 (4), output vol- -
tage E, is given by

- —rER, .
E~=-L.R ST R+t D2y .. (11'83)
Hencee complex voltage gain is given by
A= B —BRL
E, r4+R + (12"
From Eq. (11°84), it is seen that the voltage gain obtainable
using cathode-bias is emaller than the veloe __‘:_II:L obtainable with

fixed bias, This occurs because the impedance Z; in the cathode
does not offer negligible impedance at the low frequencies and thus
provides a negative feedback. At high freq Z, is almost
2¢r0 and no reduction in voltage gain is caused but as tho frequency |
of applied signal is lowered or the value of capacitance Cy is reduc-
ed, the lmpcdancc Z, increases and hence voltage gain correspond-
mgly redaces.
Example 17. A linear Ay amplifier uses a triode with load re-
sistance of 240000hm.t and a cathode bias circuit eonsisting of a
e Arbieciine of D e d O e wlye of R, is s0 chosen that

e (1184 -

Voo . : 1 = zero-signal plate current
Tm T e et 10 olts. The amplification
oy ' oo '+ resistance is 16,000 ohms.

Cond: C is 10 micro-farad, Caleulate (i) value of R. (ii) zero
signal plate mlla;.w and (i1f) magmtude of voltage gain ‘at -~mensioe
of 2,20 and 2000 ¢fs.
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Solution. (i) —R;.[,=grid bias.
Hence —R;.(10%10-3)= —10 volts

or Ry= 553 5=5=1000 obms,

(if) Zero signal plate current is given by
Ey=Ep—~L(Rr+Ry) *
=350—10 X 10-3(24,000--1,000)
" =350—250=100 volts.
(i1f) Complex voltage gain is given by

A= ) R—“ 'RL Zk
AR+ DZ, = TR
’ ()

Z; is given by,

1 1. . 14+jeCR,
Zk Rk'*jc'-)ck"'~ Rl: - .

At frequency of 2 ¢fs,
1 14/ 2r%2x% 10X 107X 1000
Z 1000
=10"3[14jx "1257].
~—30X 24,000 X 10~3(1 4-j x *12
Hence e e ) 57)
40,000 X10~¥(1 -+ X " 1257)3-30 -1
__120(1+"1257))

71475028

4=T20V(P+(1257)°
V(71)*+(5-028)F —10'82.

Magnitude
At frequency of 20 ¢fs,
1
7z, =107 [1+1-257)),
= —80X24,000 X 10-%1 +j x 1257]

40,000 X 1031 13577+ (3041)
—720(1-4+1:257))

. TT+5028
o0y TV T s

Magnitude A= T20/(1)* - (T257)
V(7

121(5028)T =1331,
At frequency of 2000 cfs,

Hence

1
7, =101+ %125'7]
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_ —30X24,000% 10714 X1255
Henco A=15,500% 107157 % 1957] 431

120V o
V(IR E (50287
Distortions in amplifiers. In an ideal amplfier, the reproduced
cutput is an enlarged version of the input warve without any change
in waveshape. Butin all practical amplifiers, there always exists
some difference in the waveshapes of the amplified output wave and
applied input twave. Distortion is £aid to be present in guch am-
plifiers. This distortion may be canzed ecither by the amplifier tube
itself or by the awaociated circnit or both. An important and com-
mon type of distortion is the so-called “nonlinear distortion” con-
sisting ina 1i relation bet the values of
tho input voltage and the amplified output current. Such a rela-
tion is caused generally by the nonlineanty of the tube characteris-
tics.
1t is more convenient, however, to expresa the response of an
amplifier for a periodic input waveform. If the input waveform is
periodic, it may be expressed 1n terms of its Fonrier components of
different amplitudes and phase angles as below :—
€=Ep 8in (014¢))+Ens sin (20r-+3,) 4 - {11'85)
whero Emgy Emg, cte. are the amplitudes of fundamental, second ete.
harmonic components, and 3,, &,, ectc. are the corresponding phase
angles.
TF the amplifier is ideal, amplitades of all the Fourier terms get
1t voltage gain A while the phase angles of
inereased by a quantity proportional to their
an ideal amplificr, the amphfied output wave-
1in tke form,
ol +y-L @)+ AE, sin (204254 Fy)
4+ AE; 5in (300438 +6,)+ .. {(11'86)
Then Eq. (11 86) may be written as
(08 +¢,)+ A, sin or'+¢,)
+AE, 5 sin (3’ +¢,) v (1187)

"87), we ece that the amplified output e, has
pe  asthe apphed inpute, Only differ-
nereased mamitude and time delay of wave-
:rval $fo. Thus if the phase shift of different
:nts is proportional to frequency, a time delay
waveshape distortion occurs.
se of the amplifier deviates from this ideal condi-
I different types may occur. The different types of
ay occur either eeparately or simultaneously are @

Magnitude A=
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. (i) amplitude distortion (i) frequency distgrti,ou and (iif) phase dis-

tortion.

/ . |
Amplitude distortion. In this /case, the voltage gain 4 of t{xe
amplifier varies with the amplitude of the input wave, 1.€., 1313
amplifier output waveform is nonlinearly related with the applie
input waveform. Thus if the inpub amplitude is doul?led, the out-
put is not doubled. This, therefore, is a form of nonlinear distor-
tion. With reference to the periodic input of the form given: by
Eq. (11'85), since the amplitudes Emy, Ema for different Fourier
components are different, the voltage gain for_these terms Wl:u be
different. The output waveform will then differ from the input
waveform. Next take the simple case of a sinusoidal input voltage.
Let the output-input characteristic of the amplifier be as shown by

)
{
LR .2 L/l_ Tl e
Foann ot e et A

the solid curve in Fig. 11°38. Then the amplified output waveshape

T \D@;)‘L/

Ly -7 Ve CURVED
Q PORTION
N ¢
N

—~

D

=

3

a

INPUT VOLTAGE ———>

Fig- 11-38. Output-input characteristic of an ideal and
practical amplifier.
differs from the input sinusoidal +waveshape as shown in Fig.
11°39.

T_ ~€=&m S wi

p=|
3
.

|

b g~ mm e

—_

T —t

C

Fig. 11-39. Waveforms of input ¢; and output ¢, in an
amplifier having amplitude distortion.



VACUTM TUBE AMPLIFIEE PRINCIPLES 351

If the amplitude of the input signal lies between points 2 and .

b in Fig.11'33, no nonlincar distortion takes place but if the
amplitude lies beyond point b, nonlinear distortion occurs and then
the output waveform differs {rom the input waveform as shown
in Fig. 11'30. On amalysis of waveform of output voltagee,in
Fiz. 11°39, it will be found to be consisting of the fundamental com.
ponent plos Jow pli harmonis p 1 a3 well, Thus
naontinear distortion always results in generation of harmonics.

{ii) Frequency distortion, Frequency distortion is one in
which the voltage gain varies with frequency of applied input
voltage. Thus with referencs to tho input voltage as given by Eq.
(1185}, even if the amplitudes Eny, £y ete. of different frequency
terms may be equal, the voltage gain for each term may be different
with the result that reproduced waveform differs from the applied |
input waveform, L S PP

Frequency distortion is primarily caused by the presenco of
reactive elements in the amplifier circuit. In general, both ampli.
tude and frequency distortions may be present simultaneously and .
mmay cause the output waveform to differ materially from the input, ,
waveform, - : T

Lt . P -

(i) Phase distortion, It has been scen that in an ideal
amplifier, the phase shuft should be either zcro or proportional to
frequency, Itf an amplifier haa phase shift not proportional to fre-
quency, phaso distortion resuits. Thus in a distortion free ampli-

E{NO PHASE DISTORTION)

T neigo™ WTERCEPT DISTORTION)
> E(DELAY DISTORTION +

kg ITERCEPT DISTORTION)
ES a(DEAL)

W C(DELAY DISTORTION)
g

ANGULAR FREQUENCY o ——>
Tig. 1140  Delay and intercept dustortions in an amplifier.

fier the tims delay introduced for all the frequency components has
the sams value of ¥/o where yf is tho phase shift at frequency .
The wavcform is then not changed is dition is, hi "
not essential for preserving the waveform. Thus if each frequency
component is_shifted in phase by an integral multiple of 180
degrees, the polarity of the overall waveform of the eignal may |

reserved but the waveform is not changed. Reversal of polarity
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i ally not taken as a distortion. Thus with reference to
ll?lq.léflni'%};, the phase when plotted against frequency is as shown
by curve “a” of Fig. 11'40 for the case of an Jideal amplifier.
Curve “b" also exhibits no phase distortion since m addition to a
phase shift proportional to frequency there exists only an additional
phase shift equal to integral multiple of 180° for all frequency
terms, * Curve “c” indicates one type of phase distortion called the
“delay distortion” in which case the slope d/dw of phase shift curve
is not constant so that different frequency components are delayed
uncqually. Curve “d” exhibits the sccond type of phase distortion
called the “intercept distortion” in which case the phase shift curve
has an intercept on the phase-shift axis other than zcro or an
integral multiple of 180 degrees. Curve “e” exhibits both delay dis-
tortion and intcreept distortion simultaneously.

In gencral intercept distortion is neglected and delay dis-
tortion aloneis taken care of, Even delay distortion is not taken as
a serious drawback beeause it is not perceptible to the ear. It is
however, duly considered in all systems }vhicll use wavcsbapcs'for
their operation such as Television or fascimile. Delay distortion,
just like frequency distortion, results from the frequency character-
jsties of the circuit associated with the amplifier tube. In all
cases where an almost ideal phaso characteristic is desired, special
phase equalising networks are used.

Determination of waveform distortion due to nonlinearty of
- amplifier tube characteristics,

Approximate graphical method for a triode. It has becn scen
that waveform distortion takes place when the tube characteristics are
not lincar, parallel and equidistant for equal increments of the para-
meter,  'We propose to establish methods of determining this wave-
form distortion. For the,purpose of this analysis, we ignore the
cffects of inter-clectrode and stray capacitances. The dynamic
characteristic then enables us to determine the waveform a.c, plate
current 7, for applied a.c. grid voltage e, This dynamic transfer
characteristic includes the combined effects of tube and load. Tor
resistive load the lond line on the plate characteristics is o straight
line but the corresponding dynamic transfor characteristic is a
slightly curved line. The amount of curvature of dynamic transfer
characteristic then depends on the nonlinearity of tube characteris-
tics. Situation is further complicated if the load is reactive or
complex as when the output voltage across o resistive load is capa-
citively coupled to the mnext stage or when a transformer
coupling is used. But even with a pure resistance load, the dyna.-
mic transfer characteristic is slightly non-linear and hence resulés in
waveform distortion.  The waveform distortion results in gencration:

. of harmonices,  Hercunder we will diseuss an approximate graphieal

of method of determining the percentage harmonic distortion in the
case of a triode. :
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Let the nonlinear dynamic transfer characteristic be reprerent-
«d by an infinite power series and for the approximate analysis,
only first two terms of the power zeries may be considered. Thus

fy=0 e + a5 €° ... (11°88)

where a; and @, are constants depending on the tube characteristics
and tho load.

et the applied signal be sinusoidal and expressed by the
relation

e =E,n. cos o, v (1189}

Substituting the values of ¢,; from Eq. (11'89) into Eq (11'88).
we get

1,=0, E,., cos ot+a, (E,, cos wi)? . (11°90)
= 8y E,m cos &t + @3 Epm’. § (14c0s 201) ... (11'01)
-or ip=1 a3 E;p® 4 a4y Epm 03 01 + 3 ay E,,.% cos 2 02, (11°92)

~n Eq. (11'92), the term 1a, E.,* 13 2 constant term whercas
@y Epp cos ot i3 the fundamental frequency term and la,
E,, cos 201 i3 the seccond harmonic term. Such is the case when
the first two terms in tho power series arc used, i.e., when the
dynamio transfer characteristic is expressed by the quadratic
expression of Eq. (11'88). It is to be noted that the constant term
and the socond harmonie term have resulted entirely due to non-
lincarity of dynamic transfer characteristic ie., due to the term
-ay e,? in Eq. (11'88). Farther, it is seen that the constant term is
equal to the amplitude of the second harmonic. Let I, Jom
and I, represent respectively the constant term, amphtude of
fund tal and second k ic plate current. Then Eq. (11'02)
may be written as,

I, = Iyt 154, €08 @t4Tpy, cos 2a1. e (11°93)

This 7, is superimposed on the zero-signal plate current I, so
that the total instantanecus plate current i, may bo written as

&y = L3I, Inse 008 013 Ip,, cos 20t ... {11°04)

These four components of plate current iy are plotted in Fig.
11'41.  Corresponding plate ch 1stiecs  with load line for
resistive load is also indicated. From Eq. (11'04), as al<o from the
curves in Fig, 11°41, it may be scen that /, is maximum at of = 0

-and minimum at @¢ = = radians, so that from Eq. (11'04) we may
write

iy mex = Lt lpet Iy t-Trgm w. (1103)
.and iy mta = Lyt Jye=Tyymt-Tpame SR} PaanN
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Trom Eqns. (11°05) and (1106), we gov

o o=ty min ¥ e (11'07)
Tom = ==~ 9 .

Noting that Iy, = Ipam, Wo gob
Lam = Ipo = a[fﬂlvﬁ‘!%ﬁﬂ'ﬂ'« ~1, ] “e (11°08)
pam T Ape

r 40 find tho values of Jpyp and Ty, it is only necessary
Lo kn(:J[:\lr ?: (,1,:,,, iy mtn and I, These three quantitics may 1110 fo;x_nd
yraphically from tho plate charactoristies by drawing the Ic{md m:;
for tho givon valuo of plate supply voltnge Ty and Rns tml
noting tho values of plate current i, for Ly, (Bpo---Liyy) ond
(Eeo—Lyy) s indiented in Wig. 11041,

Q
#Pw
W
£
LOAD LN, &
W B
«
DYNAMIC [
TRANSFAR
CHARACTERISTIC A4, max
! !
1 - AR Ay AN
[}

Q- 3 Mt
oo 4y, min b
HEN !
booe o
s
’\ “(9m"l
Y Lo Lom COS wt
' [§)T S W
T

£
£

Tig, 1141, Waveform distortion due to nonlinearity of
. triode characteristics.

For rosistivo lond similar oxprossions may bo obtnined for plate
voltago wave remembering that plate voltago e, is rolated to tho
‘plato curront i, by tho rolation,

C‘,, === Ebb_ib’RIl . e (11'99)

From Equs. (11'97) and (11'08), porcentage sccond harmonie
for plato curront #, or plato voltago ¢, is givon by

Poreent socond hormonie
- 713'3_"1 %100= 20 mazt-iy i) =Ty X100, ... (11'100)

rim B maz—1y men
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It may be further noted from Eq. (11'04) that on application
_'_5‘ . ] - ET e v, . -l.I I‘o

.y ' LI . * qin
Lo ae oo ¢ Do . « ent
- ) ent

I, has resulted due to waveform nssynotry or stated altematively,
due to partial rectification in tho plate cireuit, this component
I, is often roferred to as “rectified component of plate current”.
““The average plate current with signal, symbolized by J, is then
given by

Iy = L+l . (11°101)

Fischer-Hinnen Mcthod (or Sclected Ordinates Method) of

. determining harmonic distortion. This is & moro general method of |
harmonic analysis compared with the approximato method decrib- .

bed. This method may be applied equally well for triode, pentode
or any other tube and enable harmonics of any order to be deter-
mined. - Calculations, however, are quite involved if harmonics
higher than third are to bo evaluated.

For o periodic input voltage, cach cyclo of plate current is
identical 8o that plate current may be ropresented by s Fourier
series of tho form :

ip = Ayt A; co3 0144y cos 2we4-4, cos Swit-...
B, sin @+ B, sin 2+ B, sin Jwrt ... (11102)

But if we choso tho origin for &f nt a point where the plate
current is maximum, then for a pure sinusoidal input and ‘resistive
load, the a c. plate current i, is symmetrical about® the origin, so
that the curve is an even function representable by a series contain-
ing only cosine terms as below :—

Iy = gt logm cost @f4-Ip,,, cos Qut+.., ... {11'103}
or b= dytip = Lt-Ipst-Toym €03 0t 4-Jpam cos 200f+ ... (11°104)

=lyt Loy 009 01+ T c03 20040 o (11°104a)

Let it be assumed that the plate current contains upto nth .

significant harmonics only. Then in accordance with this Fischer-

Hinnen metliod, half-cyclo period is divided into n equal intervals .

giving in all (74-1) ordinates at the ends of these intervals. Then
the values of these (#-+1) ordi and (n+41) ponding values
of wf when substituted in Eq, (11°101a) yield (7+1) simultancous
cquation which may be solved to get tho harmonic amplitudes,

In what follows, we use this Fischer-Hinnen method for deter
mination of harmonics upto 3rd. Similar methed may be follows
for fourth or higher harmonics. TFig. 1142 shows tho p
characteristies for a pentode and also the load line. The input
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voltage e, is assumed to be sinusoidal and given by relation

e, = E,,, cos ot <. (11-105)
The half cycle of e, is divided into three equal intervals of
7/3 radians starting from zero and the corresponding angles at the

ends of these intervals are 0, =/3, _%1 and = radians, so that the

corresponding values of e, from Eq. (11°105) are £y, E;—’l'—, — Eﬂél’-
and —E,,, respectively. The corresponding points on the load line
are Py, Py, P, and P respectively. Let the corresponding values of
total plate current be indicated by & mazs i1s Is and Iy yip respectively
s shown in Fig. 11'42. Substituting these values of angles and
.corresponding ordinate in Eq. (11°'104 a) we get

iy maz = Tost+Tprm=+Tpom=+Toam .. (11°106)

iy = Iy +3pim—pem—TIpam - (11°107)

iy = Ibs‘“;.:Iﬂlm_'l:.Imm‘*’Imsm one (11'108)

and Ty min = Ios—Ipam+-Toem—Tpam .. (11°109)

Fig. 11°42. Determination of harmonic gencration in
a pentode amplifier using Fischer-Hinnen Method,

Solution of Eqns. (11°106) to (11°109) yields,
Ib’:(ilmmx +ibmiﬂ)+2(i1+i2)

5 «.. (11°110)
___(ibnm —ibmin)+(i “in)
Tpyy=mmie—tmln, ) we (11°111)

....(ibmn +ibmin)‘—(i +12)
Loym= x 5 1 . qr1s)
and Ipam___(ibmaz*"ibmin)l?a(fl—-fz)

: G e (11°113)
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From these equations we get,
Per cent Second Harmonic
1, (omasFTomia) =1+ 1y}
H,= 17 5100 = omas Tomia) = (it D) oy v 1
= Ly (amer—Tomind F =) <100 - (V1L
and  Per cent Third Harmonic
/, (amoz—lymia) 2l —1i}
Hye= =73 50100 = Lltmez " lomis, 174y
Rl A TN R E S (A
Per cent total harmonic considering upto nth harmonices is then
given by,
Per cent Total Harmonie
H=HFF A 0T wee (1116)
The amount of harmonic generation in an amplifier for sound
reproduction is a function of the sensitivity of the ear to waveform
distortion. The maximum percentage harmonic usually permitted
for sound reproduction is ten per cent. For high quality reproduction
the maximum harmonic generation 1s imited to only five per cent.

X100 ... (11'115)

EXERCISES

1. Ina vacuum triode amplifier using resistance load, as the
grid bias is increased from —5 to —7 volts, the no-signal plate cur-
rent d from 8 to 5 milliamp and no-signal plate voltage
incrcases from 100 to 160 volts. Caleulate the load resistance and
the plate supply voltage.

2. A vacuum triode amplifier with resistanco load has no-
signal plate current of 104 and no-ugnal plate voltage of 120
volts, for a grid bias of —5 volts, On changing the grid bias to —8
volts, values of no-signal plate current and plate voltage become 6
mA and 200 volts respectively. Caleulate the plate supply voltage
and load resistance, If now the plate supply voltage 1s required to
he increased by 45 volts to bring the no.signal plato current back to
original value of 10 m4, calculate the value of amplification factor of
the tube.

3. The characteristics of a lugh vacuum triode are given by
the expression

1,==6 X 107%(¢, 420 ec}'"* amperes

where e, and e, are tho plate and grid voltages in volts, It is
required to be operated with grid bias voltage of ~6 volts and
no-signal plate voltage of 180 volts. (a) Calculate the dynamic plate
resistance of the tube at the point of operation. (b) If the tube is
used with a load resistance of 8 kilo-ohms, calculate the plate supply
voltage necessary to get the specified operating point.

4. Obtain a.c. equivalent circmts for o triode for use in a
linear A, amplifier. State the assumptions made and limitations of
such an equivalence.
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voltage e, is assumed to be sinusoidal and given by relation
T ey = Eyy, cos af .. (11°105)

The half cycle of e, is divided irto three equal infervals of
=3 radians starting from zero and the corresponding angles at the

ends of these intervals are 0, /3, 2n and = radians, so that the

3
corresponding values of ¢y, from Eq. (11°105) are E,, EE"’ZL"—, - Eﬁz’?’——
and —E,,, respectively. The corresponding points on the load line
are Py, Py, P, and Py respectively. Let the corresponding values of
" total plate current be indicated by i maz 15 Ip and 1y pmip Tespectively
as shown in Fig. 11°42. Substituting these values of angles and
.corresponding ordinate in Eq. (11104 @) we get

Iy moz = TostTprm+Tpom=Tpam e (11.106)

iy = I, +;1.'I:vlm—‘%1mm_1mm (11'107)

ir = Ly~ 3o1m—3tpom+Tpam - (11°108)

and . Ty min = Jos~IpimtToam—Tosm .. (11°109)

Fig. 11'42. Determination of harmonic ion i
: generation in
4 pentode amplifier using Fischer-Hinnen Method.

Solution of Eqns, (11°108) to (11°109) yields,
1, = Gimez +limen) -2 +-1s)

G <o (11°110)

I, = omoz=Tomin) -+ (iy—~iy)

yim uall ) e (11°111)

I,y ezt fomin) = (i + )
3

im

. (11'112)

; - - . .
and ]ﬂm:(lbmux"‘lbmir\):‘2(11-12)

i 6 - a {11°113)
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From theso equations wo get,
Per cent Sccond Harmonio
1, (st dsmea) =l 41y}
Hy== SP™ X 100 = drrallomte 20T e 5 o {11
R Usmartomd Fy =y 7100 e (11114)
and  Per cent Third Harmonic
/, Usmas—hmin) =2(1y =1y}
Hyes 77 X 100 = ez i At . .
T 1O e o4 Uy )] X100 o (1°136)
Per cent total harmonic considering upto nth harmonjes fa then
given by,
Per cent Total Harmonic
H=/ M I HE 1T v (11°116)
The amount of harmonic generation in an amplifier for yound
reproduction is a function of the senvitivity of the ear to wavefurm
distortion. The maximum percentage hinrmonic usunlly permitted
for sound reproduction 1s ten per cent  For high quality reproductfon
the maximum harmonic generation is limited to only flve per cent,

EXERCISES

1. Ina vacuum triode amplifier using reastanes load, na the
grid hias is incroased from —5 to —7 volty, the no.aignal plate cur.
rent decrcases from 8 to 6 millamperes and no.ignal plate voltsge
increases from 100 to 160 voits, Calculate the Inad respstanoes und
the plate supply voltage

2. Avacunm triode amphfier with roustance Joad has no-
signal plate current of 10 mA and nowignal plate voltags of 126
volts, for a grid bias of —5 volta, On changing the grvl bias to ~%
volts, values of no-signal plate current and plate voltage becormne 6
mA and 200 volta respectively, Caleulate the plate supply voltsye
and load resistance, If now the plate supply voltage is regmired to
be inereascd by 43 volts to bring the no-signad plate current back 0
original value of 10 mA, caleulate the valur of smplification fvtor of
the tube.

3. The characteristion of o high vaetum teivds are given by
the expreasion

5= 67107 % e, +20.0)'* anpere
where e, and e, ere the plate and geid voltagra in woltr, Tt it
required to b operzted with grid bias voltaye of ~6 yolts ard
no-signal phite voltage of 1809 volte,  (a) Calrulate the dypamiz gles
resistanee of the tube at thy print of operation. (b)) If the tule ie
used with & luard resivtanc of 8 kilnohins, ealontate the g4 s34y
voltage prerroxry to gid the ar ifs d apetating grint,

4. Oltain ae, cpiyalns dirits for n teide £
bneze Ay nemplifer, %, the gronmghions tuadie sod
such an eqprivalones,
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5. Draw the voltage souice a.c. equivalent circnit for a linear
A, amplifier using a triode. Hence derive expressions for a.c. %latg
current, a.c. plate voltage and complex voltage gain. If the é)a
impedance Z; is a series combination qf a resistance R and indue-
tance L, derive expressions for the magnitude and phase angle. of
voltage gain.

6. A linear A4; amplifier using triode has a voltage gain of
—10 and —12 with load resistances of 8 and 12 kilo-ochms respec-
tively. Caloulate the amplification factor and a.c. plate resistance of
the tube,

7. A linear olass 4, amplifier uses a triode which has ampli-
fication factor of 18 and dynamic plate resistance of 9000 ohms.

. Toad impedance is a series combination of a resistance R of 5000

ohms and inductance of 1 henry. Calculate the magnitude and
phase angle of the complex voltage gain at inpub signal angular
. frequencies of 5000 and 10000 radians/second.

8. A untuned triode voltage amplifier uses a resistance load
of 50 kilo-ohm. The constants of the triode tube are: p=960,
r,=30 kilo-ohms, Cp=10ppF, Cp=Cp~3upF. .The, input is a
voltage 24/2 sin 10%. Neglecting the stray and wiring eapacitances,

" calculate the r.m.s. output voltage in magnitude and phase.

. 9. Triode used in a class 4; voltage amplifier has p=20,
ry,=8000 ohms, C,,=3upF, Cu=2ppF and Cpn=2upF. The fre-

" quency of applied sinusoidal signalis 1 Mc/s. The load impedance
is & series combination of a resistance of 10000 ohms and inductance

“.of 01 henry. The wiring and stray capacitances increase the value

. of interelectrode capacitance to thrice their specified values. Calcu-
late the magnitude and phase of the voltage gain.

10. The following data pertain to the triode used in a linear

A, amplifier : n=60, r,=30,000 ohms, Cpr=C,p=3upF, Cpr=2upF.
‘The stray and wiring capacitances increase the effective values of
interelectrode capacitances three times. The load impedance includ-
ing Cyy. and stray and wiring capacitances is 20,000 ohms resistive.

- If the input signal frequency is 10,000 ofs, calculate (@) effective
input shunt capacitance (b) effective input shunt conductance and

{c) cffective input shunt admittance. Neglect the effect of C,, on
complex voltage gain.

. 11. A single stage vacuum tube 4, amplifier employs a triode
having  the fo}lowmg particulars :  p=20, 7,=10,000 ohms,
Coa=Chp=8upF, C;;=10ruF. The stray and wiring capacitances

~effectively double the interelectrode capacitances. The signal fre-
100 X103

queney . is — cycles/see. The load impedance is 20000 obms.

Calculate the effective input shunt capacitance, conductance and
admittance. Neglect the effect of Cj, and Cyr. on the voltage gain.
Repeat the caleulations if an inductance of reactance 2000 ohms is
added in series w\ith the load resistance.

~

-~
i
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12, A linear A4, smplifier uses a triode having umpllﬁcnﬂan
factor of 20 and plato resistance of 12000 ohms. Load resistanco is
14000 ohms, There is cathode bias impedance consisting of parallel
combination of resistance Ry=500 ohms and condenser C, of 16
micro-farad. If the zero-signal bias developed across Ry is —10
volts and zero signal plate voltage is 120 volts, ﬁr}_d the zero-signal
oot LR i . .. I B

3 B
of cathode impedanco.



CHAPTER XII
UNTUNED A, CASCADE AMPLIFIERS

The voltage gain of a single stage amplifier is always less
than the amplification factor of the tube used. Often, however,
it ig required to have voltage gains far greeding the amplification
factor of any tube. In such cases, we use a number of amplifier
stages in cascade, i.c., a number of amplifiers so connected that the
output of one is fed to the input of the next. By this means we
may achieve any amount of amplification subject, of course, to the
_practical limitations. Such an amplifier is called a cascade amplifier
and each constituent amplifier is termed as a “Stage” of this_cascade
amplifier may consist of two, three or more stages depending upon.
the overall gain requirement. Each stage of a cascade amplifier
may use either a single tube or two tubes in pushpull or in parallel.

In a class A, amplifier, plate current flows for the entire cycle
* and hence plate efficiency is low. Turther grid current does not flow
and hence no power is fed to the grid circuit of any stage from the
previous stage. Low plate efficiency is not as in low power level
operation such as we come across in voltage amplifiers. Hence in a
caseade 4, amplifier, as the stages but the last, are voltage amplifiers.
Waveform distortion is kept low in class A4; operation. The design
of the last stage depends upon the purpose of the amplifier. It may
supply power with appreciable voltage and current as may be
* required to drive a loudspeaker. Alternatively the last jstage or
output stage may be used to supply voltage with little current such
as is required to feed voltage to deflection plates of a cathode ray
oscilloscope. This constitutes a high impedance load. Lastly out-
put stage may supply current with little power such as may be used
to feed current to an indicating device or a low-impedance cable.

) The network used for coupling the output of one stage to the
input_of the next may assume a number of configurations and
accordingly cascade amplifiers may be classified as :—

(4) Direct coupled or D.C. Ampliflers.

(B) Resistance-Capacitance coupled Amplifiers (abbreviated
as R. C. coupled amplifiers).

(C) Inductance.Capacitance coupled Amplifiers ; and
(D) Transformer Coupled Amplifiers.

(A) DIRECT COUPLED AMPLIFIERS

In a dircet coupled amplifier coupli
. " ) pling from one stage to the
next is made either directly or through a battésry so that thcgre exists
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a  path from plato of one stage to the grid of the next stage.
Hencoe this amphifier is also sometimes referred to as direct current
amplifier. The sbbreviation D. C. amplifier may thus stand for
either direct-coupled amplifier or direct current amplifier without
making any difference, D.C. amplifiers are useful whenever a
d.c. voltage or time.average component of signal is required to be
smplified through ecveral stages. On the other hand, only a.c.
component or time.varying component is amplified in other types
of cascade amphfier,
Fiz. 121 shows the basic cirenit of a direct-conpled cascade
apenlifias Mo ofeanit <howg only two stages but any number of
the same fashion. For the purpose of
» stage of eascade amplifier is sufficient.
mplifier is nsually taken from the grid of
i¢ to the grid of amplifier tube in the next
sircnit of Fig. 12:1 js done by a battery of
end towards the grid of the second stage
ed to the plate of the first stage. Thisis
that the grid of the second tube does not
et to its eathode,

. of basi direct-conpled ampliticr.

¢ incrementa! equvalent eircuit for the
& in the voltages and currents,

3 g,
R fo

.1

/]

AAAA

A Kigt
i Jv
Fie, 122, Incremental equivalent eiceult of d. ¢, amplifier of Fig, 12°,
From the equivalent circuit of Fig. 12-2,

B E. .
a, ©. ontput voltage Eo=—T, R = r,+;f1. XRy f12:n1
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R Ry .. (122)
Ty S8

If there are n stages in cascade, then overall voltage gain of
the amplifier is given by,

Hence voltage again A=

A=Ay . Ao, A, . {12°3)
where , -, etc., are the complex voltage gains of the » stages.

The d.c. amplifier of Fig. 12'1 has the disadvantage of
requiring several batteries. Further in order to-pro\'xde negative
bias on the grid of any stage, corresponding coupling battery must
have quite large voltage. Magnitude of its voltage is, in general,
of the order of half the plate supply voltage. Instailation and
maintenance of these batteries is expensive and tedious. Further
these batteries cause considerable stray capacitance to cathode.
This stray capacitance adds to the input capacitance C; and reduces

" the gain of the amplifier at high frequencies and deteriorates the
transient response of the amplifier t.e., the response of the amplifier
to sudden changes in the input.

All the above mentioned troubles are obviated by using a
single battery for different stages of amplifiers. One cirenit, com-
monly used for this purpose, is shown in Fig. 12:3. It makes use
of a potential divider to provide inter-ctage coupling. Either two
separate batteries may be used to provide plate supply voltages and
. grid bias voltages for different stages or alternatively a single
~ _battery with top at a suitable point on the battery may be used as
© “shown in Fig. 1273, In first amplifier stage a potential divider
consisting of resistors B, and R'; is conencted from the plate to
the negative terminal of bias voltage E.. By proper selection of

Fim, 1243,

D. €. amplifier using potential divider coupling.

the values of resisters Ry and By’ the grid of second tube may be
given suitable bias with respect to its cathode. The main drawback
of this potential divider coupling is that this potential-divider comes
in shunt with the load resistance and therebr red

RS A uces the voltage
amplification. Further because of this potential divider only a pa:;t

lequal to R)'/R)) of the a.c. output voltage of the first stage is fed
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to tho input of the second stage and thus the effective voltnge
amplification is further reduced. To reduce loss of voltage ampli-
fication duoe to this potential divider, the ratio R,/E’; must be small
but in order to establish suitable negative bias on the grid of the
tube in the second stage, the ratio RyfR’; has to be quite large.
Thus there is bound to be loss of voltage amphfieation due to the
presence of this potential divider,

. The main adsantages of d.c. amplifiers are :—(1) Voltage gain
is moro or less constant over a wide range of frequencies and
{ii) it responds to even d.c.-voltages.

The main drawback of d.c. amplfier is its instability of
operation caused basically by the direct coupling. This ocenrs
beeauso of slow variation of tube parameters and battery voltages
with time. These variations occuring say in the first stage get -
amplified in subsequent stages so that even a small change in the
Fusd o son smsie s es sTen eV - -estoo g noint of the last stage to

n may result. This insta-

. . in the number of stages

and hence if many stages are to be used, special means, such as the

uso of balanced circuits or epecial modulation methods, should be

adopted. In practice it is usnally not possible to use more than
two or threo stages of d.c. amplifier without excessive instability.

(B) Resistance Capacitance Coupled Amplifier

d coupled plifi abbreviated ss
ly used cascade ampli.

istance.caf
R. C. coupled amplfier, is the most
fier.r It makes use of a resi load and & for pling
the output of one stage to the input of the next and hence the
name paci coupled plifier is given to it. Tig.
12 4 ghows the circuit of two stages of R. C, coupled amplifier. Ry
is the load resistance and C. is the coupling condenser.

ONE STAGE

Fig. 124, Circuit diagram of two staze R, C. coupled triade smphfier,
- - ’ o N - ‘d of tubo
Fig. 124,
significant
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The coupling condenser O, serves two purposes :—(i) .to couple
the a.c. output of one stage to the input .of the next stage and
to block the direct current passage from plate of one stage -to
grid of the next stage so that the grid of the latter stage does not
become positive with respect to its cathode. The R. C. coupled
amplifier thus differs from the D.C. amplifier in the fact that it
can be used for amplification of a.c. voltages and currents only at
the same time, since there is no direct coupling, the basic draw
back of d.c. amplifier namely instability of operation, is eliminated
The value of coupling condenser C, is kept high so that its reactance
even at the lowest operating frequency is much smaller than
resistance of the grid leak resistor R,: This will ensure that
of the total output voltage developed across the load resistance
a large fraction is available across the grid leak resistor Z, to
fed to the input of the next stage.

Parallel combination of resistor R and condenser €. in the
cathode circuit provides the self-bias. The bypass condenser to
has a large capacity, of the order of 25 or 50 micro-farads so that
it may effectively bypass a.c. component of plate current even at
the lowest frequency of signal used.

The grid leak resistor R, serves two purposes :-~ (7).it provides
a d.c. path from cathode to grid to enable the cathode bias voltage
to reach the grid (47) in case grid current flows this resistor R, in
conjunction with the coupling condenser €. provides the grid leak
bias.

R. C. coupled amplifier is popularly used for the following
reasons :—(7) it is stable in operation since in contradiction with
d.c. amplifier it does not respond to slow variations of tube para-
meters and biasing voltage (i7) it may be designed and constructed
for a_good frequency response and (717) it is comparatively inexpen-
sive because both the load resistance By and coupling condenser 'C,
are simple and cheap elements.

The leakage resistance of coupling condenser €. must be high
s0 that no d.c. current flows from plate of one tube to the grid of
the next tube. Hence eiectrolytic condensers can not be used for
this purpose since they have large leakage current condenser with
paper or mica as dielectric should be used for this purpose.

Analyﬁs of R. C. Coupled Amplificr :—In order to find the
voltage gain of R.C. coupled amplifier, we first draw the a.c.
il

S R RN =
o P i ! (
1 . —_
T SOk RL Cw Ry ~r= "-L &
i . . § G R9—~,——
K ! ! : 1<
. H H !

) (a) -Voltngo generator frem, (6) Current generator from
Fi£. 12°5. A, C. equivalent circuit of one stage of R. C. couyled amplif.icr.
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equivalent circuit of one stage of amplifier. Fig. 125 shows
the a.c. cquivalent circuit of one stage of R.C. coupled amphfier
using equivalent voltago generator form in Fig. 12'5 (@) and carrent
generator form in Fig. 12'5 ().

A, C. equivvlent circuit of Fig. 126 ehows in addition to the
usual elements RL, C, and R,, three additional small capacitances
Cypry Connd Cy. C,; represents plate-to-cathode capacitance of the
amplifier tube. C, represents the stray and wiring capacitance.
€y is the input capacitance of the next stage. Actually the mput
pdmittanne of tha gannerd abamn e annduntanan famannnnt fn ol

assume tho mpm to be neg nnd lurmcr tha
input may be d to be

of frcqucncy. Al these shunt cqpacltunces may bo gmnpcd tegcther
into a singlo stn * This
shunt capacitan -, - « in
of the amplifier . . " « T at

such high frequencies,

General expression for voltage gain of this amphfier may be
obtained by using the a.c. equwnlenb cxrcmt of Flg l.. 5. This
general expression for vo]lnge gamn appli
range may be obtained by using one of tho follo\vmg methods :—
(l) by using Millman Theorem and (1) by using straight forward
junction solution. These two gencral methods are described in
the next article. In this article, however, we take up & method
that yielda expressions _applicable to portions of audio frequency
range. The entire audio frequency range is divided into three
arbitrary frequency bands designated as low, middle and high
frequency ranges. Three expressions for voltage gain applicable
to theso threo frequency bands are derived hereunder. No attempt
is mado in this article to obtain a general expression for voltage
applicable to all the three frequency ranges

(1) Middle Frequency Range :—Middle frequency range also
called the mid-band, 1s 5o chosen that in this cnure frequency range
{9). frequency is so low that the react of st C,
is large compared with the resistance of parallel combination of
Rpand R, and hence may Dle ncg!cctcd (u) frequcncy IS )\lgh
enough to make the r of Ce

S b3 >
3% 3m 3
b =N P
< < -

9n fgk ERg io

Fig. 1v6, A.C. equivalent eircuit of R.C. coupled smplifier in the
/middle frequency fange.
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‘ i i i istor: ‘The
small compared with the resistance K, of grid ‘]ealc resistor:
incrcmentfl or a.c. cquivalent cireuit of the amplifier for the mid-band
may then be drawn as in Tig. 12°6 using the equivalent current
generator {or the amplifier tu be.

Lot Ry, represent tho resistance of rp, Ry and R, in ‘parallel,

30 that .
LU S e 3 | (12'4)

Fowy =7 TR TR,
Current gm. E,. flowing through Ry, produces the outpub
voltage J7,, Hence, '
Eo=—gm Euk . Jep,g ves (12'5)
Hence complex voltage gain of the R.C. coupled amplifier in
mid-band is given by,

— Eo s g Eyl: . -Rlil_z_l____ 126

/Im__—‘—E-a-,; =z - -——-—E_-"“g’: = gm . ]f,n]' (L) ( )

Magnitude  A,=gm . Bpo «.{12'6a)

and  phase angle ¢p=180 degrees ...(12°6b)

(I1) Low Frequency Range :—In the low frequency range, i.c.
at frequencies be low the middle frequency range, the frequency is
8o low that reactance of shunt capacitance ¢, is much larger than
resistanco R,p, and hence may be noglected. The renctonce of the
coupling condenser C,, is, however, sufficiently large and cannot be
neglected in comparison with resistance R,. The a.c. equivalent
circuit of IR.C. coupled amplifier in the low frequency range is then
given in Fig. 12'7 (). Amplifier tube is replaced by voltage gener-
ator since this yields results more casily. :

(a1 A.C. equivalent cireuit,

Fig, 1977,

(b) Modified a.c, equivalent circnit.

AC. equivalent circuit of R.C. coupled amplifier in the low
frequency range.

In order to simplify caleulations, we apply Thevenin’s Theorem
to the portion to tho left of points X and ¥ in Fig. 127 (@) to get
cquivalent voltage generator and its source impedance.  Let E,, be
the open circuit voltage of the equivalent generator and let R,, be
the corresponding equivalent source impedance. Then in accordanco
with Thevenin’s Theorem, open circuit voltage %, is that voltage
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which we find reroes the terminals X.Y ennsidering only the circuit
to the left of points X-1. Then

R,
Ey=pEn. -}I—L—i—'—’—

The equivalent source imped R, is the found
looking into the terminale X.Y after lm,vmg replnced the energy
sources by the sonrce jmpedances. Then wo get,

ty By -
R T3t e {128

i.e., Ty is parallel combination of 7, and 22z ,

The modified n.c. equivalent eircnit so obtained is shown in
Fig. 127 {b). Let R, represent the total impedavco in this modified
equivalent circuit. Then,

v {127)

e Ry Ty Rt Ry Ry 20
R =Rt By +m +Ry= oot . {120)
Oatput a.c. voltage is then given by,
— 4 R
B E,, R, 8B By (1210}
WX Re-dX. -
where X.=reactance of C.=- —‘-; - {12111}
@ Ly
Hence complex voltage gain in low frequeney range is given
by,
B B B o
AL = Ep TR L3 E X R =TR, - (11E)

SRe | BB

=-—gm. rs +I., -7 X,
B,
e o By Ry (ro--12 1
BRRAGTS +m> Xz ol + T T (g e
2%
s B Ry o
I T PN o TR R I ¥
R,
. (12:13)

e (1214)
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A"l
Mognitude 4;, = —Imloe Lo
w(zE) A 1+ ()
- Relu. ' Raq
... (12'14a)
X _
and phase angle ¢=180°+tan™’ Bf ., (12:140)
eq

Let thero be a frequency f; such that reactance X, equal R/,
then

1

=—a—sT A/ ' . (12°16
h=5r7., .(12'15)
. Ay
Then at frequency fy, voltage gain 4,y == 1=
or dn= j%=0‘707 Ame : e (12°16)

If we apply to the input of the amplifier, a voltage of fixed
amplitude and variable frequency, then at this frequency f; the
square of the output voltage is half of the corresponding value
obtainable in middle frequency range. If this output voltage is fed
to o fixed resistance load, the output power at this frequency f; will
be half of that in the mid-band. This frequency f, is, therefore,
termed as “half-power frequency’” or “cross-over frequency’” and
. since this frequency lies in at the boundary of low frequency range,

., it may be called the “lower half power frequency” or ‘“lower cross-
~ over frequency”.

Substituting the value of R,’; in terms of f;; the expression
for voltage gain in the low frequency range becomes,

Ay = —é"‘—f— . (12°17)
1—J =1
S
= :WLR’”.‘Z. (12'17(1)
l——J —f;‘ (X XY
S

Magnitude of 4 is given by,
Ay = Bn_ gm R o (12:178)
i G e ()
7 2

and phase angle of 4y, is given by,

¢=180°+tan=? ffi ... (12°17¢)
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{J1I) 3igh Frequency Range :~In the bigh frequency range, i.e.
at frequencies abore the middle freqg: 'y range, the £ of
the coupling condenser C, is very small compared with the resistance
1, and hence may be neglected, On the other hand reactance of
total shunt capacitance (', is sufliciently small and cannot be neglect.
<d in shunt with resiat Ry, This t of shunt capaci

0, will then cause the voltage gain to fall nt high frequencies, Higher
the freqnency, farger will bo the reduction in voltage gain,  The a.0,
equivalent circuit of R°C. coupled amphfier in the high frequency
annge then reduces to the form given Fig. 12°8 (a).

IR T
b B3 B 3R z, f
o i LD T

Yig, 128(a) AC. rTnivnlant cirenis of R C conpled smplifier in
the high frequency range
Resistances r,, By, and R, may be combined to form Ry, The
a'e, equivalent eirewt for Ingh frequency range then gets modified
to the form shown in Fig. 12'8 (b).
LT

T 1
Fiz. 128(8), Modifind a,c equivaent circuit of R.C, coupled
ampliGiee in hugh frequeney ranse

Yt Z represent the impedance of the parallel combination of
Ryrp and G, Then
Ry X{~J -\'l)”= Rope

WY

Rpygs
wig "3

P
a= o X, ™ ax1s)
X,
where X,== reactance of C,= 2x}0 . .. (12:19)
Output voltage Ey=gm. Eq Z=~ " E",R”" . {12:20)
R
144 ‘:"

Hence complex voltage gainin high frequenes range is £ive=
by,
R A'l'z Lt
I+d 32 140 .,:{L
.

1
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~ ; Am gm. By
Magnitude 4p= e = 2
. Roip\? '\/ 1 111’.1!
N1+ (F) +(3)
: e (12°21a)
and phase angle of 4, is given by ‘
=y Boto .
=180°—tan™ ——. .. (12°210
¢=180°—tan X, , ( )'
Again we may choose a frequency f; such that
1
2w Ry G5 -
At this frequency f, voltage gain is

An
v 2

R ;=X 5o that f,= . (12:22)

A= .. (12:23)

This frequency f, is called the “upper half power frequency” or
“‘upper cross-over frequency’’. i

Substituting the value of f; in the expression for voltage gain,
we get,

A= '_ﬁ'f“ e (12:24)
14 ——
5
= gm . By, . (12°24a)
¥ 1+J (flfs) -
Numerical value of 4, is given by
Ay A e R,;,, _ . (12:240)
| VASICINEVAEICY
and phase angle of 4, is given by
¢=180°—tan-! %— ... (12°24¢)

The “geometric mean frequency” or “mid.-band frequency;’
" denoted by f, is defined by the relation,

fo=vVFH I ... (12:25)

This frequency lies in the middle of the mid-frequency range
and has maximum value of voltage gain,

- General expression for voltage gain of R.C. coupled amplifier
obtained by using Millman Theorem :—A.C. equivalent circuits of
Fig. 12'5 are redrawn in Fig, 120 after grouping all shunt capacit.
anoos into a single shunt capacitance O, placed across R,. This



TXTTNED Ay CASCADE AIFLITIXDS 3

i ——
l;. <) { L _L i
. £ (" b3 > :
_;!I L B ’Id Te ki > :R‘- % j
; e 2 il
{a} AC. cqu-nlen: eireuit grisz t5) A.C. eqsiralmt cirecit arinz
e $IUITe, €urrest souTee,

Fiz. 1‘9. AC equivalent eireuits of R.C.ecoyled ampller,
Application of Millman Theorem between points Gyend K in.
circnit of Fig. 1240 (a) gives,

e (1228).

where ¥ ,=sdmittance cf Ce=Jur C,
¥,=admittance of B,= 11,
iy
T,=sdmittance of C,=Jw C,.
Application of Millman Theorern between points P and K
yields,
—uEpn Y, E. T,

T, Liit, - (2%

Ey=
where  T,=admittance of r,= ?1
»’

and Yy—admittanes of By= 75 .
+ s
Substituting tke value of E, from Eq. (12:27) into Eq. (12:26),
we get,
—sEnT,~E ¥

.. (1228).

.- (1229)

Henee complex vol tage gain is given by.

.4-=f; —ul, (1230}

TF e+ Y+ YT, .+1:. )—1.(1.—1J'
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i i . t ifier
General Expression for voltage gain of R.C. -coupléd. ampli
obtained by usix?g junction solution :—With. reference to the ' a.cé
equivalent circuit of Fig. 129 (b), application of Kirchhoff curren
law to node P yields,

egm Bt Yy . Bt Tp o By V(Bp—B)=0 ... (1231)

OF" . (Yp+Tz +Y)E,—Y, o Bo=—gm'. Eg.. e (12:32)
Applying Kirchhoff current law to node G, we get, |
: x, (Yy‘*‘ys)'_yc(Ez:“' o)=0 N ... (12°33)
or B, (Yot +Y)=Y.. B, ,
-or Bp= B, Yyt Xt T (Y”‘IIZYSHQ)_ .. (12°34)
[

Substituting the value of E, from Eq. (12'34) into Eq. (12:32),
we gef,

Eo [(I'g+ys+yc§r(y,,+l’z, +Yc) ""Yc ]= —gm. Eak- " (12.35)

Hence voltage gainis given by,

I — Y, Y ‘ '
A=30o » Le ... (12:36
Eak (Yu‘f‘ys“*‘yc)(yp‘*‘y-[-« "ITYc)'—Ycz ( ) )
or 4 —k Ty Y e (12:37)

T AT AT Y T )Y (T4 1)

"7 Kquation (12'37) is the same Egq. (12'30) obtained by using
* man Theorem.

Frequency response of R.C. coupled amplifier : —Tig. 1210 gives
typical frequency response curve of one stage of R.C. coupled ampli-
fier. Dlagnitude of voltage gain is plotted against frequeney of
signal. Since a large frequency range is involved it is convenient to
use a logarithmic scale for frequency. The voltage gain is plotted
along the vertical axis either on a lincar scale or a logarithmic scale.

-"Sometimes instead of using a logarithmic scale for voltage gain, the

b

FREQUENCY
N RANGE  1iDDLE FREQUENCY _ HIGH FREQUENCY
g 7 RAKGE " RANGE
S Ampe-eerz -4
S 5 : ! R
= ! LOWER HALF POWER ! UPPER HALF POWER
S o« FREQUENCY e FREQUENCY
b v ° X

! A 100 1000 1, 10000

FREQUENCY IN ¢f8 ——>
Fig. 1210, Frequency response curye of R.C. coupled Amplifier,

&
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same result is achieved by using a linear scale, but plotting voltage
gain in decibels.  Voltage gain expressed in decibels is given by,

r
Ap=20 Jogia Bt = 20 log,e ! . (1233

InFig. 1210 linear scalo is used for voltsge gain.

Sometimes it is proferred to plot tho relative voltage A/A,, in
decibels along the vertical axis. This is shown in Fig. 1211,  The
half power frequencies are then obtained when relative voltage gain
is —3db, i.e. actual voltage gain is 3db below the mid-band gain A,..

PHASE SHIFT RELATIVE VOLTAGE
GA

§ ! 2702
5

g 180 3
S w38
3% P e
I 530 SN/ O . SR I9
&3 @ 00 000 oo 100000 & E

FREQUENCY IN CfS —>

Fig. 1211, Relative voltage gain curve and plinee characteristicof
1L (', coupled ampliier.

The voltage gain is almost constant an the middle frequency
range, In the low frequency range the voltage gain progressively
falls as the frequency is lowered because of the presence of coupling
condenser ;. (Gain may be considered to be almost constant upto
lower freq J1 i e, mid-band may be idered to be

ling on the low T y side upto f, and cross.over from
mid.band to low frequency range takes place at this cross.over
frequency and hence the name cross-over frequency 18 given to it.
It is desired that the mid-band bo as large as possible, 1e. f; be as
small as possible and f, be as large as possible  From E, (1215)

we see that if f; is to be reduced either R, ( - ”'+r—"—’-r!;(L or cou-
-1y,

SV s tesees £t Vo ceceemmnd T o gogiven tube R/, may be

. . et . ", But R, cannot be increased

" P O to reduce fy, the coupling

. i
condenser € must be increased, In practice, however, an upper
limit for C. is reached, since for very large value of capacity C,
capacity to earth of this coupling condenser increases and high
frequency response suffers nccordingly.

In the high frequency range, the valtage gain falls Lecauee of
the presenco of the shunt capacitance C,. If the mid-band is to be
increased, as {s required in broad-band amplifiers, fy must bo ,m"“{‘MdA
Tn accordance with E, (12 22), f, may be increased by redacing either
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may be almost in phase with the input. In such a case, even a
slight amount of feedback from Jast stage to first slage may cause
unstable operation of the amplifier. To avoid such a possibility
various stages of cascade amplifier must be properly arranged
preferably in a straight line and decoupling filters must be used in
all plate cireuits if a common B supply is used.

Gain-bandwidth product of R, C. coupled amplifier :—In broad-
band amplifiers, the gencral effort is to have a large frequency band
between the upper and lower half power {requencies. This band-
width (fy—f1) is referred to as “half power bandwidth” or “3—db
bandwidth.” In general fy is very small so that f, alone represents
the half-power bandwidth. Lot this bandwidth bo indicated by .B.
Then in accordance with Eq. {12:22) B is given by approximate
relation,

1 o (12°46)

éﬁ .‘Rpu,cﬁ;~
An attempt to increase bandwidth B by reducing R, reduces
the mid-band gain. Hence the product of mid-band voltage gain

4, X Bandwidth B may be considered to be an index of the quality
of the ampilifier.

Mid-band gnin is given by,
A=y . Ry (1247}
Henee gain bandwidth product

B=

— — P — Im 0
Jo=dn B =g ey o (1248)
Ey. (12°48) shows that the gain.-bandwidth product of the
R. C. coupled amplifier is a constant, independent of eircuit para-
moters £, , R, and (;.  Thus for a given tube and circnit configura-
tion, if the bandwidth is increased, tho gain is proportionatoly
- reduced. To have a large gain-bandwidth product, tubes having
large value of g,, and low inter electrode capacitances should bz
used. Cy, may be reduced by suitable layout of the components.
But inspito of all carc it cannot be reduced below a minimum value.
However, let us assume for the purpose of assessing the quality of
the tube alone, that the stray and wiring capacitance (. has been
reduced to zero. Then the minimum shunt capacitance is the sum
of t,hq output: capacitance (" of the amplifier tube and input shunt
capacitance C; of the next stage. Let us call this sum Cy. Then

we :r:nly" say that the gain-bandwidth produet under this condition is
given by
i~ B

S /L1 = m
2 2w {Cp4-Cy) 9% O, e (12°40)

Then since g,, and C, are both functions of the tub i

) ) ¢, th -
b:md.wxdbh product f; is the ‘“figure of merit” of the (;ubee a%s:ll;
Special pentodes have been designed which give high value of g,,:
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and Jow inter electrode capacitances.  GAL5 has a figore of merit of
roughly 117 M C/S which value is reduced due to socket and wiring
capacitance to a value of 655 M10(8 i.c., fo=055 A C]S. The correspond.
ing value of f, for 6ACT is G0MC}S. Thus using say GAC7, under
ideal practical conditions if the bandwidth is an high as 5 A1C/S, the
gain obtainable per stage is still ten,

Effect of cascadinglon the bandwidth :—Let us assume for
simplicity that all the stages are identical.  Let n be tho number of
such stages, Obviously then the overall mid.band gain is given by,

A=A e {12:50)
where A4 is the gain of each stage in the middle frequency range.

If thoreis no reduction in half.power band width, then the
effect of cascading will bo to increase the overall gain-bandnidth
product in the samo ratio as rhe gain itelf. But such is not the care
since the bandwidth reduccs as the number of stages in cascade in-
crease, Hercunder we will find expression for hslf power frequen-
cies fin and fy, when 7 stages have been caseaded.

In the low frequency range, the relative gain using n stages in
cascade is given by,

a) = [+ (Y

Tet fio indicate the Jower half power {frequency of the cascade
arpplifier having n atages, At this frequency

41
Zf—] = s0 that

... {128]1)

i SRR — (12 52)
IGYT

or 1+ ,;:—)‘e” 4

or f{: =/\/2:‘::-1 o (12°53)

In the high frequency range, the relativo voltage gain of n-stage
cascade amphficr is given by,

v A 1

\IT:)' “m . o (1251)
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1 1,1 1
2 o o T e __—.+—-——
Solution By o + B R,
1 1 1

=jor g% 10° T100X 10°
=(1-+0'5+01) x 10~
=151 x 10~ mho.

10¢
Hence Rmu'-'-‘—frgl‘ ohms,

Mid-band gain is then given by,
15 _ 108 _
Am"—-" ———g,,..R,,;a= — '1‘0—4 X I_—g-l‘—: —998,
TLower half power frequency f is given by,

1
h=%:c.7.,
P Tp . R!i__.
where R q RD+ f,,+RL
103% 2% 104_
142)%10%
=10066 % 10* ohms,

H Ji=s; l
ence 179X 000X 10-° X 10066 x 107

=15'82 cycles/sec,
Upper half power frequency is given by,
fom 1 _ 1-51
*7 2= C, Ryy  27x100x 10722 10°
=238 X 10? cycles/sec.

To geb lower half power frequency of 10 ¢/s,, value of requisite
coupling condenser is given by,

=105 ohms.

1 1

2nf R'ey ~ 27 x 10 % 10065 % 108
=0"0158 X 10~° Farad.

Example 3. 4 resistance-capacitance coupled 4; amplifier uses
triode laving amplification factor of 50 and dynamic plale sesistance of
14000 ohms. The load resistance is 100 Lilo-ohms and the grid leak
resistance of the ncat stage is 800 kilo-ohms. The total shunt capacit-
ance is 200 pp F. Caloulate for one stuge of this amplifier (3) mid-
-band gain, (1] valucs to coupling condenser to get lower Lalf power
frequencics of 3, 10 and 20 ¢fs. (it7) upper half power Jrequency and

(iv) for coupling conenser of 0°05 pF, vollage qain at 1
5,500 and 50,000 cycles/sec. 7o an Jrequencies of

C. = Farad
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Solation.

1 1
“uxlo""xoaxw"*’ 00% 10!
-O'FQGSXIO“ mho.
Hence Ry (")-SVGF ohms.
(i) Mid-band gain

50 10* .
A= —guRpry== G X o= — 4319
(i) Coupling condcnser is given by,

g ’L_RL

where R =R+ ik,
14107 x 100 X 10°
- 3 2X _
=(B00X10%+ ) g0y x 107

=812'3 107 ohms,

In order to get lower half power frequency f; of 3 cfs.,
1

IR XIXBIZEX 100
=0'0654x 10~% Farad
In order to get f;=10 ¢/s.,

1
G= 2rx 10X 8123 %107
=01962x10~* Farad.
In order to get f;=20 cfa.,
1

G mxoREIEsx 10
=00981X 10~* Farad
(i) Upper hnlf power frequency f, is given by,
1 0'8268
00 X JUTH X104
=658x10% ¢/s.

fi=azc,py,

381

{ir) For C,=003 p F, lowcr half power frequency is given

by,
| 1

h= 2= Ir, TR0 x 0t XBIZTX 10t
=392 eycles/erc.
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Solution. -RE;:—’%"F ]—?1}/—-1-%'
1 1 1 .
=1t g% 10f T100% 10!
—(14+0'54°01) x 10-¢
=161 %10~ mho.

i
Hence R”’”zﬁ'f ohms,

Mid-band gain is then given by,
15 108 .
Ap=—GnBpro=— 1‘6;)( T‘?lz —8°38,

Tower half power frequency f; is given by,
~ 1
h=sor,
' Tp « .Rj,
wliere R =R+ g
' 10% % 2 X 108
R=—=—1 6 B -
105+ (119 X 10° ohms.
=100"66% 10 ohms.
fi= !
17 22 x0°01X 1075 10066 x 10*
=15'82 cycles/sec.

Upper half power frequency is given by,

Hence

1 1'51
fe= 350, 70, = TR 100 X 10X I0°
=238 x10° cycles/sec.
.To get lower h_a\f power frequency of 10 ¢/fs., value of requisite .
coupling condenser is given by,
1 1
T, =R x10% 10066 16t Farad
=0'0158 X 10~% Farad.

Exagnple 3. 4 resistance-capacitance coupled 4, amplifier uses
triode having amplification factor of 50 and dynamic plate resistance of
14000 ohms. The load resistance is 100 FLilo-ohms ‘and the grid leak
resisiance of the next stage is 800 Lilo.ohms. The tolal shunt capacit-
ance is 200 pp. F.  Calculate for one stage of this amplifier (i) mid-
band gain, (ii] valucs to coupling condenser to get lower half power
{fe)qzz;nczcs aj; 3,10 m{:d 20 c‘[;-b é?’i)rupper half power frequency and
1) for coupling condenser of O ", volta ] 3
5,500 and 50,000 cycles|scc. . e guin at Jrequencies of

C=
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1_

Solation. o

1,1

£ T

Ry, r, 'RL +
| 1 1

= Iax16* 100 % 10*+ $00% 104

~0-£268 X10-¢ mho.

Hence Ry~ —ml— ohms
T gg208 :
(i} Mid-band gain
50 10¢
= - ——— - <19
Ax Fmellpts 12000 X 8268~ —43°1
iy Coupling condenser is given by,
1
Cperm———
TERL R,
whete Royspr Tl
o . r'+RL
1410 x 100 % 30?
=(B00x 10 ) T iegr 0r
) =812:3x 10" ohms.
In arder to get fower half power frequency fy of 3 cfa.,
Cs

by,

S IEXIRBIZIXIC
=0'005% x 10-¢ Farad
In order to get fy=10¢/s,

Y (PR
=0"1962x 10 Farad
In order to get f,=20 c/s.,

[C S W
‘T 2ax20x8123x 10}
=0 098] X 10-* Farad
(iii) Upper half poner frequency f; 18 given by,
0 8268
2200 ¥ 1071 Lot
5 8x10° cfs.
(it} For Ce=0053 p F, lowcr half power frequency s EI\'_C_'_L
s

LOSTN T

1 1
4 ToRC i, *2.—.xoosxm-‘xm:;/

=302 eycles/v e,
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Frequency of 5 cfs. is cloge to the lower half power frequency
and hence it is required to use the formula for low frequency range.
Thus voltage gain at 5 cycles/sec. is given by .

4319

——m o

A= —-————-———mAm = 3992
VASIC JRRVASI G =
=33-98

Frequency of 500 c/s. is greater than 10 f; and less than 10 f;
and hence it lies in true mid-band. Hence gain at this frequency
may be taken as 4,,=43'19.

Frequency of 50 ke/s. lies close to upper half power frequency

- and hence gain ab this frequency is given by

43'19

PR S— n
' ,\/1+(~ff—) \/1+(§5g%

=344

Example 4. A4 resistance-capacitance coupled triode amplifier
has anode load of 25 Iilo-ohms., coupling condenser of 0-01 microfarad,
dynamic plafe resistance of 20 kilo-ohms, amplification factor of tube of

"~ 40, grid leal: resistance of 500 Eilo-okms and total shunt capacitance of

e 100 micro.micro farad. Calculate (@) mid-band gain (b) lower and

" pper high power angular frequencies, (c) stage gain and phase angle
at angular frequencies of 100, 5000 and 600 x 10® radians/sec.
_p_ 40 '
e = 50000
1 1 1 + 1

Solution. =2x 10~*mho.

Pow 1o TR B,
_ 1 1 1
20%10° 26 % 10° T 500 % 10°

=092 x10~* mho

1

. Hence R,,k,-:(-%)-é ohms,

Hence mid-band gain is given by,

1 1
Ap= “gm'Rr'm: —2x10-% x 0.‘3‘2“
=—21"74.
() Lower half power angular frequency is given by,

1

O T .
L4 o
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But  Re=RA _:'?ﬁ';’_
R

20 X 10*x 25 % 10*

= 3 —— e
BO0X 109+~ rary% 1ot

=511"1x10% ohms.

1
Henes = ORI BITTRIO
=193'7 radians{see.,
Upper half power angular frequency «, is given by
1 . e
C, Rpo 0% 10~ x 10!
=020 % 10? radians/sec.

() Voltage gain at anpular frequency of 100 radianefs:
given by

A
4 1-;{;
Mosnitude Ao An 2074
\/H-(J%)" ,\/H—(%g’

=00.
Phase angle ¢¢=180°-{-tan—t {—;
=180°+tan™? 1'957=243" 65’

Angular frequency of 5000 radians/scc. lics well within the
mid.band. Hence voltage gan isequal to An{=21'74) and phase
angle is 180°,

Angular frequency of 600X 10 radians/see. lies claso to upper
balf power frequency. Hence voltage gain at this frequsncy is
given by

2174

PR S| & . N
N +(E) 1+ )

=182

Y

Hence
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Phase angle ¢=180°—~tan? —f;—

— o -1 _(_;_99_____ o pA?
=180°—tan 390 146° b4 '
Example 5. A4 resistance-capacitance coupled iriode Ay amplifier
stage has plate load of 80 kilo-ohm and coupling capacilance of 0'(?5
micro-farad. Valve amplification factor is 80 and dynamic :;-[ate resis-
tance of 40 Lilo-ohm. Grid leal: resisiance of next stage ts 200 lilo-
ohms. Calculate (a) mid-band gain, (b) lower half power frequency
and (c) magnitude and phase angle of gain at a frequency of

%To_— cyclesfsec. If output capacitance of amplifier valve ts 10 ppF,

input capacitance of next siage is 150 upF and stray and wiring capacit--
ance is 70 pp. T, calculate upper half power frequency, gain-bandwidth
product and figure of merit of the ampli fier tube.

. 7 S0 .
Solution. gm::’—;,,_, :.—.-4:~ 6).(-1‘0:—;:2 X 10 3 mho,

1 1 1 1

R = R YRS
1 1 1
e = i0% 10050 10° T 300 10°
. .‘:“ ‘.” — 1 ‘7
“ox 1
3
Hence R,,,:"iglﬁ.;p«- =23'53 x 10? ohms.

(1) Mid-band gain A, =—g,.Ro,
=—2x10"3%23'53 X 10°=—47°06
Lower half power frequency

R
o r,
) . R
R e = —r"..m_!i‘
=L+ iy
=(200 X 10%)+ J0x 108 % 80% 103

{404-80) x 10°®
=226"66 % 10% ohm.

Hence @, == 1
10 05X 10 % 33666 X 10°

==88'5 radians/sec,
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{z) Vollage pain at anzular frequency of 20 radians’eec. is

A-'_
4 1-5*;’-
Macnitode A A= 4706
NVTTE BVITEE S
=103

Phase angle at frequency of 20 radians'rec. is
$=180° +tan~? ;'

=18)"+tan~? 4-425=257°, 18"
“Total shunt capacitinee C,=(10-21504-70)=230 pu P.
Hezco upper ba'f power frequercy f, is given by,

S~ T
2, By ~ 22%230% 10 C % 2363 %10°
-39 10% c/s.

Gain bandwidth prodact

LI

Z2 Lty

Lo gxa
22(10-150) £ 16712

=197 x16* c/s.

Example 6. A twostaze R.C. eourld A, amplifier wees in
ARs fire! slage a trind» kaving amplification factor of 40 and dymeric
ylate resivtance of 40 Lilo-okms. Load remstance is 160 Hlookrs end |
grid leok resistance of the gecond stege i3 2 MMeg-ohma. Colrwlale the
calue of the ecupling conderser such that at @ frequerey of 50 cfs, fhe
ttagz again i1 4 db below the maximum colloge goin. Aleo find the
voliage gzin in db of the first stage at a frequency of 100 eycleafuecond.

Solution. Voltage in Jow frequency range is given by,

Fizure of resit of tube =
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or

or

or
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But at 50 cfs, 4z, is 4 db below midband grid 4,, so that
Am
4=20 lOglo TI;—

Ap . .
Hence A, =antilog 0.2=1'585

Hence 1'585::'\/ 1+('J%% )2

Xe N eramie_1—1-
I?Z> (583 -1 <1512

-2?‘]—,@"6‘}0—13’,—0: =4/1'512=1'23
But B'y=Ryt 2 L _ax 104 42&3?::0%?%&03 :
=2:032 X 10% -
Henco Co= g osixs 03%>>< 10°% 123 - Farad
='00127 micro-farad.
R
= 40><1103 + moimu + 2000; 10,
=74-(-}—;—<% mho
vaa=_4‘0f>‘<2“%‘93'=31'5 % 10° ohms

‘ Hence midband gain 4,,=—g,, R0

40
= mx3l 5X10%=—315

Voltaae gain ot a frequoncy of 100 cycles/sce. is given by

Aygo="F==
'\/ 1 +( R',,,

.q.c____ 1

R, 2=f C ., T X 100X 00127 x 1¢~¢ X2 032 % 10°
=0615
315

100 m =26-8
" ge gain expressed in db is=20 log;, 26°8
: =28'562 db
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Example 7. A wideband amplifier utes @ pentode valve Raving
mutual conductance of 10 mA|V and extremely high dynimic plate
resistance, Load resislance is 2500 ohms. Cou,ling condenser is 001
microfarad and grid leik resistance of each slage is 250 Lilo-ohma.
Find the voltage gain of one stage at a frequency of 30 cls. Find the
value of shunt caracitancs that will result in the zame voltage gain at
& frequency of 3 mega cycles/szcond.

Solution.

1 1 1 1
P iy T

I
1
2500+ “SFo w00

— 1_.+_1£_. aince’r, is extremely large.
i

1-01
= —=-mho,

2500
2500
or Rypye= .l_‘,(;l ohms.
1ence midband gain A= —g., . Rpr,=~{10x10-3) % %
=—~2476
. . Ry
R yy=Ry+ ro Ry,
=R+ Ry, since ry is extremely large
==(2504-2:5) X 10°=252 5 X 10° ohms.
Voltago gain at 30 ¢/s is given by
: . 4 A
30 X, \s
‘\/ H'(R',.,’)
Buttem 1 1 T

= —o
R, 2xfC R,  22x30x°0IxX10-°x2525x10° ~

Henco Ajq=—. =108

V1 .
Let C, be the value of total shunt capacitance in farads
Then 10°6= 1

VI (Fyy x 22X 3X 108X Ce
Obviously 2'1 must equal R, X22x3x10*XC,
Heneo Cyre 21 - 2:1x101
Ry X2 XAIX10¢ T 2500 X2 I 10
«=43%x 10" Farad = 45 puF.
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Example 8. A resistance capacitance coupled amplifier has

. . . 100
voltage gain 3 db less than midband gain at frequencies of 5

cyclesfsec. and —;T—'z-mega cyclesfsec. The pentode used has mutual

conductance of 10 mA|V and extremely high anode slope rqezatanoe.
The total shunt capacilance in each stage 18 16 pul'. Cou]?lmg con-
denser capacity is 005 wF. Find (a) the anode load resistance (b)
grid leal resislance and (c) midband gain.

1
Solution. Tower half power frequency f,:m
1 1
== - = 0 “ 3 hm .
Hence R/, = =0T 160 20010 o. 8

mx05%x 107« o

' r .R],
R =R Bl
e ’Tr,+I£L

But ry > Iy, ,
hence R’ yy=R,+Ry, so0 that R,y =200%10° ohms. ... (1)
Upper half power frequency is given by
. 1
o= 2% Uy pyy
Henee 7.’,,,,y=~27~:'—};~0’— = 1 - ~==2500 ohms.

2::x,2,—,5_>< 10%% 16 10-12
1 1 1 1
SRS S S
qu ry ]:], Rg
But r, is extremely large,

hence 1 1,1 __Rp-+R, _ 200x10°

9500 Ji, | Re Ry A, .. R,
Hence Ry, . R,=500210"
500 10° .
or Iy, I .. (2)

Substituting the valuc of ?;, from equation (2) into equation
(1) wo get,
500 10°

R -2 7 =200 10°
ty
or Rp2—200%10% 12,4-500 % 1(°=0
Hence, L,”:J,- 200 % 1021 4/ (200 X 10%)2 24 % 500 % 10¢

. 2
=107"15 % 10° ohms or 2'55 % 10° ohms,
Obvinusly 12,=197-45 % 10% ohms.
Henee 2y, =255% 10% ohms. :
Midband gain =—gm, R,;,=~—(10% 10-%) 3. 2500 = —25
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Example 9. A wideland B, C. coupled pentode amplifier is 10
designed as to bare phase ift not excerdirg 30 degrees ot frequencies of

-géﬂc[: ami-;% ¢fe. The total shun! eapacitance is 18 puF ond
grid leak yesirtance is 500 Lilo-okms in eazh dtage. Caleulate suitalle
valuzs of 01d resistance and coupling condenser. Asrume dyramic

plale resistance of peniodss to Le extremely Aigh.

Solution. Phase shilt in high frequency range is given by,
R,
=e=tan-l 232
] tan: X,
o

Hence R,,=X,.tang= ——m,u;n"o‘_
o X 100x 13 10-1

2=

=1283 ohms,
o110
ipts Ty ) (N
But r, is extremely large.
1 1 1
H —=,
O F BT R,
1. 1,
1285 Ry ° 500x10°
or l—,l’_-=‘778x104—-002x1ﬂ"=‘776x104

or

==1259 ohma.

Henee I =0,],g.: 5

Rra=k,t 2P potesn,,
g 71

Hence R’py=R,+ Ry =(500% 10%)+(1-259 x 107)
=501-3510% okms,
In the Jow frequency range, phase shift is given by

X,
t: [ AU S
or tan§ - 57 C Py

oy 1
oeftan o K, 40

Hence Cp= —— —————
2=% o ¥ 05745013100

=0'€65% 10~ Farad
=065 uF
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Example 8. A resistance capacitance coupled amplifier has

. 100
voltage gain 3 db less than midband gain at frequencies of =n

cycles/sec. and -%’z— mega cycles/sec. The pentode used has mutual

) istance.
conductance of 10 mA|V and extremely high anode slope resis
The tolal shunt capacitance in each stage s 16 puF. Gou].)hng cm;;
denser capacity is 005 pF. Find (a) the anode load resistance (b)
grid leak resistance and (c) midband gain.

1
Solution. Lower half power frequency fi= ~C. B
' 1 1 = 3 .
Hence R',,= IO, = 160 =200 x 10 ol‘xms
¢J1 9rw05%x10-¢X ey '
"o Ty« RL
R tQ_'RD‘ + rp+-RL
But s> Ry,
hence R’ ,,=R,~+Ry, so that R,+-Ry, =200 10% ohms. ... (1)
Upper half power frequency is given by
L
E 2 C, RDlQ
) 1
Hence Ry,= : = =92500 ohms.
IO gy 10ex16x 10
1 1 1 1
SR SO S T
-Rplfl ry RL Rg
But 7, is extremely large,
hene _}_t_l_‘_l__;l_z Rr +R, . 200X 108
renee 2500 R; 'R, Ry.R, R;.R,
Hence Ry . R,=500x10°
(]
o r, — 30030 e
g
Substituting the value of By, from equation (2) into equation
-{1) we get,
U3
Rg+5001>§l‘3»=000 X 10
g
or R32—200%10° R,4-500% 10¢=0
9 3 ) NZ__ 6
Hence, R, T200X10°% v/ (200 X 10°—4 X 500 x 10

. 2
==197"45 % 10° ohms or 2°55 x 10° ohms.
Obviously R,==197°45 X 10° ohms,
Hence Ry, =2-55 X 10° ohms, :
Midband gain =—gm. R,=—(10%10"3%) % 2500=—25
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Example 9. A trideland R, C. coupled pemtnde amplifier is so
designed a3 ?a have phase shift not exzeedirg 30 degrees of frequencies of

—géll!cl: andig— efs. The total shunt capacitance is 1S puF and
vnd leak resistance is 500 Lilo ohms in each atage. Calenlate suitable

values of load resistance and coupling mr}:’euur‘ dssume dynamic
plale resist of penlodes to be 1y kigh.

Solution. Phaso shift in high frequency range is given by,
£
X,

fe==tan~!
tan 30°

X108 I8 x 10-1#

=1285 o{:ms.

1 1,1 1

Ry, 1, K 'R,

But r, is extremely large.

Heneo  Ryp=X,. tan §=——r

1 1,1
Henee T’m‘ i +7{T
1 _1 1
or L T T
1
or E='778x 103002 X 109776 x 102

10
Hence Ry =oﬁ=1280 ohms,

R'y=R, 4 E:T‘II% Butr,>R;,

Henee =R, 4R, =(600% 1094 (1230 x 10y
=501'3 % 10° ohms,
In the low frequency range, phase shify & gipen o

X,
-1 e
f=tan Wy

or tan g=: - };LEH\
R

Hence Q=

=085 10 Fms
=0865 .7
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where Y= ?1—3 Y.=jo C,, Yg=‘é~, Y,=juC, and Y, =%
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Suitable value of coupiing condenser may then be one micro-
farad. This will produce phase shift slightly less than 30 degrees.

Example 10. Drow a.c. equivalent circuit of one stage of R. O.
coupled amplificr. Using IMillman theorem, prove that the voliage gain
of one slage is given by the expression : :

— Yp Yc

A= I,V Y+ Yy ) —YAY, V)

1

g

@iven that amplification factor g is equal {o 50, dynamic plaie
resislance==20 kilo-ohms, conpling condenser="01pF, grid leak resis-
tance R,=1I meg-okm, lotal shunt capacitance=200 ppF and load re-
sistance=20 kilo-okm, calculate magnitude and phase angle of vollage

. gain ai frequency of g)fcgjcles/sec.

fance

Solution.

Hence A=

Hence

1 1

2 =05 X 10-2
P TS T 05 x107® mho

Y=

s . 0
Y=jo Ce=jX2xX L_?X'lelo*ﬁ-—:jx 10~ mho

Y,,—-—-k-]-‘—=10“‘ mho

g
Y,=joC=j X 100x 200X 1012==5 % 25 10~% mho
11
Ry T 20x10%
—50 % 05 X 10=3 % § x 10-9

(1% 1070105472 X 107) (:05 X IU2+(5 x 10-5)
—j X 10-8(10-%4-j2 x 10~8)

Yz = =05 % 10~° mho

I
1000241701 4]
A 25
A/ (1:0002)24-(1-01)¢
101

=177

Phasc' angle=180°490°~tan=! —ou_

10002
==270°4-45° 18'=224° 42/,

Example 11. TVoltate gains of 3 stages of alresisluncescapacis

coupled amplifier af frequency of 50 cfs. are respectively

20£220°, 25/£210° and 24 4 230°

Find the overall gain and phase angle.
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Solotion, Orerall gains=20 X265 24=12000.

Orerall phass angle  =(220+210+4230) dezrees

=000 degrres=2300 dezrees.

Example 12. A resistance eapacitance coup’ed amylifer has four
identiccl alages. FEach slaze vees a pentode horing gu=10mA[F.
Load resistance is 10 Lilo-ohme, grid leak yrzistance R,=1 msg-okm,
couyling condeneer C,=0 01 ¢ F, and {otal shunt capacitance Cy=20F.
Calculatr (a) midband roltage gain, (L) ralf power frequencics,
(¢) gain Landicidih yroduct of taeh atage, and (d) gain tandiridth zro.
duzt of ovrrall amylifier, ~Assurs dynamic plale resistznes fo be
extresaely large,

Solation,
1.1 .
T + =~ winee r, i> extremely Jarge.
2 2,
1,1 10
R U T U
10
Hence II,,,:m

Midband voltage gain is given by,

']
AummmgaRtyy=—(10x16-) % 125 = 0001

101
1ower halfl power frequency f,= ! =
« Koo
. 1y By
Lt =R+ o

=R,+Ry sincer, >> Ry
=10°4+10%- 101 x 10* ohms.

1
Henre I T e T

- 15775 cycles/eec,

Upper half power frequency f, is given by

f, 1 101
M I vy TRV T
=803% 10 cfs.

Cizinband product of one stage is given by
Ak fy— 0001 2803 % 10°="05 ic/s.
Overall midiard eain=(9901)1==9-¢n1 x 107
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Overall upper half power frequency is given by,

fon=Fe \/ (2)_\;,.~l

—0'803 x 10°x \/ @t —1
=035 x 10° ¢fs.

Overall gain bandwidth product

=fon X App==0"35 % 10° X 9°601 X 107
=336 X 10" ¢fs.

Example 13. A4 wideband amplifier uses 4 stages of R.C. coupled
pentode amplifier. All the stages are identical.  Overall bandwidth 1is
required to be 3 Mcls. The overall shunt capacitance Cs is 15 ppF.
Qridelak resistors lave values of I meg-ohm each.  Select suitable
value of load resistance. If the lower half power frequency of overall
amplifier is 10 cycles{scc., calculate suitable value of coupling condenser.
Assume the dynamic plate resistance of each tube {o be extremely large.

If mutual conduclance of cach tube is 8 mAd|V, calculate overall mid-
band gain.

- Solution. Overall bandwidth i.e., overall wpper half power
frequency is 3 Me/s. .-

G (]
Hence  fy=—oX100 joﬁ?s% —687 X 10° ofs.
N @
(2)* —1
But frm
2 21't C, R’Jlg
Hence Ry,= 1 1

2n fy Cy T 2rXEBTXI0°X 16X 61
=15645 ohms,
Dynamic plate resistance r, is extromely large,

1

1 1 1 1

Hence EZE:F:+R—L —iﬁ-é—*-ﬁ}j
1
Or ]§;“=0'647 X 1073—10-8=0'646 % 10~ °
10°
Or Ry, :0'647=154S chms
H ’ - "p * RI:
enco  R',,=R,- TRy
=R,4Ry, since r, >> R

=10°41"5848 % 103=1001"5 x 10° ohms,
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Lower balf power frequency f; of each atago ia given by,
h=fnx ’\/ (27 -1

n=number of identical stagese=4
Jin=10 cfs.

e fm10xN @ 1
=103 0436=4"36 c/s.
Hence coupling condenser C 15 given by,

R Farad
x4 36 %1001 5x 107

1
Ce= 5 T,

<=0 036 uF.
Midband gain A,= —gn Bps - ~8 21073 x 1545~ —12 36
QOverall gain ={1236)! - 23330,

Unhersal voltage gain and phase-shift curves of R. C. coupled
amplifier. A study of equationy (12 17)and (12 24) for complex voltag
gain in the Jow ond bagh trequency resions reveals a few mmportant
characteristics of R C. coupled anpliier  These equations are again

written below,

An
A= — - (1217)
1~ T
An
and A= i - {12°29)
1+j A

Tollowing points are worth noticing —f{1} at frequencies f; and
Jui.e, at lower and upper half power frequencies, voltage gain; are

An 4
the same and equal I,_»re 3 db below midband gan 4,, Also

phasc shift with respect to the phase m nudband 18 £ tan~!1 e
equat to o35 dezrees, plus srn holding for lower freix—xcncv region
and minus for high frequency reion 11s)  at frequencies of nfy and

1 N
" Ju voltage gains are equal and phase shifts with respect fomid:
band condition are equal and oppostte  Voltage gain for both £~

% and pha-e shifts are tan™ (—; 5=t

V()

L/ . .
~tan-? (;—-) respectively for frequencies of ufy N

queneies in

AN

£

F1e.03
Py
romy
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with respect to frequencies f; and f,, voltage gain and phase shift are

. .4 ; .
symmetrically disposed. If relative voltage gain . in decibels is

f f

plotted along vertical axis against relative frequency o or A along
1

a log scale, the curve so obtained is universal in nature i.c., it applies
to all R.C. coupled amplifier equally well. Fig. 1213 shows univer-
sal voltage gain curve for R.C. coupled amplifier.

HIGH FREQ.
LOWFREQ_ 1 3 p mipgaND—sit

— RANGE
RANGE CONSTANT | o
! - GAIN ’
=) o B {MipBAND | .
ES A \Q
<& 0 ,’/
= - \ .
< 7
S C C
& 20,
N
g -30
W
S -AOK i r's
s 0! ! [/ 1 ! o 1o
& 14 > " 1t -
RELATIVE FREQUENCY

Fig. 1218, Universal voltage gain curve of R. C, coupled amplifier,

The curve shown in Fig. 1213 is symmetrical on either side of
true middle frequency range i.. range of constant voltage gain.
This constant voltage midband extends from frequency 10 f, to °1 f.
where f; and f, are lower and wpper half power frequencies respec-
ticely. Straight lines 4B and A'B’ have slopes of 6 dbjoctave
and —§ dbfoctave respectively, In the region from C to B se.
from frequency 1 f; to f; the actual curve departs from linearity.
Becauso' of the symmetry of the curve on either side of true mid-
band, only one-half of the entire curve may be drawn to represent
universal voltage gain curve. It has, of course, to be interpreted

properly in the low and high frequency regions regarding the relative -
frequency.

Similarly if the numerical valuo of phase

. ] shift with respect to
midband phaso is plotted ag

and ainst relative frequency f/f, or fifz on
logarithmic scale, the curve so obtained is shown in Tig. 12-34. This

curve rpain s universal in nature since it applics cqually well to all
RR.-C. coupled amplifiers.

The curve expresses the phase shift at different frequencies in
.addition to constant 180 degrees phase shift in the true midband.
.The curve is symmetrical with respeet to midband except for the
difference in sign of the phase-shift ns shown in Fig. 12°14. Only
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one-half of the curve in Fig. 1214 may, therefore, be drawn to
represent nniversal phase characteristic of R. C. coupled amplifier,

LOW FREQ. iGN FREQ
—+re-——30b MDBAND
REGION G Rxe

L_TRUE_,. coY
PEOBAND

wn Y ']

e s N\ o

g \

Q 4D 40

=

= 60,

[N

= gy an

e

E 05T 0 a0

T %

RELATIVE FREQUENCY
Fig. 1214, Unirersal phaso characteristie of R. C. coupled amphiicz.

Voltage gain characteristic of R.C. Coupled  amplifier on
complex plane. The response of R.C. coupled amplifier regarding
voltage gain and phase apgle may be summarized by plotting the
complex voltage gain on a complex plane. For each signal frequency,
volt.ge gain vector starting from origin may be drawn such that
jts length rep ta the itude of the plex voltage gain and
its angle with the 4 X.axis gives the phase angle of the complex
voltage gain. Obviously then the projections of this vector on X
and ¥ axes respectively give the real and imaginpry ports of the
complex voltage gain. Hence these X and Y axes may be referred
to as real apd 1maginary axes. This process muy be repested fora
large number of frequencies and tips of these vectors may be joined
by o curve, This curve giving the loeus of the tip of the voltage
guin veetor for R.C. coupled amplifier isshown in Fig. 12:15 and
may be called the voltage gain characteristic on complex plane.
However as & preliminary to the construction of this voltage -

1
gain curve we may first draw curves for factor ’ffor Tow fre.
sh

-7

for high frequency region. In the fre-

-

quency region and 7

1+
j!

quency Tange from zeto to ahout 10 f;, Eq. (12°17) applies.  During

this frequency interval, the tip of the vector S traves omt &
152

eemicircle in the clockwise direction starting from origin corres.

pondirg to f=0, and going upto a value 099 - jO 099 at point Py

corresponding to valve 7=10f,. Inthe frequency ringe from
Pana
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10, to 0'1 f,, the complex voltage gain is constant at the value
1170 indicated by point P. This semicircle is locus of ‘the tip
veotor AifA, and is shown in upper right hand quadrant in
Fig. 12°15. .

In the frequency range from 01 f, to infinity complex voltage
gain is given by Eq. (12.-24). During this frequency interval the

tip of the vector traces out a semicircle in clockwise direc-

145 L
tion starting from point P, (0:99.50°099) corresponding to frequency
f="1f, and going upto origin corresponding to infinitely large fre-
quency. This semicirele is the locus of the tip of vector A,fAn and is
shown in lower right hand quadrant in Fig. 12-15. Thus theright hand
circle in Fig. 12'15 is the locus of the tip of the vector AfA,, over

_ the entire frequency range from zero to infinity. But An=—0m. By
Hence locus of complex voltage gain A is obtained by multiplying this
locus of AfA,, by factor —g,, R, The locus corresponding to-
complex voltage gain A so obtained is then also a circle magnified
in magnitude and reversed in phase. This is shown by the left
hand circle in Fig. 12'15. For the frequency range 0 to 10 f;, locus
18 represented by the lower left hand semicircle of Fig. 1215
from origin to point Pyl —g,.Rp,(199-+50'0981]. Locus for middle
frequency range from 10 f) to '1 f; is indicated by curve from P, to
Py [~ By '99~370°099)]. Locus for A for the frequency range

. *1f; to infinity is represented by upper left hand circle from point P,

v to origin.  Point P, corresponding to middle frequency fo=vf; fo
has coordinates {—¢,,.8Bp15, 0] corregsponding to A,,q yho=Vh J: .

e

s

&
fFreq,
> _1ocus or 2
A\ f Am
p\\,\p““ 10f\G

L(1+jo)

m
bVt N REAL
ANOF, R~ 1f, fINoi, G 15)B
f7

tocws 0P A+ e
Fredf

Fle. 1215, Locus of refative gain Af\,, and ¢ '
] omplex v g i
R. C. coupled amplifier on "clomplex plul;e.\ veltage gain A of

In the above construction locus of lip

been drawn firss following Eqs (12°17

i 2:17) and (12 24) and subsequently
locus of comylex voltawe gain A has been drawn by mulgp)yinzg
the locus of A/A,, by quantity —g,. R,.. ¥ C

A This indirect procedure
has been followed simply to fucilitate understanding, gVe could

of vector AJA,, has
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bxve_dravrn the locus of the tip vector A directly using the Egs.
(12:17a) 2nd (12:24 a) for low and high frequency ranges respectively.
Inductance Capacitance Conpled Amplifier

) It differs from R.C. coupled amplifier in that an indoctor
instead of a resistor, is used as the load. Coupling is, however,
still done through a pling d . Thead re gaiced is
that no d.c. voltage drop in the load impedance takes plice and
the corresponding power loss is avoided. The plate cirenit efficiency
is thus increased. Figz 12°16 shows one stzze of inductance-capaci-
tance coupled triode amplifier. .

"Q

g
&

¥ig.1216. Onestaze of Inductance-Capacitinee conpled trwrde smylier,

Another advantagze obtainable in irdectance-eapaditance
coupled amplifier is the larre voltaze gamn in the middle frequency
range resulting from the fact that the inductive reactance may be
made very large. But there existsthe disadvantace that in the
tow frequency range voltage gain falls more rapidly becavse of
rapid redaction in the Joad impedance with frequency. This results
in higher value of lower half power frequency. There is edditional
disadvantaze of higher weight and cost of the indnctor. Thus no
special advantage is obtained by the use of inductance-capacitance
coupling. If at all n resistive load is to be avoided, it is preferred
to use a transformer coupling in between the stages of a cascade
amplifier. Transformer coupling bas tt e adrantage over inductance-
capacitance coupling of the faciity of impedance matching and
higher gain due to step up ratio of the transformer. Accordinzly
1.C. coupled amplifiers are rarely used for interstage coupling. The
gain of 1.C coupled amplfier 15 given by Eq. (12:30) with the
alterations that I now represents admittance of the inductor.

Induct: paci pl i3, however, often uced to
conple 8 Joad to the tube rarticularly when the load abrorbs con-
considerable power. This is known as the “shunt feed” or *parallel
fecd” of the plate. Fig. 12:17 rhows the circuit arrangement of
parallel feed. The indoetor isin zeries with the plate supply while
toad Z; is connected to the plate throuzh coupling condenser €.

In this shont fed or pamllel fed amplifierd c. plate current
Iyand ac. plate enrrent J, flow through parallel paths as shown in
Fig.12'17 XNo d.c. voltage isthen presentin the Joad Z; becanse
of the blocking condenzer (= No de. voltage drop inthe load
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10, to 0°1 f,, the complex voltage gain is constant ab the value
1440 indicated by point P. This semicircle is locus of ‘the tip
veotor AiA, and is shown in upper right hand quadrant in
Fig. 12°15. g

In the frequency range from 0'1 f, to infinity complex voltage
gain is given by Eq. (12-24). During this frequency interval the

tip of the vectdrv———f— traces out a semicircle in clockwise direc-.
1+j—+
J:

2 . .
tion starting from point P, (0°99-j0°099) corresponding to frequency
f="1f, and going upto origin corresponding to infinitely large fre-
quency. This semicirele is the locus of the tip of vector A,/A,, and is
shown in lower right hand quadrant in Fig. 12:15. Thus theright hand
circle in Fig. 1215 is the locus of the tip of the vector AJA,, over
_the entire frequency range from zero to infinity. But An=—gn.Bpg
Hence locus of complex voltage gain A is obtained by multiplying this
locus of A/A, by factor —g,, Ry, The locus corresponding to
complex voltage gain A so obtained is then also a circle magnified
in magnitude and reversed in phase. This is shown by the left
hand circle in Fig. 12'15. TFor the frequency range 0 to 10 f;, locus
i3 represented by the lower left hand semicircle of Fig. 1215
from origin to point Py[—g,,.[0,1,('99-4-70:099;]. Locus for middle
frequency range from 10 f, to °1 f; is indicated by curve from P, to
Py [ =0 Bp1s('99--j0°099)]. Locus for A for the frequency range
.. *1 f; to infinity is represented by upper left hand circle from point P,
" to origin. Point P, corresponding to middle frequency fy=/f; fs
has coordinates [~g,,. %15, 0] corresponding to A,,q Vi Ik .

greq.
> _10CUS OF Aﬁ

N\ m

A ,
Sl 7 (1+joy

m
Fy=VFity Oh~% REAL
pNof, N, W‘%
f2

Locus OFA 4/8‘11 %‘\"
Fret

Fiz. 1215, Locus of rolative gnin A/\,, and < voltage gai
R. C. conpled amplificr onlgomplcf;;?nr;ls:\ voltage gain A of
In the above construction locu i

! s of tip of vecior A/A,, has
been drawn firss followiny Bqs (12:17) and (12 24) and subse/qu’;ntly
l(;)cus of complex voltave gain A has been drawn by multiplying
; c)c;)cus of A]{\,,, b:y quantity —g..Ry,. This indircot procedure
s been followed simply to fucilitute understanding. We could
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bave_dmwn the locus of the tip vector A directly using the Lqs.
(12'17a) and (12:24 a) for low and high frequency ranges respectively,
Inductance Capacitance Coupled Amplifier

i It differs from R.C. coupled amplifier in tbat an inductar
instead of & resistor, i3 used as theload. Coupling is, however,
still done through a coupling condenser. The advantage gained is
that no de. voltage drop in the load impedance akes plice and
the corresponding power loss is avoided. The plate circuit efficiency
is thus increased. Fig 12°16 shows onc stage of induclance-capaci-
tance coupted triode amplifier.
3

17
Ce

<

Rgz

VWWA»
~

]

¥ig.1216. Onertrge of Inductance-Capacitance coupled triode amplifer.

Epp

Arnother advantage obtainable 1n rdectance-capaditance
coupled amplifier 13 the large voltage gan 1n the middle frequency
range resnlting from the fact that the inductive reactance may be
made very farge. But there exists the disadvantace that in the
low frequency range voltage gain falls more rapidly becanse of
rapid reduction in the load impedance with frequency. This results
in higher valne of lower half power frequency, There is additional
disadvantage of higher weight and cost of the inductor. Thus no
special advantage is obtained by the use of inductance-capacitance
coupling. If at all a resistive load is to be avoided, it is preferred
to use a transformer coupling 1n between the stages of a cascade
amplifier. Transformer couphng hag t! e adrantage over inductance-
capacitance coupling of the facility of impedance matching and
higher gain due to step upratio of the transformer. Accordingly
1.C. coupled amylifiers are rarely used for interstage coupling. The
zain of 1.C coupled amplifier is miven by Eq.(1230) with the

1 that ¥’y now repr s admittance of the inductor,

1nd

7 phng is, howmever, oiten used to
conple a load to the tube particularly when the load absorbs con-
considerable power. Tlus is known as the “shunt feed” or “parallel
feed” of the plate. Fig. 12:17 chows the circuit arrangement of
parallel feed. The inductor is in ecries with the plate eupply while
lIoad Z; is connected to the plate through coupling condencer C,.

In this shunt fed or parallel fed amplifierd.c. plate current
Inand ac. plate current I, flow through parallel paths as shown in
Fig. 1217 No d.c. voltage isthen prezent in the Joad Z, because
of the blocking condenter C.. Mo dec. vollage drop in the load
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10 f, to 0°1 f,, the complex voltage gain is constant at the value
1470 indicated by point P. This semicircle is locus . of -the tip
veotor AjJA,, and is shown in upper right hand quadrant in
Fig. 12-15. : ‘

In the frequency range from 0°1 f, to infinity complex voltage
gain is given by Bq. (12.-24). During this frequency interval the

tip of the vector———— traces out a semicircle in clockwise direc-

1451
tion starting from point P, (0°99-j0-099) corresponding to frequency
f="1f, and going upto origin corresponding to infinitely large fre-
quency. This semicircle is the locus of the tip of vector A,fA,, andis
shown in lower right hand quadrant in Fig. 12-15. Thus the right hand
circle in Fig. 12'15 is the locus of the tip of the vector AfA, over

_the entire frequency range from zero to infinity. But An=—gn. Boy.
Hence locus of complex voltage gain A is obtained by multiplying this
loens of A/A, by factor —gn. Ry The locus corresponding to
complex voltage gain A so obtained is then also a circle magnified
in magnitude and reversed in phase. This is shown by the left
hand cirele in Fig. 12:15, For the frequency range 0 to 10 f;, locus
is represented by the lower left hand semicircle of Fig. 1215
from origin to point Pyl —g,,.Rp,(1994-50-0895). Locus for middle
frequency range from 10 f; to -1 f, is indicated by curve from P; to
Py [~ fm-Bp15(°99—50°099)]. Locus for A for the frequency range

_+1 fyto infinity is represented by upper left hand circle from point P,

. toorigin, Point P, corresponding to middle frequency fo=+f; Je
has coordinates {~—g,,.R 1, 0] corresponding to Anq Y fo=Vii . )

Freg: py
AOCUS OF =~
) 4 Am

[
A ,
aTog, A1+ j0y

m
Fo=ViT, O~ REAL
AT Wty (NN
3 ! { 2 ;
?

/
Locus oF A -~
; % eeed

Do

¥z, 12415, Locus of relative goin A/\,, and cc rultage cai
R. C. coupled amphfier <{nlgomple:(;{lnpnl§f< voltage gain A of
In the above construction 1 i

: > co! ocus of tip of veetor AJA,. has
})cen dntx‘wn first following qu: (12°17) and (12 24) and suhsc‘qu’gnciy
t?cn]s Q c?m-)lex voltage gain A has been drawn by multiplying
I. e ?cus of HA,IA,,, by quantity —g..2,,. This indirect procedure
s been followed simply to fucilitate understanding. We could
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have drawn the locus of the tip vector A directly using the Eqs.
(12'17a) 2nd (1224 g) for low and high frequency ranges respectively.
Indactance Capatitance Conpled Amplifier
. 1t differs from R.C. coupled amplifier in that an inductor
instead of a resistor, is uted as theload. Coupling is, however,
sbll done through a coupl denser, The ad re paired is
that no d.c. voltage drop in the load impedance takes plice and
the corresponding power loss is avoided. The plate circuit efficiency
is thus increased. "Fig 1216 shows one staze of inductanee-capaci-
tance coupied triode amplifier. -

VWAV

g

e

Fiz. 1316, Onestage of Inductance-Capaestanes coupled triede amplifer,

Another advantage obtampable in icductance-capacitance
coupled amplifier is the larze voltage gamn in the middle frequency
range resulting from the fact that the inductive reactance may be
made very large. But there exists the disadvantace that in the
low frequency range voltaze gain falls more rapidly becanze of
rapid reduction in the load ympedance with frequency. This results
in higher value of lower half power frequency. There is 2dditional
disadvantaze of higber weight and cost of the inductor. Thus no
special advantage is obtained by the use of inductance-capacitance
coupling. If at all o resistive load 18 to be avoided, it is preferred
to use o transformer coupling 1n between the stages of a cascade
amplifier. Transformer coupling has t! e advantaze over inductance-
capacitance coupling of tbe facikty of impedance matching and
higher gain due to step up ratio of the transformer. Accordingly
1.C. coupled amplifiers are rarely used for interstage coupling. The
zain of I. C coupled amplifier 13 miven by Eq. (1230} with the
alterations that ¥y now represents admittance of the inductor,

Ind pacit: phng is, however, often ured to
couple a load to 1he tube particularly when the Joad aborbs con-
considerable power. This is known as the “shunt feed” or “parallel
feed” of the plate, Fiz. 1217 ehows the circuit arrangement of
parallel feed. The inductor is in series with the plate supply while
load Z; is connected to the plate through coupling condenser C.

In this shunt fed or parallel fed amplifierd e plate current
I, and ac. plate current I, flow through paralle] paths as showm in
Fig. 1217  No d.e. voltage isthen present in the load Z; becanse
of the Wocking condenser C.. No de, volispe drop in the Joad
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impedance takes place therefore. This has an additional advantage
that one may touch the load without any danger of electrical shack.
Turther d.c. maguetic saturation is avoided whenever load happens

C. Mb

Z LOAD
IMPEDANCE -

~

Fig. 12:17. Bhunt fed amplifier

" to be such a device. Reactance of inductance L is kept large and
that of coupling condenser C, is made small so that almost entire
" a. ¢. plate current flows through the load impedance.

UNTUNED TRANSFORMER COUPLED AMPLIFIER

Untuned transformer coupling is used at audio frequencies
and uses iron-cored transformer to increase the permeability and

henee the inductance. Such transformer coupling may be used fo
one of the following three uses :—

(7) to couple the output of one stage of o cascade amplifier to
the inpnt of the next stage.

(i7) to couple the output power of a power amplifier to the load.

' and (i17) to couple the output of & microphone to the input of the
audio awplifier.

Accordingly these transformers are termed respectively as :

{1} interstage transformer (i) output transformer and (¢if) input
transformet. ' '

. Interstage Transformer Coupled Amplifier.—Tig. 12:18 shows
basic circnit of a transformer-cou

pled amplifier using interstago
. transformer, * '
INTER STAGE
Ip TRANSFORMER

Fig. 1218, Cirenit of Transformer coupled amplifier,
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The interstage transformer serves three purposes : (i) it isolates
the d.c. componenta of voltages and currentain the adjacent stages
(i3) it conples the a c. output of one stage to the input of the next
and (iif) jt provides simple means for either stepping up or stepping
down voltazes, currents and impedances.

Buch iron cored transformer may be used only at sudio fre-
quencies since eddy current and hysteresis losses in the core sre
excessive at higher frequencics. At audio frequencies, a bigh per-
meability material (like etalloy) is ueed for core and the coupling
between primary and secondary is very tight The co-efficient of
S R A L " s of rrimary

Tt « " « «"+  end on these
N s Vot . + by 2 number
of layers of secondary winding  The ratio of secondary a c. voltage
to primary a c. voltageis equal to eccondary to primary turns ratio.

o et I ‘ - Input

5 stage.
e [ . T er with
A, operation is extremely large =0 that stray and diztributed capaci-
tances in transformer are not nezlgible and govern the frequency
characteristics of the amplfier.

Transformet coupled amplfier has the following advantages
over R.C. coupled amplifier -—(i) because of step up ratio of
transformer it allows voltaze pan greater than amplification factor
of the tube (ii) there 19 very small d.c. voltage drop in the primary
of the transformer so that for a given plate supply voltage trans.
former coupled amplifier provides larzer amphitude of a.c. *oltage
across the primary as compared with the B C. coupled amplifier.
(ii¢) centre tapped secondary allows it to provide pushpull input to
the next stage if necessary. Witk R C. coupling, on additional
stago called “phase.invertor” is pecessary if the next stage is & push-
pull amplifier.

The main disadvantages are : (i) higher cost of transformer
coupled amplfier and (i) stray magn-tic fiz}d linkage.

Voltage gain of inter stage tran<former coupled untuned ampli-
fier. A. C, equivalent cirenit is ehown in Fig. 1219,

ICEAL TRANSFORMER IL'
R, Ly R
4 — s s
AN wo My O

TN S
Iz i S, 81 == S b
Qb TFE Y T
I [ ;
arurier_| e
T ruar T { crhgrr;;f:[(
Fiz. 1219, A. C. equivalent circuit of inter-st f coupled

nntuned smphfict.
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In the above a.c. equivalent circuit, the various symbols are,
R,, R—cffective resistance of primary and secondary windings
respectively. '

¥,, L,—primary and secondary Jeakage inductances respectively.

R.—Shunt resistance corresponding to core loss.

L—mognetising inductance of primary.

{'4p, Cas—primary and secondary distributed capacitance respectively.
C'p,s—interwinding capacitance.
NN, ,—secondary to primary turns ratio.
R;, C;—input resistance and capacitance respectively of next
stage.

Solution of a.c. equivalent circuit of Fig. 1219 is quite
complex and is usually not justifiel. Hence approximate analysisis
made making the following simplifying assumptions :—

(1) Reactance of Gy, and O are generally large compared
with the plate resistance ot the tube and hence neglected.

(2) Coeflicient of coupling is large and hence primary leakage
inductance L, is much smaller than the primary incremental magne-
tising inductance L,. L, may, therefore, be shifted to the right of
the parallel combination of L, and B, without causing appreciable
error.

. (8) Interwinding capacitance Cp, may be replaced by an
equivalent shunt capacitance in either the primary or secondary
crreuit. When transferred to the secondary side it becomes

c aFl . . .
o where a is the secondary to primary turns ratio N/N.

The psoitive sign applies for the winding direction shown in Fig.
%2 19 while negative sign applies for the reverse winding direction.
t may be seen that such a condenser connected across the secondary

results in approximately the same current at the secondary terminals
as occurs with C,, itself,

3 (~§) Ina well designed transformer R, is usually large compar-
ed with effective resistance R, of the transformer primary or

dyr}nmlc plate resista}me rp of the triode and hence R, may be
omitted without causing much error.

Ry  Lp Ls R;
‘\M e

_:cs’=cs+cb+(§aii')cps &

TS )

Fio, 1290, Simolif . X
iz, 12:20,  Simplificd ae, equivalent eircuit of tyansformer
coupled amplifier,
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(5) R;in shunt with the secondery is usually large and hence
omitted.

Tith the above simplifying W the a.c. eq
circuit of Fig, 12719 reduces to one shown in Fig. 12 20.

To simplify the equivalent circuit further, oll the secondary
circuit elements are referred to the primary. R,, L, and €’y when
transferred fmz;x secondary ‘30 ’primary become  respectively

: -
B () 2 (52 ) ana e () These may then be added to
#ha pneragnandiam atamamts ~lo-- Yo oregent on the primary resulting
v toe . of Fig. 1221." Let these total

s Tent

Ly B

27+ Rp)
p* (7p* Rp! ~
_Ea_i’

o T 1

Fis. 1221, Finalac equnalnt cicemt of
transformer coupled amplifier

T2
Then r=R{ ‘—‘L) .. {12:25)
T,
No
L,=L,+L,(i\."’) .. (12:26)
, \V 2
.ard o=, ‘\:) .. (1227

Further output voltage E, when transferrcd to the primary

becomes —E

2
L
Typical values of parameters in the equivaleut crrcust for
transformer coupled amplifier are .—
R,=1000 ohms; R,=10,000 ochms, £,,=20 4,

. Le=02and ;=600 upF. It may be noted that magne-
tising inductance L, is much greater than total lcakage mnductance
L, refersed to the primary. Ratio of L, to L;, m accordance with
the above vatues, is 100 but 1t may be much targer for ugh quality
better designed transformers.

. Since there are two inductances namely Iy and L, n the
circuit, thero are two resonant frequencics (1) parallel resonant
frequency of L, and ;. Thisis a very low frequency and at this
resonant frequency reactance of L, may be neglected (5i) scries
resonant frequency of Zy and C,. This frequency 1s so high that
-the reactance of L,, at this freq) Y is dingly high a:
to almost an open circuit.

g
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For the purpose of analysis, the entire audio frequency range-
is divided into 3 ranges namely low, middle and high frequency
ranges as in the case of R.C. coupled amplifier. -

(I) Low Frequency Range.—This frequency range lies much. . -

below the parallel resonant frequency of L,, and Cp. At such low

frequencies, the reactance of C is so high : thmt it virtually constitutes.
an open circuit and hence may be neglected. Hence negligible-
current flows through L, and R,. Thus the voltage drop in- £, and.

R, may be neglected. Fig. 12°21 ghows the approxunate a.c. equiva.-

lent cireuit for low frequency range.

1; T

'] P ' I/v

——T , gl'm —EoN_é’
HEgk l

L 1 i

Fig. 1221, Approximate a.c. equivalent .’
circuit of transformer coupled amplifier
in low frequency range.} .

Then plate current T, = Fo ]
a TS ARy
Voltage across Lp=—jol, 1 = ¢ Egp joLy,
Fatm 1= (Tp+Rm) +J(:>L
T .
This voltage must be equal to ——I_‘.r- -
N, ,
Then —F .LZ\IZ = Rk Ey jol, ) RN«
0 N, Ty j> Ly .. (12:28)

. glvcn%;?ce complex voltage gain in the low frequency range is-

ED Ns i (l)L

A==y 08 - —_——— ¥ o
! Eak " -Np T'm‘f‘ijm o (12 29) .
_ . N, 1 .
or A,_‘(J.Tm . p < 31230 3
(oL
\Y
Magnitude dym gy ~of ——o b
Magnitude 4;= p ¥, /\/ = ... (12:31)
o +(QL,,,
and phag ole ¢= ‘1iL |
! phase angle ¢=ta T . (12°32) -

‘Let us define a frequency f; such that

27: L='
15m=Fs . (1233}
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p e
- o (1234
Then Ay 57,7 . (12:34)
X,
PN, .
Mogoitudo dim—7==27=5 oo (1235)
A 1+(5)

/1 is obviously the lower half power frequency f.e. frequency at
which voltage gain falls to *707 or 3db below the midband gain

ofp.%;-

(II) Middle Frequency Range.—From Eq. (12:35) for voltage
gain in the low frequency range 1t is seen that at lower half power

frequency fi (i.e. when wLn=1",) the voltage gain is B If/'{,N” ie. 3db

below the vnluep%—ﬂ. Middle frequency range begins from fre. .
»

quency f, upwards. At any frequency greater than f (ie.,

ol > 10 #';) the voltage gain from Eq. (12'35) may be seen to be

constant at the value ¢ VN' . Thus true middle frequency range

begins at a frequency 10’], whereas 3db middle frequency range
begins from frequency f;. Thus we observe that in the true middle

frequency range voltage gain is constant at value “T‘ .
»

The same result may be obtained from the a.c. equivalent
circuit for the middle frequency range. In the middle frequency
range, frequency is large emough to make reactance wZ,, quite
large 8o that L, may be omitted in the equivalent circuit. At the
same time the frequency is rmall enough to make the reactance of
€, very large 50 that Cy mey olso be omitted in the equivalent
cirenit, The a.c. equivalent ciremt for mddle frequency range is
then as shown in Fig. 1222,

Ly R

Tp=Tp*Rp

ST

N

Fig. 12:22, AC. equvalent elrcuit of
transformer coupled amplifier in the
mmddle frequency range.



404 PROBLEMS IN ELECTRONICS

From a.e. equivalent cireuit of Fig. 12:22,

_Eo%?;~p E. o (12:36)

Hence voltage gain-in the middle frequency range is given by,
— L, X 12:37

A’H'_' Egk _'p‘ Nﬂ . ( )

At the lower end of middle frequency range, the capacitance
C, resonates with inductance L,, so that the inpedance of parallel
combination of L,, and C; becomes very large. But this is of no

great importance because already the reactances of Ly, and C, have
been neglected.

As the frequeney is increased, the shunt condenser O} can no
longer be ignored. It offers progressively reducing impedance and
hence allows progressively increasing current to flow through it.
Voltage drop, therefore, takes place in the series impedance elements
vy, Ly and R,;. As the frequency is increased the voltage gain, there-
fore, progressively falls in a manner similar to that in R.C. coupled
amplifier in the kigh frequency range. Situation is, however,
further complicated by series resonance between C; and IL,. This
reduces the imptdance of combination I; and C; so that the driving
cmrrent and output voltage increases tremendously. The effect is,
however, felt in a narrow band of frequencies surrounding the
resonant frequency. The band of frequencies effected in this manner
depends upon the eircuit @ or magnification factor., As a rough

approximation we may say that at a frequency less than J2 this

10°
offect is not felt. This fiequency ~{30— may then be taken as the

upper limit of true middle frequency range.

(IT1) High Frequency Range.~In the high frequency range,
reactance of L,, is very large and may be omitted in the a.c. equiva-
lent circuit.  The reactance of €, js, however, small and hence C;
caunot be ignored in the high frequency range. Fig. 12'23 shows

the a.c. equivalent circuit of transformer coupled amplifier in the
high {requency range.

m Iy R L
PN SV N A

- j; Tft o 13-2’
ke -

O
i, 12293, AC. _cqui\_mlont circuit of transformer coupled
amplifier in the high frequencey range,
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From the a. c. equivalent circuit of Fig. 12:23, plate current I,
ia given by,
#Eq

Le——22 e (12:38)
ot B)Hi(ol— o

N
This current flowing through C; produces the voltage _E"T,'
»

Hence,
1
w Epem-
L G .. (12:30)
N R

Hence complex voltage gain in the high froquency range is
given by,

1

E,_ Y jaC;

N, . 1
(ot R+ (Wb

o,
A‘—-«Eﬂ—p v, o (1240}
From Eq. (1240) we sec that as the frequency is increased,

voltage gain reduces because of reduction of reactance;}o——nnd in-
t

crease of reactance wL, But, as has been said earlier, situation
peta complicated by the occurrence of resonance between Z; and Ci.
The frequency of this resonance is given by,
P N
* 2= VILG
The value of voltage gain A, at resonance as well as the fre-
quency range in which resonance effect is prominent, depend upon
the magnification factor @, of resonant circuit. @, is given by the
relation,

... (12:41)

L
=T . (12:42)
where ©03=27fy.

The high frequency range s taken as starting from frequency
f:/10 upwards, The frequency response of interstage transformer
coupled andio amplifier is given in Fig. 1224, On the ¥ axss, rela-
tive voltage gain AfA., in decibels is plotted. Relative frequency is
plotted nlong the X.axis, For simpheity, frequency 1s expressed
in terms of f; (lower half power frequency) in the low frequency
range and in terms of fy (the resonant frequency of Ly and G,) in the
high frequency range,

It may be noted that true middle frequency range is given by
the relation,

1oy <ot 2

L 10V L. - (1249
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i ' ireui be carefully
In the high frequency range the circuit @ has to
chosen to obtain alrgost constant voltage gain over as large fr;a-
quency range in the high frequency region as possible, Ex‘c_essEve y
large resonance peak should be avoided. Typical value of @y'is 0°7 to
08.

+20
+16
+12 >
AT 2
Qs VAR
s PLLESON
St — ~R\
S _ 2)
v 7 AW
~ "l? v \
S s, N\
S o201
b ZO’fI fi lofy 1 fy 10fy
2 TRUE HIGH FREQ.
*—L%’;VZEEQ HID BAND RANGE —— =

RELATIVE FREQUENCY——>

Tig. 1224, Frequency response of transformer coupled amplifier,
Desirable features of the transformer :

({) To extend the middle frequency range on the lower side,
the incremental magnetising inductance L,, of the primary winding
should be made larger.

{t7) The primary winding resistance R, should be made smaller
and so also plate resistance 7, of the tube.

(iti) To extend the middle frequency range on the upper side,
Jfe may be made larger by decrease in the leakage inductance Ly, by
decrease in the distributed capacitance of the winding and by
decrease in the interwinding distributed capacitance.
But it may readily be seen that these requirements are contra-
_dictory. If L, is increased by increase in the number of primary
turns, then the number of secondary turns must also be increased in
"order to maintain the turns ratio constant. This increase in the
number of turns results in an increase in the value of distributed
capacitance and leakage inductance. If attempt is made to increase
the turns retio in order to increase the voltage gain of the amplifier,
it results in deerease of L,, and increase of secondary leakage induc-
tance and distributed capacitance C,. Hence the middle frequency
range decreases Wwith the increase of turns ratio and this considera-
tion, therefore, limits the maximum turns ratio, Typical value of
turns ratio N,

# is three. Turther in order to avoid an excessively large

b4
peak in the high frequency range, @, should not in general exceed
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-about 08. In accordance with Eq. (12'42) Q, may be reduced by
decrensuzg the leakage induetance L; or by increasing the dynamic
plate resistance r, and the winding resistances B, and 2,.  But any
increase in r, and primary winding resistance R, deteriorates the low
frequency response. Hence tho secondary winding resistance alone
may bo increased,

. Because of high value of their r,, pentodes aro inferior to
triodesin low freq p If pentode has to beused, o
sdamping resistance should be put across the primary winding to
-reduce the effective value of plate resistance .

Input-Transformer Coupling :

MICROPHONE %‘fl% R‘

INPUT_TRANSFORMER
(5TEP-UP)

Iz, 1225, Inpnt Traneformer Coupling

Fig. 1225 shows the arrangement of feeding the output of a
‘microphone to the input of an 4, voltage amphfier through an input,
transformer which 1s a step up transformer. The transformer serves
three purposes ¢ (i) to couple the output of microphone te the nput
of the amplifier (1) to provide d.c i ion b ieropt
circuit and amplifier input circwt and (i) to effect impedance
matching b low microph imped and paratively
high input impedance of A; amplifier used. .

Example 14. A transformer coupled cascade amplifier uses triode
having amplification factor of 20 and dynamic plale resistance of 8000
ohms. Following particulars relafe to the transformer :  effective prim-
ary resistance Ry=1000 okms ; effective eecondary  resistance
R,=9900 o%ms; incremental magnetising induclance of primary
=20 henriea ; lealage inductances refesved 10 the primary=02 henry;
<ffective lotal capacitance across the primary=600 ppF ond turns

= N
ralio ¥, =3,

Zalculate (i) Midband gain, (i) Lower half power frequency,
(ii5) Q, of series resonance in the high frequency range, (iv) consiant
gain midband and {v) gain at frequency of 40 cfs.

A%
Solution, Midband gain=y . }\V& =20x3=60
»
#'y= R,4r,=800041000:=0000 ohms.
Let f, be the Jower balf-pawer frequency in c.fs.
Then 22 fy Im=r"y
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T _ 8000
so that fr=—52 Lo = =% 20

=716 cycles/sec.
Frequency of resonance of Ly and C, is given by
1 1
=V TG, Za VO ZX ORI
=145 X 10° ¢fs.
Q on fo Ly 2mX145X103%0'2

[ e (r'p-}-R,) [9000+ 9900 :]

3y
=1'805

True midband==(0'1 f—10f)=(0"1 X 14'6 x 10— 716) =T34 ofs.
Gain at a frequency of 40 ¢fs. is given by,

. A B 60
= === == = o=
Vi) VG
=20'3.
EXERCISES

i. An R.C. coupled araplifier uses pentode having amplifica-
tion factor =100 and dynamic plate resistance r,=500 kilo.ohms.
Load resistance=100 kilo-ohms, grid leak resistance of each stage
=500 kilo-ohms, coupling condenser C,=01 pF, plate to cathode
capacitance Cpp==3 pu.F, input capacitance=5 puF, stray and wiring
capacitance Cp,=2 ppF. Caleulate lower and upper half power fre-
quencies, midband gain and gain-bandwidth product.

2. AnR.C. coupled amplifier uses triode with amplification
factor=25, anode slope resistance r,==10000 ohms, load resistance
Ry=10000 ohms, grid lealk resistanee R,=:100 kilo-ohms, ecoupling
condenser C,=005 pF 1nd total shunbt capacitance C,= 100
- pul. Caleulate lower and upper half-power frequencies, mid-

band gain and magnitudes and phase angles of complex voltage gain
at angular frequencies of 10, 100, 10,000 and 100,000 radians/sec.

3. A resistance-capacitance coupled amplifier uses triodes
having amplification factor of 20 and anode slope resistance of 8000
ohms. Tach stage has lond resistance of 12000 ohms, grid leak,
resistance of 200 kilo-ohms and total shunt capacitance of 80 up 7.

.. Caleulate midband voltage amplification and upper cross-over “fre-
- ..quency. Also caleulate the values of coupling condenser to geb

lower cross-over frequencies of 10, 50 and 100 radians/sec. For
' coupling condenser of §-01.uP, caleulate voltage gain in magnitude
and phase angle at angular frequencies of 20, 200 and 200,000

radiaus/sec.
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. 1 , 1
where Y,,=~}1‘—, Y. = jo C, Y,= 7 Y. =ju0, :\'nd Xl:jﬁ’;
10. In o 3-stage R.C. coupled amplifier each stage is identical
and uses a triode having amplification factor p=20, anode slope
resistance 7,=20 kilo-ohms, load resistance R,=20 kilo-ohms, grid
leak resistanee==500 Lkilo-chms, coupling condenser=0-05 p.# and
total shunt capacitance C,=120 ppF. Caleulate (/) midband
voltage gain, (if) lower and upper half power frequencies, (iii) gain
bandwidth product of each stage, (iv) overail half power frequencies
and (v) overall gain bandwidth produet. If stray and wiring
capacitance equal the input and output capacitances of tubes, eal-
culate the figure of merit of the tube.

11. A transformer coupled cascade amplifier uses triodes having
amplification factor =15 and plate resistance 7,=10,000 ohms, The
parameters of the transformer are : effective primary resistance= 900
ohms ; effective sccondary resistance=9,000 ohms:; incremental
magnetising inductance of primary=18 henries; leakage inductances
referred to the primary=0'2 henry; offective total capacitances

7
N, =3. Calculate (2)

referred to the primary=040 ppF. Turns ratio ¥

. voltage gain in the middle frequency mngc,p(ii) Iower half

power frequency, (iii) series resonant frequency, (fv) Q, at series
resonance (v) constant gain middle frequency range and wi) voltage

- aba frequency of 30 cycles/second.

“
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pat oltage OF eurrents OF & combination of the w0, 19 fedback
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This geedback amphifict may b2 of ono of tho following types
] Positive 0T regenerabive _fee,dback amplifier ,—1lero the
fecdback voltage adds 0 the wpot e\gna\ yoltag® and

hence ynoreascs the amp\'\ﬁmhon of the amphifier:
\/\ v} Negatives wngerse 07 dcgewemhcz j‘udback —Here the feed-
back volas® gubtractd from the wmput signal oltage and

hence decreases the .\mp\\ﬁc:\hc\\ of the amplifier-

a o
im{\ed.\nce, the fccd\mck 1a call A g toTen! feedba k' These two
methodd produce Afferent overall Behaviont of the amplfier W oany

Fig. 13 1. shows achemati® epemt of o volage fecdback ampli-
fier, The feedback notworke potumms & portion By of the output

~oltas s, to the 1 Thie volas® By g ded 10 the wpst
agnal voltage E, to roines apAa-t 1o voltags Bo
RSO - Y

O WTERNAL
AMPLFIER
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Complex voltage gain of the internal amplifier is given by
E, :
A= 2 < (13°1Y
'Et?l’: i ( i
Here E,; is the input voltage to the internal amplifier. Transfer
voltage ratio of the feedback network

=p=.%& ... (13:2)
4 : \
Hence E;,=A{E; .. (13°3F

L

The quantity Ap is called the “loop transmission”, “loop gain”,.
“fecdback factor” or “‘return ratio”. It is the factor by which the
input voltage E,. to the internal amplifier is multiplied in traversing’
through the amplifier and back around the loop through the feedback

notwork to the input. . . )
But Ep=E+E, =~ s e (13°4F
T—=Ei+AB Eok
E;

80 that E,== ... (13'5)

1—-4A :

Hence voltage gain of the feedback arﬁpliﬁer is given by,
—_ Env L) A Efﬂ: N :A .
Av=g =g =i g - - @0
r.-.—.—.-.—.—.—.---’- ...... .- .!
1 1
H i ourPUT
o7 : TP INTERNAL O0—° -
v ) ’I}- ~
g : Egk AMPLIFIER . i 20
0t TR . o—" ob—it L
L (R |
L !
! 72 !
i ~OFEEDBACK O— i
i _NETWORK ;
] 207 B §1F i
i H o

FEEDBACK AMPLIFIER

Fig. 13'2. Block schematic diagram of currentjfeed:bnel’:
amplifier, :

Fig. 13'2 shows .tho block schematic dingrani: of current

feedback amplifier. In this casc the output load current I, flows -

through the feedback network and develops the feedback voltage Ey,.

The feedback network may then be represented by a complex trans-

fer impedance Z; defined by the relation,

_Ep
Z=F, - ... . . - . ..(3D
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Hencs j=—i:=70—>< B e {13°8)

where Z; is the impedance of the load. For current feedback,
ratio fis thus a function of the load impedance wherws for voltage
feedback it is not. This dependence of  on Z, distinguishes current
oo M c o Tet Y st s opTpractical test

1 . ok . ir amplfier is to
. . D P . _a _ghort circuit
. . ' - feedback x{‘ E,,_'
' is

is

Sign of feedhacl i A number of significant

mferences may be drawn from the feedback equation (13'6) given
below
A

Ap= T=AB . (13°6)

%) Ifnumerical valus | 1—AB | >1, Ay islessthan 4 and

hence feedback is degenerative or inverse or negative.

i) If numerical value | 1—AB8 | <1, Ay is greater than 4,
and hence feedback is positive or regenerative.

(ii3) If AB=-+1, 1—-AB=0. Hence Ap hecomes infinite.

Tt . ‘ fet-—wed-3 o= ihe gondition of the

" hzeromnput. The

a3 on oscillator,

te, an electronio devnce ‘for generating Alternntmg

voltage.
(i) If | AB | D1, 1—Af~AB
A 1
Hence A”H-—_-—A’ﬁ ==y e (139)

Following inferencea may be drawn from Eqn. (13'9) ¢

(a) The gain is mversely pmportlonal to B, which means that
the I of such a feedback amplifier
with )ngh feedback factor (AB»1) is inverse of the response charac- "
teristic of the feedback network. By proper design of the feedback
network the anmplifier may be made to have any desired frequency
response. Furt.her iti is now possxble, to corrach for the non-uniform
responso a” B e

by using

feedback

mm:h !un lel thall  Lue desigll U1 8 nelwWork  having

- e Trethon, if r,,%',u.....h in ANbatand shpe oL g, _3’,“_7."8?

. (b) If | AB | >1, amplification is independent of the load
impedance in the output of the amplifier provided that the load does
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not form a part of the feedback network. ‘However when 8 is made
dependent upon load impedance, the amplification can be made to
vary in a desired manner with load impedance. .

 (c) If | AB | >1, the amplification is independent of A and hence
the tube factors. . The amplification is unaffected by variations of
battery voltage or aging of tub¢és. Hence the gain stability of an
amplifier is improved by feedback if the feedback factor is large. .

If | AB|>1,then|1—AB ] =|AB] C . (13110)
" If AB is put in form AB=a+jb - .. (1310)
Then from Eqn. (13:10), '.
NO=a) 8% =~Na+5 : :
or . » Ca=}% - CL13712)
Thus the amplification with feedback may- also be made to

-depend only on { by making the real part of the complex feedback
factor equal to 0°5.

Amount of feedback in decibels. Amou;lt of {eedback is
sometimes expressed in decibels in-accordance with the relation,

db of feedback=-20104; T%—TW y - (1313)

- FEEDBACK AMPLIFIER CIRCUITS

_ There are two types of feedback namely voltige feedback and
current feedback. In cither case, the feedback may be either positive
or negative depending’ upon whether overall voltage gain has been
increased or deoreased by feedback. But in many cases the feedback
circuit is so complex, that it is difficult to specify whether the feed-
back is voltage feedback or current feedback. The following two

rules are, however, of considerable help in distinguishi
of feedbt;.ck t— ’ . P ? istinguishing the type

; (#) In current feedback thé mtioat')f feedback voltage to the
. load current is independent of the load impedance but the feedback
ratio B is dependent on the load impedance and (ii) in voltage
fecdback, the feedback ratio 8 is independent of load impedance.
Hereunder we' shall' consider some of ; ent
feedback and voltage feedback circuits, he ,cqmmog '- currcn't
Current feedback circuits. Tollowing two : .
L. a . current; fe -k
circuits are analysed here: (a) cathode f%edback azlpliggg b:xcll(i
(b) transformer coupled amplifier with current inverse feedback.

‘(@) Cathode feedback amplifier. Tig. 13- :
. - 3 - . 3 3
gg\(ﬁnltg dtx}zlxgraulx (;;fl; cath;dedfeedbuck amp]iﬁcr.xb‘l‘he a 6(‘11))]18&0(‘:?1'1':2:12
through the cathode impedance Zy, prodiices an g, !
:i;lotg ;‘éhl]%h is s}x?xplem%lposfeg on the input vollt)age E, mzo:ézgtuzzltigg
rolvage L. Tolarity of this voltage is such as to subtract f A
signal voltage K, and hence overall volta in i reduced. T
gnol X ge gain i
circuit, therefqre, provides current inverse g:edb;zkfed;ﬁ?g;uggxi:
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—pZ _

s given by,
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g, A
" the fecdback ampbfier js given by,

Ap=iZRs %
Gyl B
...(\3'1‘
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not form a part of the feedback network. However when 8 is made
dependent upon load impedance, the amplification can be made to
vary in a desired manner with load impedance.

() If | AB | >1, the amplification is independent of A and henco
the tube factors. . The amplification is unaffected by variations of
battery voltags or aging of tubés. Hence the gain stability of an
amplifier is improved by feedback if the feedback factor is large.

T | Ap| >l then | 1~AB | =1AB]. -~ .. (1810

If AR is put in form Ap=a-+jb ' T e (131D

Then from Eqn. (13'10), -
TGP, = FF5

or e=t .o ..312)

Thus the amplification with feedback may also be made to

.depeml only on @ by making the real part of the complex feedback
factor equal to 0°5. - ‘

Amount of feedback in decihels. ‘Amount of feedback is
somectimes expressed in decibels in aceordance with the relation,

db of feedbaél:-—-—:%légm

1
TR - C (13713
[T=35 e
- FEEDBACK AMPLIFIER CIRCUITS

_ There are two types of feedback namely voltige feedback and
current feedback. In cither case, the feedback may be either positive
or negative depending’ upon whether overall voltage gain has been |
increased or deoreased by feedback., But in many cases the feedback
circuit is so complex, that it is difficult to specify whether the feed-

back is voltage feedback or current feedback. A The following two

rules are, however, of considerable help in distinguishing the +
of foedback :— A glishing The Type

\ (i} In current feedback the ratio; of feedbick voltage to the

, load current is independent of the load impedance but the feedback
ratio B is dependent on the load impedance and (if) in voltage
fecdback, the feedback ratio 8 is independent of Joad impedance.

Hercunder we shall consider some of the common vent
foedback and voltage feodbnlt diroits, o o O

Current feedback circuits Following tw;i curfe;;lf; feedb' :‘
o . ack
cirounits are onalysed here: (a) cathode feedback amplifier - and
)] trzlnsformor coupled amplifier with current inverse feedback.
() Cathdde feedback émpﬁﬁer Fig. 133 (a) shows 4h
- . . y : ". h
oircuit diagram of cathode feedback ampliﬁcr..b'l‘he a.c(. %!:teoglsrrtgz
flowing through the cathode impedance Z,, produces an &.c. voltage
drop which is superimposed on the input voltage '

b E; to it
voltage E,.. Polarity of this voltage is such as ¢ o constitute the

. to sub
gignel voltage E; and hence -overall yoltage gain isu rguc:efirf) m’l:cl?ig

circuit, therefore, provides current inverse feedback, This current






416 PROBLEMS IN ELECTRONICS

Second Method. Study of grid circuit reveals that,
E,.=E;~X,.Z,; ...(13°20)

Substituting the value of E, from Eqn. (1320) into Eqn.
(13°14) we get,

1, = 4 [Et""ln . ZI:] ”.(13.21)
? To-+ZptZy
Rearranging Eqn. (13°21) we get,
I,= o B ...(13:22)
Pt Zt (17, :
Hence overall voltage with feedback in given by,
E,_-I.Z
Ap=pr =
or A= —tZ (I ..-(13°23)
S AN TRy A :

This Eqn. (13:23) for Ay, is the same as Eqn. (13'19) obtained
" according to the first method. :

In may be observed that in most of the amplifiers self bias 18
used. This is achieved by using a parallel combination of a resistance
R, and condenser C) in the cathode lead. The value of bypass
condenser C, is chosen to be so large that even at the lowest fre-
quency .contained in the input signal, the reactance of Cy is very
small with the result that for a.c. operation impedance of this total
cathode impedance Z;, may be neglected. No feedback is achieved
in such a case, If, however, inverse current feedback is required,
Cy is omitted from the circuit, leaving resistor R, alone in the

cathode lead. The feedback ratio B is equal to~-1%"-~ and the overall
1
gain Ay is given by expression (1323) if Z; is replaced by RB,.

From Eqn. (13'22) it is possible to draw a.c. equivalent circuit

of Fig. 13'4 which an alternative form for the a.c. equivalent circuit
of Fig. (13-3b).

h

It is obvious from Fig. 134
that the circuit consists of a vol-
tage source E;,=pE; with an
internal impedance of Z; given
by,

Zy=ry+(p+1)B; ...(13°24)
Without feedback, the internal
_ impedance Z,is simply (rp-+2:).
Fig. 134. Altornativo form ofne, L1US Degative current feedback
equivalent circuit for cathode feed- Das increased the internal mpe-

) . back amplifier. dance by an amount pB;. The
ratio of internal impedances with and without feedback is given by,
Zyy  rpt(p+1)R,

Z; = T"‘W—1+{Lm ...(13 25)
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(3) Transformer coupled amplifier with carrent inverse
T L A Y e T N

Fig. 135,

2, 133, Transformer couplod voltage amplfier with current

myerss feedback i)
Voltage Peedback Circnit. Two arcmts  are deseribed :
(i) R.C. coupled amphfier with voltago inverse feedhack and (i)
“Transformer coupled amphiicr with vult’we mverse fredback.
(1) R.C. coupled amplifier with voltage inverse feedback.

O
T— &
& E»Ry
L T, .
o =iz
e

Fig. 126, TLC coupled suplfier suth voliage mverso foodback,

Fig. 136 showa an R Q coupled amphfier with voltage inve

dback. Voitayo developed across Ioad r e R, is coupled

coupling condenser €. to shunt resistors K, and R,. Voltage de

joped acrows R; is fod to the input in such a . Way a3 to subtract fi
tho snput voltage B,. Fecdback ratio § is given by the relation,

i =3y
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Let Z, indieate the total load impedance i.c., the impedance of”
Joad resistances R; along with (Iy-+1%,) and shunt capacitancos..
Reactanee of coupling condenser (', is assumed to-be negligible.

Then the voltage gain of the intornal amplifier is given: by,

(’sz ' .
A= E . 1327
r,,+Z, ( y

Then overall voltagc gain with fecdback is ngen by

' A A__M‘%__N e — (L f( r?"*“zl)
o b .1——_A{ﬂ — 1+ _f_z_g (3
\ . Tn1 ZL
—pZ
or T Py
or A= B (1328

’),,-{-Z[ (1+‘JP-) )
Eon. (13-28) m'ly - be put in the altornatwe form

. T o e
VR e L1320y
‘«’——L~+Z ! ”."}’ZL, o
1+t+.8, ‘ ‘
~where +~ g and rp == i +u3 (13 30)

Equation s 30) suggests that the amplifier may be represented
“by the a.e. cquivalent circuit shown in Tig. 13'7. Evidently the

o . cirewit of g, 13'7 resembles

a voltagoe source of open cir-

) 1 cuit voltage E,, and internal

P irpg impedance Zy where E; and

[Zl. g, Z,, are given by, '

6= P E E, ~—~*E ...(13°31)

Pi‘ it T THep a53n

. — O and Z”“"f - ...(13:32)

+
Fig, 137, Alleinative form of o.c. . :

equivalent fer R.C. conpled amplifion But the internal impe-

with voltago inverso foedbaclz, dance of the amp]iﬁcr without;
fccdbad\ is given by,
Zi=r, ‘ --(13'33)

Thus the v oltage - inverse feedback reduces the internal i inmpe-

dance. The ratio of infernal im c-d
‘ ances with a
is given by, D 1 and without feedback

ZH _ 1, .
Z, ‘“’123_{4:, «.(13°34)
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The tube pehaves 8% if it has omt effective :\myﬁﬁmtion factor
e r',—‘-/fl/' . Thee

= }' and dynam jate resistar =
i Y ic 'P (- istal l+[}§

4—
 the cﬁechve amplification fadur and dynamic plate 18

istance

¢ been reduced bY the factof _‘_w

Inthe B ¢. coupled amphifier circwt dix®

coupling condenwr ~e negs

, total load ymapedancs conasting R + R,

genen\. resiztance (R|+l A h larger than I @ d hence
omtted aain A

te o 1t shun ces a3

ntcrclrﬂm(\c capacitics: stray and ¥ ng capatitance ay be

eg\cctc(\ cxccp t at bigh frequencics 1 the 19! 1 frequency

ange not M error 13 -d by nyg 190 dance Lt 10ad

esistance H,. At very tow of at high froquencicd Towevers effects:
ance Oy Hecome ine

f conplin? condenstt (i, and tht
ad have to b e comldcru\ m
In that ca%¢ no direct €3 xpre (1324 m e S
calculating gz Ar General P + then will be 10 caleulate the gain
of the mtemul nmphfv T x
using the lac
the fccdh\d.
back An-

(€3] Trrm sform coupl ed a mphfl 1th voltage jnverse
fcedb‘.\ck 138 hhﬂ\\ s baste arcuit ©f ¢ransforme?t coup

IS

al I' ¢ coupted amyph fre? and then to u%®
cq\n\mn (l'% (;) tu dcte .pmine the woltage g1 w1

Fig. 13 g, Tasc et of \run-’ormu coupled amplifer
fredbr

with volta-® nvers ack

. wsitage gmplifier ¥ ith voltage nveree fecdback Fraction p I:Z;T,_ of
(ed pack to the nput The f

nthe ¥ nding dlrec&mm of the

n mw FIg 138, feed-

4the a.c. outpy ut voltaze e Eo ¥
is pcsmvl: or negd ative depen upo

transform Yor the »1! ndmg du’c(.t\on sho®

lmd. is ncgmhv

Comp nd Feedb? ack. In certain Icedbacx amplifier er circuits

th cw and voltage focdbacks aT¢ weed. FI2 130 shows 02

alagc o( 1! (,‘ coup\ ed & my\lﬁu having comPY sound fcedhndi je. both

fecaback and ¥ feedback. AC. phte carrent Is
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Let 2 indicate the total load impedance i.e., the imped.an_ce of
load resistances. B; along. with (R;-+7R,) and shunt cz_lp‘amtances..
Reactance of coupling condenser (., is,assumed to be negligible.

.. Then the voltage gain of the internal amplifier is given by,

by T L. (1327
( , xA*%*E e
Then overall voltage gain with fecdback is given by,
A B —uBi,+Z)
HTIAR T 1+ vZy. B
7pt+Zy
—pZ,
‘ Y R e N
or AL, '
" or A= —bZ T L(13°28)

1+ 2y (L+fp) _
Eqn. (13'28) ma.y-llletpitt in the altcrnative form.-

— Z .
NN ) ) . . .
Ay LHeB 7~ ..(13:29)-
”p +Z 9'7,+L; .
Tpp ™™ o
whore = and )= "...(13°30)
S e T T T

. Equation (13°30) suggests that the amplifier may be represented
'by the a.c. equivalent circuit shown in Tig. 13°7. Evidently the

S b7 cireuit of Wig. 13'7 resembles
a voltage source of open cir-
n P | cuit voltage E;; and internal
“l+uB impedance Z,, where E;; and
EZ' g Z,; arc given by,
n .
e £ Ep=-—"-8, ..(1331
Fiit i B (38D
r
LJ —— and Z”=--1~"”s;(3 ...(13‘32}
. T
Fig. 13:7. Alleinative form of a.c. - But 1l it .
equivalent fer R.C. covpled amplifier 3 P e mte_rnal mpe-
with veltage inverse feedbnek., = dance of the amplifier without
fecdback is given by,
Z,z“—-‘l'p ...(13.33)

Thus the voltage. inverse feedl
dance. The ratio of internal imped
ig given by,

ack reduces the internal impe-
ances with and without feedback

Zy 1

Z, T 15pp ' -.(13°34)
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The tube behaves asif it has an effective amplification factor-

r_:—“é and dyfamic plate resistance r’,=-l—;r";~5. Thus-
both the effective amplification factor and dynamic plate resistance
. ¢ ¥ b

of y'=

have been reduced by the factor 'lpﬁ'
In the R.C. coupled amplifier cireuit discussed above, reactnncc
of couplinz condenscr €, bas beer
. the total load impedanes consiating of .
In general, resistance (B,4-1,) 13 mc
may be omitted. Agam all shunt CApALILANCEs a8 MY ATise from
interelectrcde capacities, stray and wirmg capacitance etc. may be
neglected except at high frequencies. Hense in the normal freque)ncy
! EA . i v load
ver, effects-
prominent
« emplifier.
. . . be used for
caleulating Ay.  General procedure then will be to ealenlate the gain
of the internal amplifier 1 ¢ the value of A for the relevant frequency
using the usuai formulae for R C. coupled amplifier and then to use
the feedbaek cquation (13 ) to determane the voltage gan with feed-
back dp.

Tod 1y

(i) T with voltage inverse
feedback., Fig. 138 ma\s “base arewt of transformer coupled

wd

LN
B o
7 13

Fiz, 128, Pasic ciret it of transformer coupled amplifier
with voltaze mrerse feedback.

«sltage amplifier with voltage inverse feedback  Fraction jz—_i_—k— of
the a.c. output voltage Eg i3 fed back ta the wput. The feedback
is positive or negative depending upon the winding directions of the
transformers.  For the winding direction shown in Fig. 13'8, feed--
back is negative,

Compound Feedback. In certain feedback amplifier circuits
both current and voltage feedbacks are used. Fig. 139 shows one
stage of R.C. coupled amplifier having compound feeghack e, both
cutrent feedback and voltage feedbarck. A.C. plate current X,



YROBLEN,S N ELEC’IT’»OFICS
tal 10‘\(1 i mcd'u c , thed jmpedance of
Joad pesistances with (B 1 LRy ¥ sh\ inb c'\p‘\cuances.-
Reactance © of ¢o up]mg €0 ndenser Cct qsumc\ o be neghgij\e
Then the voltage gain of the mtemf\\ amplifier is gwen y,

_ =¥ (13 27y

- "':0+Zl : .
Then overall voltage gain with feedback 18 given by,

h (LZ,’(T,,—\—'ZI)
llZz

ha=1— A8
1A A —\‘Zz

418
Tet Zt sndicate ihe to
s. R along

or Ap= ", —vZ
Tp +f‘1+@llz'1 : :
: —pZ_ v .9}
A= m) ..(1328)
or i FBY (
Tan. (13 28) may be put m the '\\tcmfx‘m'c fo
R )
1y —'Z : o0}
= - — T, .(1329)
o (13:29)

T

ERY .
: (1530)

ot that the amplifier may rbe representcd
;t, shown in fig. 1877 vadcnﬂy the
1o, 1377 vesem es

Taqus
by the 2 c cqu'\valcn‘n circuit ®
— cirouib of Fxg.

S, voltago source of open ¢ir”
cuit voltage By on jnternd
jmpedanc¢ £f where B and

E, Ly are given by,

B= L. ) 1

\ i

r
i (133

_,,_J- and Zy=
14ee

Tig. 7. A\lexm\tl\ o form of a.c. Bub it
oquiv 1\\(~nL fer RC.C upled amplifior = U e 11
with voltago inverso foedbncL dance of the am
(13

is given by

ternal 0T
yplifier W it

feedback
s the internal i

1 =7p
1 withoub ,Lccd

Thus the voltage inverse feedb
donec. The ratio of internal impedan
is given by

ack reduce
ces with ar

Zy _ - -
z' 1,\_‘1@ ...(]

e ™
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The tube behaves a<if it has an effective amplification fuctor
1 and dynamic plate resistance r’,=——£"~ . Thus-

1+ . 1-4p3
* both the cffective - amplification factor and dynamic plate resistance

of p'=

have been reduced by the factor »1—1—“—5'
o the R C. coupled amplifier eircuit discuss=d above, rcactance
of coupling condenser Cc has been neglected and Z, is taken as-
. the total Toad impedance consisting of Ry, (By-+R.) and Cy in parallel.
In general, resistance (By-+-7%;} 12 much larger than XR; and henee
may be omitted. Azam all shunt eapacitances as may arise from
intcrelectrode capacities,” stray and wiring capacitance ete. may be
neglected except at high frequencies.  Hence in the normal frequency

et ~Z, by load
. . . ver, effects.
‘ . . prominent
Lot L . ' zmplifier.
1 . be used for

Y . ' -
calculating 4,;.  General procedure then will be to caleulate the gain
of the internal amplifier 1 e. the value of A for the relevant frequency
using the usual formulae for R.C. coupled amplifier and then to use
the feedback equation (13 6) to determine the voltage gain with feed-
back Ap.

(7)) Transformer coupled amplifier with voltage inverse-
feedback. Tig. 138 shows basic crrenmit of transformer coupled

r w—rO

Fi2.138. Pasic orevit of transformer eoupled amplier
with voltaze inerse feedback.

- voltage amplfier with voltage inverse feedback  Fraction % ‘g_' 7 of
R
X ?!lc a.c. output voltage Eyis fed back to the input The f‘eedb;ck
is positive or negative depending upon the winding directions of the
transformers,  For the winding direction shown in Fig. 138, feed-
back is negative.

Compound Feedback. 1In certain feedback amphfier circuits
Loth current and voltage feedbacks are used. Fig 139 shows one
stage of R C. coupled lifier having d feedback s.e both

P

current fecdback and voltage feedback. A.C. plate current I,
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flowing through cathode resistance &, produces & voltage drop which
_gets added to the input voltage E; in such a polarity as to reduce

-

Fig 13-9. R.C. couplod amplifier with compound feedback
it. This, therefore, provides current inverse feedback. Fraction
fﬂ%ﬁ; of the a.c. output voltage E; is fed back to the input to
."provide voltage inverse fecdbacl.
"~ The feedback ratio B is given by,
P=Pit B3 4
where Z, is {he complete load impedance including R;, (B;+R,) efe.

Resistance (B, R,) is much greater than R, so that in com-
putation of voltage gain without voltage fecdback, (R,+ R,) may be
neglegtcd in shunt with load resistance R,. Similarly reactance of
coupling condenser C, is small compared with (B,+R,) and hence

.may be neglected over normal 2 B be
- used instead of Z; in Eqn. (13‘3?)3.q veney range. Then fmay

...(13'35)

_Vol_tage gain without voltage feedback but with current feed-
back is given by,

By 2
ot Zy +(pF DR,

Then voltage am lification witl
it < 1th o ’ n as
~valtage feedback js givl()an by, ument feedbacle as we

¢

...(13:36)

—pZ;

Apm e AR e DB
l —Acgl 1 __p — p.Zl ]
o % DR
; ...{13:37)
or A = —}LZ! .
Tot (p- 1)Rk+(1+}kﬂl)zg ...(13 38)

Eqn. (13°38) may be put in the alternative form
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I3
TEfpp {13:39)

—w 2 ...{13+40)

b .. (1341
<wvhere W=7 pwn

- TPott1) Ry {1342)
" - 1+lf1 ho circuit of Fig. 13'0 may be

2 ats thnt the eireuit of Fig.

Eq”"(?{‘t%)«a :tleggc,t' fent cixeuit of Fig. 1310,
Obviously the circuit
of Fig. 1310 rcsembles a
voltage source of open
<ircuit voltage E, and
internal impedance  Zyy
given by

P

= Tot(u+1)R,
and Z,= -—-H}T;*
~{1844)
Current  inverse feedback increases the value of internal
impedance whereas voltage fuedback reduces it. Thus Z,, may be
Iess than or greater than Z; depending upon relative effects of two
types of feedback. .
Feedback over several stazes In several cases feedback -
Dttt . tion. Let feedback cover 5
. - oA \ shown m line diagram of
st - . » then the overall voltage guin _

Fiz, 13-10. A €. equivalent cirewt of
amphfier of Fig 139,

.:\,. s pueelt by,

(1345} °

Eg8 Egk Ay 47 4y

FEEDBACK
NETWORK

Fig. 1311, Line diagram of Multistape feedback amphfer,
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[
w

Tor feedback to be negative, quantity ALA,...... A,8 must be
legative. Mnulti-stage feedback amplifiers may assume a large
mmber of circuit configurations, A few simple cases are considered
tere.

() Multi-stage cuarrent fecdback axpplifger. Fig. 13°12
shows the circuit diagram of a two-stage amplifier in which case a
voltage proportional to the output current is fed back to the inpub of

Ce

tp :
Fig. 1312, Two-sté&ge current inverse feedback amplifier. - -

the first stage in such a way as to subtract from the input causing:
inverse fecdback. ' ‘

Fecdback ratio B= :ZZJ~. The overall voltage gain with feed
L

back is given by,
! Avh, -
T-AA P :
where A, and A, are the voltage amplifications of the two stages.
(i) Multi.stage voltage feedback amplifier: Fig. 1313
¢ \ows the circuit diagram of a three-stage R. C. coupled amplifier

with voltage inverse feedback from the output of third stage to the
input of first stage. '

Ap= ...(13°46)

.,‘.

73 . . G

¥ig, 1313, Three-staze R.C. coupled amplifier with voltage

inverse feedback. ;
Lgt‘ the valtage gain of the three stages be A,, A, and A,.
Enach of these stages produces a phase-shift of 180 degrees in the
middle frequency range and overall feedback ratio B is positive.

Thus negative feedback is obtained. The overall voltage gain +with
feedbaclk is given by,

__AuALA,
A ""_'.i::‘:::&;j&?f‘a .. (13:47)
where B =l

iRy
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Let Z; be the total load impedance, This includes actual Joad
resistance Ry, shunt resistance (R;4-R,) and intcrelectrode snd
other shunt capacitances. Then the voltage gain of the last stage
is given by,
~TkZ

[
where ¢t and r, are respectively the amplfication factor and
incremental plate resistance of the last stage.

Further let the voltage gain of all amplifier stages covered by
fecdback except the last one be A so that in the circuit of Fig. 13'13,
=A, A,. Thuz overall voltage gain with feedback is,
—uZ; )

rorZy

Ap=—~——2 0
—pZ

! A(r,+Z; )9

= —nZ 5

i Zs (T3AB) (340

This Eqn. (13'40) applies to any multi-stage voltage feedback

amplifier provided that A is the voltage gain of all the previous

stages included in the feedback loop, 8 1s the feedback ratio and»Z;
is the load impedance of the last stage.

Eqn. (13'49) may be put in the alternative form,

Ay

«.(13°48)

11_::ﬁiz‘
A,,=——r,—‘*——~ o (1450)
T-TA'{E'*Z‘

Eqn. (13'50) suggests that this feedback amplifier may be
represented by a.c. equivalent circuit of Fig. 1314,

Fiz. 13:14. AC. equivalent circuit of multi-stago
voltaze foedback amplfier,

L. Evidently tlge cirenit is of a voltage source E, apd  internal
impedanco Zys given by the relations,

- -
Ey= 15 A7 (13 51)
and Zy=r', =‘_+"AT:3

.



424 PROBLEMS IN ELECTRONICS

Tig. 13'15; ‘shows two- stage voltage inverse feedbacl
amplifier in which the last stage is a transformer coupled amplifier,

lfb

Fig. 13°15. Two-stage voltago inverso feedback amplifier.

The transformer introduces a phase shift of 180 degrees for the
winding directions shown. Eqn. (13'45) gives the overall voltage gain.

Multi-stage compound feedback amplifier. A few typical
multi-stage compound feedback amplifiers will be discussed here.
Fig. 13'16 shows the circuit diagram of a t.hree-stage.R.C. coupled
amplifier with current inverse feedback obtained by using a resistor
R, in the last stage and with voltage inverse feedback from the out-
¢

T%

Fig. 13-16. Threc-stage R.C. coupled amplifier with cornpound feedback.
‘put of third stage to the input of the first stage. Obviously this
circuit is the same as that of Fig. 13'13 with bypass condenser Cj
in the last stage removed to produce current inverse feedback.
Obviously overall voltage gain with feedback is given by,
A= AL AL A

m lll(13‘53)
R
here =1 .
W B R1F, ..(13°54}
A, and A, are voltage gains of first and second stages and
Ay ¥l .
et DR+ Z; (13 55)

where 12 and r,, are amplification fao

vespectively of the last sta

including Ry, (B;4-R.) and s
I)et AIX A:=A

Then Ap may be put as,

tor and dynamic plate resistance
ge and Z, is the total load impedance
hunt capacitances.

...(13°56)

(135
1—Ag[—~.1*}¢~__~] : (13:67)
ot (l"’+ 1 )R}:+zt

A[ —rZ ]
Ay= Tot (- 1)R+Z,
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~Ap Z, v
o AN TR A AR ~(13:58)
Eqgn. (13'68) may be put in the alternative form below,
- (2
- At 1359y
S ) Y
1+ABy

From Eqn. (13:59), it is obvious that thoe effective internal’
impedance of this amphfier is given by,
_ Yot (et 1By -60)
Zo= T v (13°60)
. Fig. 13'17 shows the circuit diagram of o two stage R C. coupled

ance B, provides current
ce .o -. 'y togethers provide voltage-

‘
AN

I’ig.';g‘lr'l'wuuga O, cuuplad amplifier with compound feadback.
Iet A, and A, bo the voltage gains of the first and second
stages respectively and lot B bo the feedback ratio of voltage inverse
feedback from the output last stage to tho input of tho first stage.
with

b3

’k

‘Then oversl] voltage gain of the
is given by,
A o) .
An=v—4 2‘ aﬂ - (13:61)
— i 89y
whers P (11°62)

A, ==voltage gnin of first siage with current feedback

e % .
R (R ey A - (13'63)

whero g, and rpy  are  respectively amphﬂcnhon factor and
dynamio plato resistance of first stage ond Zy s the total load
impedance of the first stago 3 of pling conden-
ser to bo negligible)

and A,=-—;‘:‘§_'—z%‘—~ (1364

where p and r, refer to thesccond tube and Z; is the total .
load impedance.
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Fig. 1315 shows two- stage voltage inverse feedback
amplifier in which the last stage is a transformer coupled amplifier,

Fig. 13-15. Two-stage voltage inverse feedback amplifier.

The transformer introduces a phase shift of 180 degrees for the
winding directions shown. Eqn. (18°45) gives the overall voltage gain.

Maulti-stage compound feedback amplifier. A few typical
multi-stage compound feedback amplifiers will be discussed here.
Fig. 13'16 shows the circuit diagram of a three-stage R.C. coupled
amplifier with current inverse feedback obtained by using a resistor
R, in the last stage and with voltage inverse feedback from the out-

. &
! T T L
T ?
A Fig. 13-16. Three-stage R.C. coupled amplifier with compound feedback.

*put of third stage to the input of the first stage. Obviously this
circuit is the same as that of Fig. 13'13 with bypass condenser O
in the last stage removed to produce current inverse feedback.

Obviously overall voltage gain with feedback is given by,
A Ar A A, ’

P 1A AL A ««(13°53)
R
where B= R1+1 7, --(13°54)
A, and A, are voltage gains of first and second stages and
-/ T
TG DETZ (1355

where 2 and r, are amplification factor and i i
. amic plat
respectively of the Inst stage and Z, is th%n total Pl(?ag iﬁ;fdtzﬁgg
including £y3, (R;+R.) and shunt capacitances. '
Leb A;XA=A

Then Ap may be put as, (15°56)

A[ ~uZ
Ap= Pt (et I)Rzk+ Z (13:57)
1-Agl —TF4 T}
g o+ (1R +Z; ]
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. ~Ap Z, oy,
o S TR LT AR ~(1358)
Eqn. (1368} may be put in tho alternative form below,
®
ol —
P HA DR o
1A

From Eqn. (13'59), it is obvious that the effective internal
Impedance of this amplifier is given by,
Lot LR £0)-
z,= P vee (1360)
F:g 13’17 shows ﬂm circuit dmgram of a two stage R C. coupled

T ance R, provides current
. togethers provide voltage

M
-

[TT . _% %‘2 7 ,EDI
2R o
g SR | M K’!’ 7

! T Ty
Ol <

Fig. ¥ -}-17-'1"’1»11,.'-9 o, conphyd amplifier with compound feedback.

Iet A; and A, be the voltage gains of the first and second
stages rﬂpcctxvely end let 8 bo tho feedback ratio of voltage inverss
feedback from the output last stage to the input of the ﬁmt stage.
Then overall voltage pain of the lifier with

is given by, *
A A,
Ap= 1~XTA;§ {1361y
whero P=-ps -H: w(11°62)
'
AL“’:W’W’SO gain of first stage with current feedback
—Z "
fn+(m+l)lt,+z,, «(13:63)

where pt; and 1y, aro  respectively amplification  factor and .
dynsmic plato resistance of first stage and Z,, is the botal Ioa.d
impedance of the first stago
ser to be negligible)

and A=

—n.Z
iz (1869

where p and r, refer to thesecond tube and Z; ic the total .
load impedance.
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Tig. 13'15 shows two- stage voltage inverse feedbacls
amplifier in which the last stage is a transformer coupled amplifier,

Fig. 13:15. Two-stage voltage inverse feedback amplifier.

The transformer introduces a phase shift of 180 degrees for the
winding directions shown. Eqn. (13'45) gives the overall voltage gain.

Multi-stage compound feedback amplifier. A'few typical
multi-stage compound feedback amplifiers will be discussed here.
Fig. 18’16 shows the circuit diagram of a three-stage R.C. coupled
amplifier with current inverse feedback obtained by using a.resistor
Ry in the last stage and with voltage inverse feedback from the out-

[ L

Fig. 13-16. Three-stage R.C. coupled smplifier with compound feedback.
put of third stage to the input of the first stage. Obviously this
circuit is the same as that of Fig. 1313 with bypass condenser Cp
in the last stage removed to praduce current inverse feedback.

. Obviously overall voltage gain with feedback is given by,

ALALA
A — 1 2 733 .
=7 - A AD : «..(13°53)
h E Yt N
where g F.1E, ---(13'54)
A, and A, are voltage gains of first and second stages and
A 0l '
Yt )R Z, - ‘(13.55)

where ¢ and rp are amplification factor and d i i
respectively of the last stage and Z,is thzn?cl)?:ll)l%:g iﬁsfszggg
dncluding Ry, (R,+ R,) and shunt capacitances, g

Let A;xA=A :

Then Ap, may be put as, 1856

AE_.__‘.“‘_ZI“__~
A= Tt (4 DR, -Z, ]
1—A [-_:E_Z_L__~

g o+ (+1)R,4-Z,

] « w(1357)
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~Ap Z;
e W LY R A W TP (137
PR BT A5 (1358)
Eqn. (13'58) may be put in the alternativo form below,

or  Ap

A B
- ____.__~A‘+“‘5L———zl (12:59)
X T
T ASy '
From Eqn. (13'59), it is obvious that the effective internal
impedance of this amplifier is given by,
_ et UR, -60)-
zy= I .. (13°60)
Fig. 13°17 shows the circmt dingram™ of a two stage R.C. coupled
amplifier with ~~— o ance R, provides current

inverso feec. togethers provide voltage-
inveree feoc

Yigf;;-l'ff'r;o:ugs R.C. coupled amplifier with compound feedback.

Lot A, and A, be the voltage gaina of the first and second
stages respectively and Jet  bo the feedback ratio of voltage inverse
feedback from the output last stage to the input of the first stage.
‘Then overall voltage gain of the amplifier with compound feedback
is given by,

A A, -1
Ap= A Az {1361y
=R g9y
where !!—«E:—_*-_-R’ «.{11°62)
A, =voltage gain of first stage with current feedback
—_—Taln -63)
= PR R T ~(13:63)

whero by and 7, AT respectively amplification factor and
dynarnic plate resistance of first stage and Z,;, isthe total load
impedance of the first stage { ing of

conden-
ser to be negligible)
and AT B {1364
T 2y *

where g and r, refer to thesecond tube end Z; &
load impedance.
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S000
Henee 1000= 180008
or 1—8000p=8
-1 -
Henece B= o0 000875.

Example 5. An amplifier with negative feedback has wvollage.
gein of 40. To produce ‘« specified output the input vollage required
without feedback is 01 volt whereas the input must be increased to 2:4
volts to produce the same output when feedbaclk has been provided.
Find the value of feedback ratio § and vollage gain without feedback.

Solution. Let A be the voltage gain without feedback,

Then A=‘1—Q§%‘%=96(} L l{v}?; R 2 '
But A"‘=I:ézi—6

Hence 40:1——2%%7)?3

or 1-—960;3=%9§-=

Hence B=—;—62—0§=—-0-02395.

Example 6. If the overall gain of a negative feedback amplificr
i8¢ 66'02 db and the atienuation of the feedback path is 80 db, calculate
the vollage gain of the amplificy without feedback.

Solution. —80==20 log,8
1
Hence f3=1”6? =0°0001

If feedback is to bo negative, feedback factor A8 must bo
negative. If voltage gain without feedback is taken as positive, B
mus_i.bc negative. Again voltage gain with feedback must also be
positive.

Let 4y, indicate the voltage gain with feedback.

Hence 66°02=20 log,,4/s
Henco Ay =2000,
Applying the feedback equation,
A
Afb"" 1 ____Ap
A
or =
2000={ 50507 A
or A=2000+4024
_ or 0°84=2000
Hence A= -————209(8)0——-2500.
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Esample 7. Following ralues relate to the single slage R.C.
wcoupled amplifier with eurrenl incerse feedback ;

R,=20 kilo-olms, Ry=1] Meg-ohm. Ey,=250 volts, n=20,
o =2000 y mhos

Reactance  of coupling  condenser C, may be neglected. Shunt
eapacitances may alwo b neglected. Caleulale the ralue of cathode resistor
By to preduce voltage gain of —~6,

5y

Solution. Let Z, be the mpedance of the parallel
«wombination of f, and B, ence
Z = Ro. By _11000% 16%)(20 % 10)
T TR, 1000+ 20y ¢ 10"
=19 6> 10° ohme.
B 20 _
ry= g 2000 < 100 =101 ohms.
Voltage gam of thi2 amplifier 19 given by,
ez
A=, i ORZ
e —20%196%10°
Hepoe b= B it 1FEXT0Y)
20> 196y 10?
00X 10 o35 100

or 21 By 1-20°0 .« 1Y) ==
Hence R.-—:gs‘j:;} W Y7134 10? chms.

Lxample §. For (ke a_m])h:ﬁer thoun, calculate the voliag:
aain for the following Jregucnsies of she aignal ; .I, 10. 100, 1,000 ant
20,000 cfs. What will be the voltage of this amplifier with fized bias ?

Solution. Voltage gam of the amplifier shown is given by,

Mmoo T
LTS 7 A R A
«where Z; is the impedance m the
cathode circnit and Z 10 thn
doad impedanco.
For the given cireuit,
=20,
rp,==10" oliins
Z,=50¢ 10" ohma
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$000
Hence 1000————————1___SOOOB
or 1—8000p=8
-7 — =
Hence B= 3000 000875.

Example 5.  An amplificr with negative feedback has vollage.
gain of 40. To produce a specified output the input volage required
without feedback is 0°1 volt whereas the input must be increased to 2'4
volts to produce the same output when feedback has been provided.
Find the value of feedback ratio B and vollage gain without feedbact.

Solution. Let A be the voltage gain without feedback.

Then A=‘&é<71~2;4t=960 FAS f'f‘j"!: Lo
But A”’:i:%ﬁ

Hence 40:1?9?)_%()_5

or ‘1——960{5=—%%0—=24

Hence =’—;—~ng =~—0("02395.

. Example 6. If the overall gain of a negative feedback amplifier
is 66'02 db and the atlenuation of the feedback path is 80 db, calculate
the voltage gain of the amplifier without feedback.

Soluation. —80=20 log,,8
1
Hence p= iot =0-0001

If feedback is to be negative, feedback factor AB must be
negative. If voltage gain without feedback is taken as positive, B
mus.fé_be negative. Again voltage gain with feedback must also be
positive.

Let Ay indicate the voltage gain with feedback.

Hence 66:02=20 log,,4,,
Hence A7=2000.
Applying the feedback equation,
A
Afh"— 1 ___AB
A
or 2000 — =
O={TGooo1 A
or A=2000+4024
_ or 0'84=2000
Hence C 4=2090_osh0.

08
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Example 7. Folloning ralues relale to the single stage R.C.
wcoupled amplifier rwith current inverse feedback @

Ry==20 hilo-ohms, R,=s1 Mcg-ohm. Eu=230 volts, p=20,
Pu==2000 p mhos

Rcaclance of coupling condenser C, may be neglected. Shunt
seapacitances may also be neglected. Caleulate the ralue of cathode resistor
By to produce valtage gain of —6.

1t
i 0
< ]
Y Ry o
=5
= I

Solution. Let Z, be the mpedance of the parallel
<+umbination of R, and B, ence
R, B, _(1000x 1620 10%)
Zi=plhn, = (00D+205% 107
=196, 10° ohms
20

R
Ty= gm 2000100
Voltage gain of this mmphifier 1 given by,

=10/ ohms.

Ao T
0=,k DIy
—20x19%%100
Hente  —6=pry@i+ DAL FIT0X10)
20% 19 63 107
or 21 20 109 = o g0 =65:933¢ 105

e ]
Hence R,z?lﬂ:?j: 19 =471 10% chms,

Example 8. For the amplifier shoun, calculate the roliags
ain for ”mp Jollowing freguensies of the signal : 1, 10. 100, 1,000 and
20,000 cfs.  What will be the voltage of tkis amplifierwith fized bias ?

Solution. Voltage gain of the amplhifier shown is given by,

Apm— L
TR TRAZAZ
where Z, is the impedance in the

cathode cirewit and Z. i the
doad impedance,

Tor the given circuit,
#=20,
7,==10" chimy
Z,=50:¢ 10 ohms
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]?1: | 1 . - .
J(‘bp
and £, ="~ y

Byt

Jol.
— _,'_‘_7____ .
i "Fj ")GI:I? 3
R,=1002 olms and Cp=16 pF.
At frequency of 1 cfs:

7 1G00 .
1+7 ax R IX 16X 10-93¢ 1000 |
=10°{1~4 001}
Henee Afb"‘ - —~20x 50X 10° __ .
10" 4-(50 % 163 (20 -+ 1) (1 —5-0"01) X 107
=1000° -
TSR
0-215 may be neglected when comp'\red with 81.
Henee Ay __:é_(ll@__‘ ]"’”35 L
At frequency of 10 ¢fs - .
Zp= jg’ﬂ(? 1~J<xo 41 701)

o Zagoe - - —ioop
Hene A =
CBOE A LR 360021 — 0°1) 807707 2001
 Again j 2091 may be negleeted as oommred with 80'79.

1000
HCX\CQ An,"—:-gbj;?): —12:38 )
- Atfrequency of 100 ¢ls ;-
. 1000, v
R Fy = ATT o 1
=T 100 =4984{1 —3 1'006

" —1000 . '
Henee A

R T T X R 0A08H 1—5 1°008]

_ —1000 -

;045 —7 1050
Numcrxc'x] vvluc )
1660
Appmm e =140
NG L3 (1075032 405
At frequency of 1,000 ¢fs :

_ 1000 L
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—1000
Henco An=gq 4012 0'6s[1~j W GRG0
o 1000 ' .
Te02—5 200 .
1000 : )
Ao - & =166
w A= g o .
At frequency of 10,000 ¢ls . ! 4
1000 '
Z‘:Hj 06> 4358 (1—y 160 G)
- 1002
Hemeo  Ap=(y og 00088 (1 -y W05 B 107
—1oo0
=04 jo e
or Ap= ot 1667

N o) (0 2oy
With fixed Iins voltage v s goven by,

~p I 20450 1P

PR N URST S

Example 9. A talur bus anode slaps 1evistance of 7,500 ohms

Aand ettt S Paeuzed ar an amphfier twith snode

HE rathod> bias resistor of 1,000 chms.

* o e s 1§ dpplied betwcen grd and earth. No
«athode bypass capqcitor s weed  Calculvte the a.c. output vallage.

—16 07.

Solution. Voltage gam with foedback through cathodo resis.
tor js given by,

-2 Ry
D) L8

— 20 10* .
T {15 )04 D A1 10
9

=T sm

B

Ap=

Input voltage=2 m¥ r.m .
Hence a ¢. output

=2X5 104=10 388 m ¥V ram.s,

Example 10. In the civeuit shown, calada’e (he vollage amplifi-
<ation of the amplifier with feedbnel = also the effective internal impe-
g T T ° » ance of coupling
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i
[1=20 i ™
(p=12K81 Rei0000 49K
3] _ g-5£51
% — =
v~ ‘ 1
ot = ¥ ]
Solution:. Voltage gain with feedbacls is given by
. A
Apy= 1—A%
where A==voltage gain without feedback
2
Tty
whero Z; is impedancelof Ry and 50 kQ in parallel.
and B==lzcdback ratio
05 )
EEE T
—unZ
il — &
Henco A= UL oL . e S
T e TotZ{1-+pf)
')‘7,'1 Z; ?
L1030 2 (502107 _g.anu ) 108
Z= 05 107 =8'333 X 10° ohms

A — 20> 8333 % 108
= (125 105 6333 X 10% (1420 % '01)

=—~T7"575,

; Yxpression for voltage gain with feedback may be put in the
ormy,

rrapt #

Henco cffective internal impedance of the amplifier is given by,

Zypee - n VR 12000 12000
ST e TR 00T T
= 10000 oluns.

Exa.mp]e 1. Ior the amplificr shown,
and effcctive tnlernal impedance.
may be neglected.

[ calculate the vollage gt
Tteactance of coupling condenser
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Solation. Feedback ratio
200

P30+ (109 5% 1)

Total load impedance Z.=pam{)l{e)lmcfmbinntion of 25 kQ and

=0001

(2“ 10 (200 10°)

=22 22>< 10’ ohms.

¥or the componnd fecdback shown overall voltago gain is

given by
A=y A,:

where A is the voltage of amplifier without voltage feedback.

~uZ

St ) B Ly
—— T B
rpb(u+1) Bt (1+pf) 2,

e g T IOX 229208
T(T5 X 107+ (20~ 103 (1+20 < 0 001122 2x 103
=508
Equstion (1) may be put in the form

Hence Ap we(1)

i +n5
r,-Hr-L—#_U 3%
(1+p8) +z‘
Eqmtxun (2) sugpests that effective internal impedance of the
amplifier is given bv,
Ly ro-klut1) By _.7900+(20+1) 1000
T . 1+20x 0001 -
= 25000 ohms.

)
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. Example 12. An amplifier has three stages ecach with a gain of
100. Negative feedbacl: is now applied by feeding 55 of the output
zoltage to the inpul of the second stage. Find the overall voltage gain of
the amplifier with feedback. Again if the mnegative Jfeedback s
applied fo the input of the first stage, calculate the overall voltage gain
with feedback:.

Solution.
v oVTPUT
”é@l;._- AF100 : Ap=100 > Az=100

A=voltage gain of last two stages without feedback
=100X100=10"

Tor feedback to be negative fecdback factor AP must be
negative.

Since A=+410%, B must be negative. Obviously then
f=—001.
Hence voltagé’of last two stages with feedback
o A 104

ST=AR~IF10'% 001"
Then overall gain of all three stages

=99 x 100=9900.
Nl A210 > /p=i00 S| A3=100 ‘_}o_ﬂ%ur

- B==-01

‘ Noxt feedback ismade to cover all the three stages. Again
sedback ratio is required to be negative to make AB negative,

- Henco B=~001.
d=voltage gain of all the three stages without
feedback =100X100x 100=105,

Hence overall voltage of all the three stages with negative feed-

ek
A 10t e
' 1—AB™ 1+105% 001~ 10001

=09"99,
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" Example 13, In a residancc capacilance cauplvd amplificr, the
Joad resist Ry is 100 Lilo-ohms, gnid leal: resist is I Meg-ohm,
coupling condenacr C, is 0-01 micro-furad and lotal shunt capacilance
18 500 ppF. The lube has amplification factor of 20 and dyramic plate
resistance of 10 Lilo-ohms. Caleulate the roltage gain of the amplifier
at frequencies of 10, 100 and 10,000 cfs.

If negative feedbnel is provided by feeding J'g of the output voltage
bacl: to the input, calculate the vollage gain at the abore frequencics.

Solution. Voltage amplifieation of R.C. coupled amplifier in
‘the low frequeney range is given by the expression,

A= A'"y-
1 - j’L
-where A=nudband grain=—g,, L,

allel combination of 5, B; and B,
=lower half power frequency
1
=.)_ ]")'tq {,)ﬂ
'R"+r + Pl

'+
0"+1g,ii:],_10w % 10% ohms.

1
Hewce  fr= s 000X T0TR 0 01 16
=15"78 ¢fs.
1 1 1
Byp= i + K,

1,1, 1 1
=10 T 107 {8 168

Hence Rpyy= i %I—‘QOIO oluns

20
G ‘: =-jpr =20X 10 mho
Ap=gu . Ryy=—20X16"*X0010=—18 02,
At frequency of 10 cyclesjsec

Without feedback,

A =B _ D180

15 §*

Numerical value
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With negative feedback, voltage gain is given by

—1802
a_ A 171578
h== = Y
1A B 1802 .
I+ T57g X000
1802
=1901—7 1578
Numerical value
Apm e 2592 7502,

N (901 L (1°578)2
At frequency of 100 cyclesfsec :

A —1802 - 1802
- 10 578 1—7 0'1578
7100
Numerical value
A 1802 =17
N 1+ (015782
With negative feedback, voltage gain at 100 ¢fs is given by
~1502_
A, A 1—35 001578
= T e
1AL 1802 K
=557 <008
o %02
T 1901—j 0'1578
Numerical value
19 2
- 1§02 45,

N (901 (0°T578)*
Upper half power frequency
AR S S
T 22 (R, 2w 50010712 9010
=353%10% ¢s.
At frequency of 10 kefs -
Voltage gain

Ay B —1802
' oL, . 10X10°
145 I J0x10°
g Wit
—1802

T 1450283
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Numerical value
1802 .
A= —-=o =17"
TS
Voltago gain at 10 ke)s with voltsge inverso feedback is-
given by,

Numerical valuo
1802
Apes 002 gy,
P J 01 F (0 283

< Example 14, Ina threcestage B C. coupled negative feedback’
amplifier, fivet tico stages Lave a garn of —10 eack at the operaling
Srequency and the last atage uses a load sesistance Ry of 20 kilo-okms,
potential divider of 250 Q) as shown  Reactance of coupling condenser
O, may be neglected at the frequency. A fracton ' of the output voll-
age of last stage i3 feedback to the snput of the first stage as shown in the
cireust diagram.

Tube Las amplification fuctor of 20 and dynamic plate resistance
of 10,000 ohma. Caleulate the vollage amplification of the amplifier
with and without feedlack, If the toliage gmn of the first tuwo stages
gets veduced fo —$9 cach, find the orerall gain of all three siages.
Caleulate also the cffective internal smpedance of the amplifier.

Solution. Let A, represent the voltage gam of first two stages-
and A, be the pain of Jast stage.

Then A,:r':_r;"‘z‘?

whero Z;=the total impedance of last stage




-4ka 0 A AP S e e e T

and overall gain of amplifier with feedback is given by,

- Zl
Ay e AIL'MA_I__ A___»_'_zr’* Zl e
MN]“AV: Aap 1A “(LZI B
1= 7»"!’ Zl '

—p Ty Ay
(P Ay)
A= (~10)(—10)=-}-100
0w 108 )
,:.( 207 2}8 ‘)(() 0)——1?)%9— )v~18‘5 X 10° ohms.
(=004
y —20 %185 10° x 100
= muus BXT07 (120X 0°04 % 100)
==~ 24606,

Also voltage gain of all tho three stages without feedback is
-given by,

Hence

A —~u 2 ] :100\’20\(180><10“
o ro-kZ T TOV-(18G X 10°8)
== —1208,
If gain of ﬁrsb two stages reduced Lo —9 cach, then
Ayg=(—0)(—0)=81
Henoe voltage gain of all the threo stages without feedback is
gnvm by 4 1—~Al.><A =81 X (—12:08)= 1052 and overall voltago
gain with feedbnek is piven by
. _U"-_’_'_\':! .',/./( .
TobZy(14-pBel )
—20% 81 X185 x10°
]0‘+]S N I()’(l 20X 00Ex 81)
=244

Eifeetivo m(mnnl impednnes” of ihis {eedback amplifier is
given by

/1",::

-
Z =4
" -1 ().‘1-!
when =100,

o 10!
Z - e ) emae e R ESRageero= R
UV RRD XG0 100 g T 180 ohm.
when =81,
, ol 168
B N o o
T 10 D081 g T 1072 obms.
< Example 15. A three-stage R.C. coupled amplificr has all the

ﬂ(?g( s exactly identical,  Each stage Las lond yesistance of 20,000 olms,
coupling condenscr of 01 micro-farad, and grid leak vesistance of



e
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200 Lila-okma. Tubes used Lave amplification fuclor of 20 and dyramic
plate resistance of 8,000 olina, A fraztion 135 of the oxtpul of e lost
stage it fed lo the inpul of the firel to provide necative ferdiack. Caleu-
late the orerall gain of the emplifer with and without feedback at fre-
quencies of 10 and 100 eycleslrerond.

Solution. Gnin of each rtage in or close to low fraquency
range is given by,

1~—j 5~
ter
et _ W s -3
fu=t = (g9 =25X10* mho.
o 717__ 1 ¥l
1"::1% Ty - 1"1 + B,
R VRS S
TR T 200100 20 107
26

= 20h 0 12
2004100

Hence Rypp=" 96 =5555 chmas
36
. RIS
Ro=Byt rst Ry
(8% 10%(20 % 10°7)
= (200 % AL
(200 169+ (B-ra0)ion

=205 7> 1{* ohms,
At frequency of 10 cls ;

X,= 1

BIXI0% 001 - 10+ =T

Hence voltage gain of éach stige nt 10 ofs is given by,
As —(26x 0?3555  —1388

PP EI U O e T

205 T 16®

Hence voltage gain of 2/l the three stages withont feedback

59x 10% ohms.

AmAvdxas— (18880 —2674
(15 774) —1'79+y 441
Numerical A= L . =561
N (I70F+{4 41)*

Sinea there ero three stages ig R.C. coupled amplif
“back is required to be negatfve, bence 3=~p+'01. ‘Yl’;lt:;(’m;;geeg;
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<complete amplifier with feedback is given by,

_o2bTs
A A, 17947 441
ﬂ,:’_“::“"_-"—“« ___ 6.|—'
R e
—20674

=153+ 441
Numerical value

=R

Note : We observe that the cireuit is intended to provide negative feod-
‘back and it actually does provide negative feedback in the middle freguency
range but at low frequencies such as the one under consideration, the feedback
-may become positive and increase the output voltaze. This results because of
.excessive phase shift at frequencies far below lower half power frequeney.
At 10 ¢Js, the gain has actually increased from 561 to 573 due to feedback.

At frequency of 100 cfs:
Voltage gain of each stage is given by,
—13'88
A—l—-j 0774
Hence overall gain without feedback is given by,

(—13°88)? 42674
— (A = —
A=(8) (1~j 07143~ 0'8F5 178

Numerical value

20674
SR e I 1400
N @91 78)
Voltage gain of overall aniplifier with feedback is given by,
. 2674
Apg— B 0855 178
1—-AR T 2674 .
1= G535 17g X001
- 2674
—25'9445 178
Numerical value
2674

Alb= '*“*:::_.——_7__-:—.._——__—’:-:::._:
N (25:94)T (17 8)2
Note. We observeo that with tho same feedba,

ote. ' ck arranzement, fee i=
‘nogative 1.¢. voltago is reduced at o froquency of 100 ¢fs. b feedback i

Example 16. In the two stages R. C. coupled ampli ircuit
of Fig. 1317, let Ry=25 kQ, Rpy=250 £Q, Coec0'] pppﬁﬁigg%
Co=01 pF, Ry=2491:Q) and Ry=11%Q. Let amplification factor for



FEEDDACK AMILIFIERS 441

the first and sccond tube le 20 and 50 respectively and
dynamic plale resistance be 10 142 and 20 102 respeclively.  Assume Ry
and C,, combinations to khave negligitle a.c. impedance. Calonlnte the
averall voltage guin with feedback and also the effective internal impe-
dance. Assumne coupling condensers Gy and €y to have negligible reaclance
al the operating frequency.
Solution. For tho given circuit, voltage gain with feedback is
given by,
—u, A, Z,
Ao B2y L
R ¥ [ W)
whero gy, rp rofer to tho sccond tube. Z; is the load impe-
daneo of the sccond stage, § s tho feedback ratio and A, is the
voltage gain of tho first stage with current feedback through I,
- B | S
Here =~ B ST nge1 =
1a==Dl, ryy=20x 10* ohms.
4, (BOX 1070250 % 10%)
= (504250) x 10°

=41"66 x 10% ohms,

it Y Zu
A= G OB, Lo
Zsy=paralict comhination of Ry, and By,
_ Ryx Ry (20109250 % 10%)
By R T (04250 x 107
=:18'5x 10% ohms
—203¢ 18 53¢ 10?
Hemeo A= (155 1020+ 1) X 10°-FU85X 167
—747

Mence Apme e oo FOX(=T4T)34100X10°
P TEOR 10441 66 % 10°(1 (=7 47)(~0-004}{50N]

Eflectivo internal impedance is given by,
2o To_ 20 107
VTR A By T (= T4 =0 008) X 50
=8020 ohms.
FREEBACK AMFLIFIERS CHARACTERISTICS
It was tho positive feedback whicl was first thought of and
A padieaaPn PR
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(4) Reduction in noise :—Let the internal amplifier be divid- ,
ed into two parts having voltage gains of A, and A; so that overall
voltage gain without feedback is A=A,.A,

; E,
4 Ay @ ~ Az j’?

g

< B

Fig. 1318, Block schematic diacram showing roduction of
noiso by negative feedback.: )

Let D, be the noise voltage generated within the internal
amplifier. In the absence of feedback D, gets amplified to No=
A,.D, in the output. With negative feedback, let N’, be the noise
output. This noise output N', after passing through feedback net-
work becomes BN', and again after amplification through A,
amplifier stage becomes BN’y A

Hence = A,X[PN'.A,+D,]=N’,

or A,D,4- 4PN’ =N,
1A,D, N

10 o . [ e 79

oF N I—AB 1xAg (13:72)

Thus we conclude that by negative feedback the noise output
voltage due to noise generated within the amplifier, is reduced in

A
I—Ag°
b This seems to represent a real reduction in noise, However
to obtain a specified output voltage the voltage gain of feedback
amplifier has to be increased either by adjustment of circuit para-
meters or by the addition of amplifier stages. In the latter case,
noise will also be amplified in the same proportion as signal.
Additional amplifier stages will introduce additional noise. Then
the overall noise of the amplifier with negative feedback may be
higher than that in the amplifier without feedback. If, however,
required additional gain is obtained by the readjustment of the
circuit parameters, reduction in noise may take place. :

(8) DModification of input and output impedances :—Effect of
negative feedback on input and output impedances is discussed in the
following articles.

Effective internal impedance with feedback

1t has been seen earlier that current inverse feedback increases

the effective internal impedance and voltage feedback decreases the

cffective internal impedance. A generalized treatment to the matter
will be given now.

Following notations will be used :
g—TFeedback ratio.

A—Voltage gain without feedback, with load connected.
Ag—Voltage gain with feedback, with load connected.
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A—~Voltage gain without feedback, with Isad open circuited.
E—Iffcetive internal potentiJd rourre withcut feedback,
E,—Yffective intcrnal potential sonres with feedback.
Z—Lflective internal impedance without feedback ie. the
Thevenin's imp cdance of the equivalent nctwork, It ia
the impedarce fourd on locking }ack from the cutprt
terminals into the source with the Joad open circuitcd.
Z~Effeetsive mternal impedanee with feedback.
Z,—Output termmal impedance withou scedback
Z,~Qutput termwmal impedanca with £~ hack

E ~Output voltage

E,~Input voltage to the amplfier,

E;—Fecdback voltage,

Hereunder we will Jderne gencral expressions for Zy, and Ey for

the ino cases of valtage izedhaik and carrent fcedback.
Effective internal impedance with voltage feedback. Fig.
2319 rhotss Dlock «chematic diagram of voltage feedback amplifier. In

b ¢ 1™
b s W2/
A AMPLIFIER
¥i ok HOMINAL GAR
i A=
b5
LY

FEEDBACK

NETWORK

- { A

“ig. 13119, Edek seheratic diagram of vo'tage focdbask emplifier.
Fig. 13 19, it may be scen that feedback may be removed by remov-

ing

the leat rumning from point P to feedback network snd

«<connccting it from P to the cathode K. Then the Thevenn's poten-
tia) source equivalent of this eirenit 13 given by the cireuit of Fig.
13-20. In this cquivalent circnit Z; 13 the effective internal mmpedance
without feedback and A, is the gain without feedback on open

<ireuit,

With no feedback, E,y is the same as E,.  But m any amplifier
-without feedback, with 1o1d disconnceted, magnitude of the voltago

-gamn of the dircuit is simply o
of the tube and henee Ay="—y,
negative sign appearing beciuse
«of the ac<igned positive dircetion
of A; E¢in Fig. 1320, Alsa the
mternal  impedanee  withony
feedback js ry 80 that Zy=r,.
Next we eoncider the sitn.
ation with voltage feedback
applied. With feedback, E,
=E;+£L,, Henee the equivalint

ﬂ]

AgEgh=ArEy ]

Foz, 13 20, A.C. equivalent cirenit of
ampliGer of Fi2. 1319, with fentemelz
semoved,
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circuit of amplifier of Fig. 13°19 " with voltage' feedback is shown in

Fip, 19-21. A.C. equivalont civeuit of amplifier of Fig, 13:19
with voltage feedback,

Tie. 1321, It is interesting to note that though {hie circuit of Iig.

a1 s the cquivalnt of Tig, 1319 with feedback, it is not o
Thevenin’s voltage source cquivalenit representation because here

e .
Al Z, and A(E; EE,) are functions of the load. .
g { ¢ {

AI(EI'“PHED) ’ -:Q
Then = E L(13T8)
L(E;--P8,)Z, . L
Hence Et-.-I.Z,--;*T*Z; iz, L o L13074)
Rearranging Bgn. (13:74) we get, - : e .
e ' . AEZ :
S S=gaza—am o, o, (8
. Ay e 5 ' !
‘P"‘.ﬁ.‘ Tence 1= E, ;WTLAK;E‘ ' ( -
e enee I= g :gw © . {18°76)
1—AL "™ .
From Xqgn. (13'76), Thevenin’s cquivalent .nctwork for the
circuit of Fig. 1319 may be drawn as shown in Fig: 13-22,
[ 4 -,
[ aakeade 2. : v .
2ty N it T SUNPRE
e ) i o
’d‘,_ . "/J’/’,.L . . R .
e - Ede
Y . g*_______ ______‘L_
; Fig, 13-22, Thevenin's t‘qnivnlem; network
of amplifier of Fig, 13410,
A v CoL
‘ Hence ) OFPEELL S o . .
oo YT RA, E; - {1377)
. z ' .
and Zypeme b o
SRR Y {13778}

2 [ X . n A + .
. '1“01: negativ ¢ feedbiack (1_-——‘””;,)' 15 grealer than unity so thet
eifcetive internel impedance with voitage feedback is less than the

LA
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intemnel impedanee withoat feedliask, Bquations (13 77) and (13°%3)
agree with equation (13 30} <ince Ai=—y and Z;=r,.

LfTective interaal impcdance with curren: feedback,
Tiz. 1323 shons bloek diagram of a carrent feedback amplifier,

INTEERAL
AHPL!F/ER
A

¥iz. 13-23 Dlock dia_ram of c .rrent feedbsck amplifier.

Zeisa part of the feeabiuk excut and 15 nota part of the lozd
impodanee Z;, Theac cquvalent wreust 1s shown in Fig, 13 24,

L
1!.21 % [
ATy 2]t
(R
.L,~._,_—._r 1

Pz 1324, A C equivalent crrcurt u!(v rrent feedback
amplesr of Fre 13
}Icrc Z, is the total wternal 1mpe«hnc~ looking back from th
{oad and henc« cons.sts of 7, and Z,.
From equ:yalrnb cremt of Fig 1324,
AL HIZ)=N(Z, +Z))

£0 that (1370

Equation (1 70) snggrets the airemt wiven in iz, 13 23 as th
T)Arromns cquivalent et for corrent t edback amphfier «
Tiz. 13-

Trom Tg. 1323, efftctive
jaternal 1rnp“d.mcn of the eorrent
feedhack amphfier is given by,

Z,=Z,~AZ, .13 80)
and open cireyit potemial with
current feedback is given ly,

Ey=ARE, (138D T
Equations  (13'80) and Fig. 13 25. Thoverun's equiral
(13 81) agree with Eqn. (13°24) curvent, iv.;f,]%;ﬂf;zmpluer

siuce Ay=—p and Z,=r,4-Z, 1n
the ca-e of current feedback.
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Output terminal impedance with feedback

The output terminal impedance of a circuit is the impedance
scen while Jooking back from the output terminals into the energy
souree under the condition that load impedance is connected in cir-
cuit and the input potential or input current is reduced to zero
(i.e. the input voltage source is replaced by a short circuit or input-
current source is replaced by an open circuit). Obviously then the
output terminal impedance of an amplifier is nothing but a parallel
combination of load impedance Z; and effective internal impedance
Z,,. The latter quantity depends upon the feedback condition.

Tollowing notations are used :

Z,—Output terminal impedance without feedbaclk.
Z,,—Output terminal impedance with feedback.

The output terminal impedance Z, may Dbe determined by
applying a potential E, across the output terminals and noting-the
current X, that flows into
the output terminals. The
ratio of €, to I, then gives
the-output terminal impe-
dance Z, as shown in Fig.
13:26. Same procedure
apply for Z,,.

Fig. 13-26. Doterminaticn of output terminal Considerable confusion
impodance of an amplifier. exists regarding the meaning

<. of tho word output impedance. Often it is wused to indicate

effective internal impedance Z,. It is, -therefore, convenient and
{esirable to use the words “internal impedance” and “output termi-
nal impedance” as defined above and symbolized by Z; and Z,
respectivoly.

Obviously then,

Z ={‘T§_:_ .(13°82),
and Z"’=ZZ’:T.§~'Z£T ..(13°83)
where ZUZAT:Z{;I(, for voltage feedback ...{13°84)
and Zy=Z;—A, .7, for current feedback ...{13-85)

Lxpressions for '%, in terms of Z,

. (@) Voltage feedback :—In order to find the
impedance with voltage feedback, the intemn
amplificr is reduced to zero and the int
represented by an impedance Z,.

output terminal
al source voltage in the
anal amplifier circuit 1
A potantial source of E, volts is.
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applied to tho ontput terminals 7,—7, as shown in Fig. 13:27.
Then, because of voltage feedback, an internal voltage source of
ASE, volts appears in series with Z, as shown in Fig. 13 27,

T
~{Zy — d ==l
. T ¢
A A AgEy £
} ,
%
FEEDBACK
NETWORK
— pq—

Fig, 13-27. Determination of output terminal impedance
Z,y in voltaze feedback amplifier.

Current I, sent by the external voltage source E, is given by,
=B, .. {13:86)
‘0
Hence effective ontput terminal impedance with voltage feed-
back is given by,
B
T—A3
Eqn. {13-87) shows that with voltage feedback, effective output
terminal impedance is reduced by the same factor as the voltage
gain.
(5) Current feedback. To determine Z,,, in this case also
input signal voltage E; is reduced to zero and a voltage source of

voltage E, i3 applicd to the output terminals. Fig. 13 28 shows the
circuit arrangement,

Z,= %: .. (13'87)

-~—
f— o -
* ;

~—]

@, @

a
<17y

Fig, 13:28. Determnation of output termmal unpedance Zoy in cuent
feedback arplifier
Let I be the cearrent that flows through the foedbsek irmalsmas
Z,. Then the feedback voltage 1s IZ,. This foedbes
appears as AIZ, on the plate sud2 as shown in }‘g IS
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Tig. 13-31 shows the polar diagram or Nyquist giag;iam ob-
tained for an arbitrary amplifier. > is any point on the cidgram.
Then length OP=AB

1o and 14,401_):;,1,% A
closed curve is obtain-
P :’3’:’;%%% ed if diagram is
drawn for all frequen-
e cies from =zero to
<A infinity.
0 A C It may, how-

ever, be noted that

equal arc lengths or

angles of polar dia-

gram do mot neces-

Tig. 13°31. Nyquist diagram of an arbitrary sarily represent equal

aroplifier. frequency intervals.

By means of the relation N (1—a)*+(0)*=1, it may be shown

that the locus of all values of AP for which (1—AB)=1isa circle of

unit radius having its centre at the N

point (1, 0) as shown in Fig. 13:32. It a’[
follows, therefore, that for all fre-

quencies for which vector AP termi-

nates within this circle, (1—AR)<1, A

and hence amplifier is regenerative and —
for all values of frequency for which (1,0) b
A terminates outside this circle, the -

amplifier is degenerative.

The beneficial effects of feedback .
are atiained only when the feedback Fig. 13:32. Nyquist diagram for

" is degenerative .. when (1—AB)>1 the relation | 1—Ap | =1.

and the vector AR terminates outside the above mentioned circle.
For all values of frequency for which Af terminates within the
circle, the feedback is positive.

Often there exists & misconcep?ion that a negative foedback
amplifier has necessarily negative feedback at all frequencies ..
its gain is reduced by feedbnck at all operating frequencies. This
is not true.  Feedback amplifiers are designed so that the fecdback
voltage iz opposite in phase with input voltage i.e. AP is negative,
in the middie frequency range where the response is maximum and
almost constant. But in general, the polar diagram extends towards
the positive side at extremely low and high frequencies and a certain
p‘ort‘mn of Nyquist diagram may lie within the positive feedback
circle.

. It is, of course, not necessary to keep AS negative at the maxi-
mum response frequency.  To obtain negative feedback all that is
necessary is to keep | 1—AR | >1. If 48 is real, this may be achieved
when (i) AB<0 1.e. negative or (i) AB>42. It is, however,
preferred to keep Af negative i.e. 1o keep the feedback voltage in
phaze opposition with the input voltage in the middle {requency
range.  In that case the amplifier is unconditionally stable whereas



FLEDBACK AMPLITIERS 453

when Ap> 2, aumplifier is conditionally stable. To find the condi-
tion under which feedback ampliier with A8> -2, will be stable it
is required to ¢wtablish the condition of oseiilation. For oscillations
to take place, | 1—A3 | should bo equal to zero or A% should Le equal
to onc. This means that the vector AR should terminate at point
A(1,0). Thus if the polar dagram passes through the point 4,
oscillations get started at the corresponding frequency and the ampli-
fier gets converted into an escillator.

Nyquist had chown that for oscillations to be set up, it is not
necessary for the curve to pass through the point (1, 0) and even if
it encloses the point 4 oscillations will be sustained. This require-
ment may be met with ease in several common types of ampli-
fiers. To avoid oscillations, therefore, practical negative feed-
back phii are designed so that feedback voltage is opposi
in phase with the input voltage in the middle of the {requency band
where the response is maximum and at no point does the curve
include the pomt (1, 0).

To stucdy the phenomenon of conditional stability of ampli-
fication, three spectfic cases of Nyquist diagram are studied.

i

NYQUIST,
DIAGRAM,
LA
(1,0 =a
(a} Unconditeonally stablo (%) Unconcutionally oscillating
amplifier,

In the Nyquist diagram of Fig 1333 (a), for all frequencies
for which A8 terminates at any pont from K, to O or from O to K,,-
quantity | 1—AB | <1, and b
hence feedback is posttive, 1
For all other frequencics,
| 1~AB8 | >1 and the feedback T,
18 negative. At no frequency, §
however, does the vector AS A
either terminate at point (1,0) 14 —a
A(L, 0) or enclose it and ltenee
there is no posability of
oscillation taking placo.” The
amplfier is thus uncondi- 1 Conditionally stable amplifier.
tionally stable. Fig, 13 33, Nyquist discram of three»
The Nyquist diagram orbitrary feedback amplifiers.
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Fig. 13-31 shows the polar diagram o Nyquist dingrflm oh-
tained for an arbiteary amplifice. P i« any point on the dingram.
. Then length OP=Af
fb and  LAOP==d. A

closed curve is obiain-
P g,’;%%% ed if diagram g
drawn for all frequen-
cies from zero to
3 infinity,

A —a It may, how-
over, be noted that
equal arc lengths or
angles of polar dia-
gram do not mneees-

Tig. 1331, Nyquist diazram of an arbitrary sarily represent equal
amplifier, frequency  intervals.

=

By means of the relation N (L —a) = (b)?=1, it may be shown
that the locus of all values of AR for which (1—Af)=1isa circle of
unit radins having its centre at the
point (1, 0) as shown in Fig. 13:32. It a’{‘
follows, therefore, that for all fre.

quencies for which veotor AB termi-
nates within this cirele, (1—Af)<], A
and hence amplifier is regenerative and

for oll values of frequency for which (40 —>b
Ap terminates outside this circle, the ‘
amplifier is degenerative.

The beneficial effects of feedback
are attained only when the feedback Fig, 13-32, Nyquist dingram for
is degenerative i.e. when (1—AB)>1 the relation | 1—AR | =1
and the veetor AR terminates outside the above mentioned circle.
For all values of frequency for which Af {erminntes within the
cirele, the {cedback is positive,

Often there exists n misconcepion that a negative feedback
amplifier has necesearily negative feedback at all frequencies 7.e.
its gain is reduced by feedback at all operating frequencies. This
is not true.  Feedback amplifiers are designed so that the feedback
voltage is opposite in phase with inpnt voltage .. AP is negative,
in the mwiddle frequency range where the response is maximum and
almost constant.  But in general, the polar dingram extends towards
the positive side at extremely low and high frequencies and a certain

p.or?ron of Nyquist Qiagram may lie within the positive feedback
circle.

. Itis, of course, not necessary to keep AP negative at the maxi-
mum response frequency.  To obtein negative feedback all that is
necessary is to keep | 1—Af | >1. If A8 is real, this may be achieved
when (i) AB<O0 d.e. negative or (i7) A8>4-2. Tt is, however,
preferred to keep AP negative ie. to keep the feedback voltage in
phase opposition with the input voltage in the middle frequoency
range. In that case the amplifier is unconditionally stable whereas
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when Af>-+2, amplifier is conditionally stable. To find the condi-
tion under which feedback amplifier with ASZ> -k2, will be stable it
is required to ¢stablish the condition of oscillation.  For oscillations-
to take place, | 1—-A3 | should bo equal to zéro or 43 should be equal
to one. This means that the vector A8 should terminate at point
A(1,0). Thus if the polar diagram passes through the point 4,.
oscillations get started at the corresponding frequency and the ampli-
fier gets converted into an oscillator,

Nyquist had ¢hown that for oscillations to Le set up, it is not
neeessary for the curve to pass through the point (1, 0) and even of
it encloses the point 4 o«cillations will be sustained, This require-
ment may be met with ease in several common types of ampli-
fiern. To avoid oscillations, therefore, practical negative feed-
back phfiers arc designed so that feedback voltage is opposi
in phase with the input voltage in the middle of the frequency band
where the response is maximum and at no point does the curve
include the point (1, 0).

To study the phenomenon of conditional stability of ampli-
fication, three specific cases of Nyquist diagram are studied.

a} o
K NYQUIST.
2 DIAGRAM,
A
—4 A
(1.0, -
TIRELE OF J —a
UNIT RADIUS AND
NYQUIST CENTRE AT(1,0)
DIAGRAM

(@) Unconditionslly etablo (%) Unconcitionally oseillsting
Amplifies ifier,

amplifi

In the Nyquist diagram of Fig. 13:33 (a), for all frequencies
for which Af terminates at any pont from I, to O or from O to K,,-

quantity | 1—A8 | <1, and b

hence feedback is positive. f

Jor all other frequencies,

} 1—-A | >1and tho feedback iR
is negative. At no frequency, .
however, does the vector AB A

erther terminato at point (1,0 I3 —a-
A(1, 0) or enclose it and henco
there 13 no possibility  of

oscillation taking place.” The
a.mphﬁer is thus uncondi- { Conditionally stable amplifier.
tiunally stable. Fig. 13 33. Nyquist diagram of three-

Tho Nyquist diagram arbatrary feedback amplifiers
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Tig. 13'31 shows the pelor disgram or Nyquist diagram ob-
tained for an arbitrary amplifier. P> is any point on the dingram.
Then length OP=ApR
1o md L AOP==d. A
NYQUIST closed curve is obiain
P DIAGRAM ed if  dingram is
drawn for all frequen.
cgies from =zero to
\ infinity.

0 A Tt may, how-
over, be noted that
equal arc lengths or
angles of polar dia-
gram o not neees-
Tig. 13:31. Nyquist dinzram of an arbitrary sarily represent  equal
amplifier. L frequency intervals.
By means of the relation N (1 —a)*4-(b)2=1, it may be shown
that the locus of all values of AR for which (1—Af)=1is a circle of
unit radius having its centre at the
point (1, 0) as shown in Tig. 1332, It a"“

follows, therefore, that for all fre-
quencies for which vector AB termi.

nates within this circle, (1—AP)<1, A
and hence amplifier s regenerative and
for all values of frequency for which (50} b

A terminates outside this cirele, the
amplifier is degencrative.

The beneficial effeets of feedback
are attained only when the feedbuck Fig. 10+32, Nyquist diagram for
is degenerative 1.e. when (1—Af)>1  therelation |1-AB] =1L
and the vector AR terminates outside the above mentioned circle.
For all values of frequency for which Af terminates avithin the
circle, the {eedback is positive.

Often there exists & misconcep#ion that a negative feedback
amplifier has neeesearily negative feedback at all frequencies f.c.
its gain i= reduced by feedback at all operating frequencics. This
is not true.  Feedback amplifiers are designed so that the feedback
voltage is opposite in phase with input vollage i.e. AL is negative,
in the widdle frequency range where the response is maximum and
almost constant.  But in general, the polar dingram extends towards
the positive side at extremely low and high frequencies and a certain
g&z{-}t{xcon of Nyquist diagram may lic within the positive feedback

. Itis, of course, not necessary to keep AR negative at the maxi-
mum response frequency.  To obtain negative feedback all that is
necessary is to kccp. | 1AL | >1. If 4P is real, this may be achieved
when () AR<O0 i.e. negative or (if) Al>42, It is, however
preferred to keep Af negative d.e. to keep the feedbnck voltage in
phase opposition with the inpub voltage in the middie frequ%ncy
range.  In that case the nmplifier is unconditionally stable whereas

’
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when AB> 42, amphficr is conditionally stable. To find the condi-
tion under which feedback amplier with A8>-2, will be smh}c it
i« required to extablish the condition of oscillation  For oscillations.
to take place, | 1—A2 | should bo equal to zéro or A3 should be equal
to one.  This means that the vector A3 should tefmmate at point
A(1,0). Thus of the polar diagram passes through the point A,
oscillations get started at the corresponding frequeney and the ampli-
fier gets converted into an oscillator.

Nyquist had rhown that for oscillations to be set up, it is not
necessary for the curve to pass through the point (1,0) and even if
it encloses the point 4 oxeillations will bo sustained.  This require-
ment may be met with easo inseveral common types of ampli-
fiers. To avoid oscillations, therefore, practical negative feed-

back amplifiers are designed so that feedback voltage is opy
in phase with the input voltage in the middle of the frequency band
where the ressponse is maximum and at no point docs the curve
include the pomt (1, 0).

To study the phenomenon of conditional stability of ampli-
fication, three specific cases of Nyquist disgram are studied.

(1,0 —a

(2) Unconditionally oscillating

fier smplifier.

o e, of Fig. 1333 (a), for all frequencics

A . *point from Ky to O or from O to K,,

L . T
hence feedback is positive. br
Yor all other frequencies,
| 1-A8 | >1 and the feedback Uit
13 negative. At no frequency, icrart
h.o;vcvcr, does the veetor A3 A
either terminate at point (0} -
Afl,0) or enclose it and l?cnw ! I}\) ¢
there s no possibility  of '

nscilllatirm taking place,” The
is thus uncondi Cend
tiuﬁnlly stable, F(m 13 33. N, mb'k amplier
e . 3. N3 quast discram of three-
The Nyquist dagram othitrary feedback emplifiers,
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shown in Fig. 13'33 () encloses the point A1, 0) and  hence the
amplifier will oscillate unconditionally.

With reference to the Nyquist diagram shown in Fig. 13°33 {c),
such an amplifier should not oscillate normally sinee it docs not
enclose the point (1, 0).  Further when A$ is real {.e. along the
X-axis, its value is greater than two since OP;>2. Feedback is
then mnegative. Bul the operation of such an amplifier is condi-
tionally stable, the condition being that the ﬁlumcntf should be
heated first to its normal operating temperature beforo the plate
voliage is applied.  If this condition is fulfiled, as soon as the plate
voltage is applied. Nyquist dingram assuiws its {ull size immediately,
If, however, the above mentioned condition is not satisfied and p]{lto
voltage is applied before filument has reached its usual operating
temperature, then Nyquist diagram sterts expanding in dimensions
from zevo value to its final value but the final condition is never
reached. During the process of expansion Nyquist dingram passes
through the point (1, 0) and immediately oseillations are set up and
sustained. Amplifier then works as an oscillater.

This conditional stability forms a serious limitation in an

_amplifier. Tronble is particularly scrious, when the mains get

-switched off during operation and are then switched on subsequently.

"-Obviously the above wmentioned process of expansion of Nyquist
- diagram take place and the amplifier starts oscillating. To avoid

~this trouble, it is preferred to lkeep A8 negative rather than keeping
it greater than two for inverse feedback,

Nyquist diagram for R.C. coupled feedbacis amplifier.
Fig. 1334 shows the circuit diagram of onc stage of R.C. coupled

> amplifier with voltage inverse fecdback.

<

{(: ) T %o
R, = SrPiRg
£,
+ 2, ?
T Pig
T 3 )

Fiz. 13:34. Circuit diagram of one-stage R.C. coupled ainplifier with
voltage inverro feadback.

The voltage gain of this amplifier with fecdback is given by tho

-general feedback eguation :

A
N Ajb:f:'zé .-.{13°6)
~where A is the voltage gain of the amplifier without beedback and
s given Dbelow in the case of R.C. coupled amplifier, for different
“frequency ranges : .

For Middle Frequency Range, A=—g, R, ...(13°101)
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for most of the frequency range and only at the highest and  the
Jowest frequencics the eircuit is regenerative at which values the

T B
, 2(1-f) R
+ T fo
= BR
- -0

Fig. 13:36. Onc-gtage transformer coupled amplifier with voltage
inverse fecdbeck.

:gain has reduced to very low values. Turther at no time  the polar

~diagram encloses the point A (1, 0) so that the circuit can never
-oscillate,

"

NYQUIST. DiIncRAM

DIAGRAM FOR[1-AB[=1

A

FREQ
Fig. 13-37. Nyquist diogram of ono-stnge transformer coupled amplifior
with voltage inverso feedback,

. Cathode Coupled Amplifier. Tig. 1338 (a) shows the
«circuit diagram of a cathode coupled amplifier. It is the same as
«circuit as that of Fig. 13'3 except that the output is now developed
.across the cathode impedance Zy.

(@) Circuit diagram.
TFig. 13-38. Cathodo couplo amplifier,

Tig. 13-38 () shows the a.c. equivalent cjreu;
#his equivalent cireuit, ' ot

(0) A.C. egnivalent, circuit.

Then from
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Siarie-tube Faraphase Amplifier. I{in the cathode-coupled.

. Sl 233 N L a1 u' | A .

circuit ovain. 1338, @ is made eyual Lo Zy; and cach is cqr.m! to sn'y

esistance. R as shown  in Fig. 13:40, then the amplifier so-

A e obtained is a single-tube para-
o phage amplifier.

Opp—— H A ? Trom B ‘106 oy
¥, . Sqn. (13-106) we may
° ” R flo write for this circuit,
; — PE 3112
E gk _..+ L= ro {1 R8T (13112)
S N N
{ {LE;

or Ep=s moiomtne oL
Fiz. 13+40. Sincle tubo Paraphase P (Y B
Amplifier.

. (13°113)

This paraphase amplifier provides {wo equal ;Ym{'entmk of
opposite polarity from a single exeituiion source. Wken output
potential is E,, then voltage gain is given by,

et * ET wh 13-114)

S TR T (
" and cffective internal impednnee is given by, .
Zy=rpt{p-i-1) . B . e {13°115)

In this case cirenit behaves as a cathode feedback amplifier.

When, however, output is taken from across cathode impedance
R, the voltage gain is given by

Ap= fomet o, o (13°110)
Equn. (13-116) may be put as,

£ R
' +1
Ap=_FtT_
ot R +R
ptl
£0 that effective internal impedance in this case is given by,

R
Z'y="2F 13118
t ] . ( ¥

In this case, the circnit behaves as & cathode coupled amplifier.
CATHODE FOLLOWER

All the amplifiers we have dealt with so far are of the “grounded
cathode type in which the signal is applicd between grid and cathode
and cathode is grounded. These amplifiers are most commonly used.
There, however, exist twa other cireuit configurations for vacuum

- “tube -amplifiers. These are: (@) “grounded.anode amplifier”’, also
called “cathode follower™ and (b) “grounded-grid” amplifier, also

» sometimes called cathode input amplifier. In this artiele, we will
discuss the working of a cathode follower,

o (13°117)
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Thus the effcetive intarnal potential By and effeetive internal
impcdance Zy, are given by,

Gyt B (13124
E= ol E; (
Ty 2195
and Z1;== ‘i}_;:]" ...(}-) 125}
Output terminal impedance
Z[{ . Zl: 1‘;‘}“8}?
| 2= 2,42, ‘

Tqn. (13°126) may be put in the alternative form,

T'p

A bt Z} R
or ™ MT;) 4_“}‘ Z - 1':, “;‘ (l'l"‘}" ] )Z}.‘
-1 '
-
7']) '&'(P"‘%‘ 1 )L‘f: gm
A A e ™y
or Zoy= “{/::" 13127
Also input impedance Zy;=2Z{1— AP)=E;(1-} 4) LG {130128)
since f==—1

where Z; is the input impedance of the value alone without
feedback.

Salient features of the cathode follower are given below.
(f) Voltage gain, The voltage gain is always less than unity

and in the limit approaches the value 1{{~1~ as the ratio {i’?« app-

13
roaches zero. Thus for tubes with large values of amplifieation
factor p and with Z;>r,, the vollage gain approaches unity. For
typical values of Z;, and 7y, voltage pain is of {he order of 009, Since
the gain is almost unity, cathode and grid rise and fall together in
potential by almost cqual amounts justifying the name cathode
tollower given to this amplifier.

(i1} Effective internal impedance. Effcctive internal impe-

dance is very low. If p>.1, then Zy, is almost equal to ~-7—— 1

v
gm for most of the electron fubes lies in the range 1,000 to 10,030 i
mhos, so that Z,, lies in the range 1000 to 100 ohms. Thus cathode
follower has a h.gh input impedaace and low output impedance and

may, therefore, be conveniently used as a coupling device between a
high impedance source and a low impedance load.

(#47) The polarity of the amplificd outpat voltage is the same
as that of the input voltage.
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Gﬂphiwl analysis cathode foilowers the cathode '
ex circuib ig. 1343, &+ egnr, &2 an N reptcsmh -
Qeck‘wc\y ins fantaneous = ¢, values of inpub ~olagls Al
a-to-cal e <oltage, Lelptt '
ate voltage and outpW! et 2 .
oltage: t Eens e b * .
nd By 1SP esent pectiv! |
g the ac ¢© nents 1
nput voltages gn&-iu-
catode voltages o volt Epb :
age and P ottage: €
The corresy! jnstan-
taned! stota\ vah are €em
eer O and € pecuvc\y
e purpo.e gmp\um
analys® is to o relatiot e
between plate ® srent g 13 Bone o o follower cireuite
and the 1® b voltag® een ¢. to dra¥® the dyna™ chamozeristi&. 1eb
Ew b tate supply voltag® Then
z,=E“»|,, x ...(13'1?.9)
and the path of operat\on n the plate chamcte:\s’ncs 18 3 straight
ine aravwn as show® m i 1544 Sueh & 1oad 1€ gives O 1y
pelation petween o and €c and noY petween B and €en But wWe fnow
that,
e(,.:z,—\—l., szer\—e,, {13 130}
The procedure for (;mph\ca\ analys therefor® consists 1
e of €

[0 selecting & val
[ readint from the diagram:

and 2 - K
(Gl comput® the value® of

3] {)\on'mg i

ag’.\mst een ™

<90ml'mg values of #u
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- REGIGN OF GRip
CUTOFE —-—:—%«mm OF GLASS Ay OPERETION 1<~ cypoenT FLOW

Tig. 13+45. Dynmuic characteristic of a cathodn follower
giving rolntion between 4, and ¢,y

It is scen from the diagram th.nt, as ¢, increases in the pos\t;vu
. direction starting from zero, the grid-to-cathode voltage approaches

« gero. When ¢,=0 ot point Py, the output

voltage. Again as ., decreases from zero,

voltags equals the input
the plate cnrrent 4, and

output voltage ¢, reduce approaching wero. 4, and ¢, become ZCTo
when e, cquals the cutoff bias in which case, cczcc,,-zqmc_mﬂ‘ bins,
Tor class A, operation, ¢, must be restricted to be within these

limits as shown in Fig. 13°45.

R.C. coupled cathode follower. Cathode follower cirenit is

oo idely-used as a coupling amplifier between stages. Circuit for such

+8

t:?
€
|

i |
b T

Fig. 13-46. R.C. couploed cathodo follower,

—)

Fig. 13'47 shows the Thevenin’s form

of this R.C. coupled eathode follower, This ¢
" follows the one” in Fig. 13'42 provided Z,
impedance of consisting of Ry, O, B,and ¢,, T

a uee is shown in Tig,
13:46.

In the cirenit
shown, O, is the coupl-
ing condenser, R, is the
grid leak resistance of
the next stage and C,
is the sum of cffective
output capacitancs of
the cothode follower
stage and the -effective
input capacitance of the
next stage,

of a.c. equivalent circuit
quivalent circuit dircetly
is taken to represent the
o find the output

voltage, and voltage gain Ay, Millman’s theorem may be applicd or
‘oonventional circuit theory may be wsed in a manner similar to that
- done for R.C. coupled amplifier. It is however generally more con-
venient and wseful to divide the entire frequency range into three

v
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Tig. 1¥ .47 Thevem 'p 1
ped B\.\\odo (ou:mer prophfier

e, OGUE n\\em, cjeemt for

R.C. couP!
arbitrary 3r' frequency range and to caleninte the voltage goin ete. for
each of t thest frequency mngc s g pelow
{a) ] Mu\ e Freqne ency Range: In thie frcquem.-y o, fre
quency 1 m\\ (‘mmgh to make the et Lon of 0 “orge
com‘mn:él to R,‘ b lp
‘hence ay
(i)m\\ted ' Agz\m the . % i'
‘roquency 19 \arge £
enoug ake the I'%' g = Zinm fo
reactanc® of couphn$ -3 {
condenset Y, sme A
compnred wth B ¥ 13 4 v 8! :mm. of R.C. e pled
and henee C, ™ m\mde (o\\aw n p\- the ‘mddie
also  be omtted f‘ uoncy £ E°
Ac. el syalent GOt of 113 1347 a reduces 0 one givenin
Tig. 33 48 whero PR ates pnxal\el c hmat on of B and
38 EAVER bys
R
=TT . (13
Zan™ R, T4R (13 191)
Then from equiV’ \ & cirewit of Tig. 1348, the plate
cutrent 1 the ™ dd\e frequemy range i8 given by,
PSS -
1,=- ph L aasd
To .
by +‘+zhm
‘Henee yaitage gain m the middle frocquenty range 18 given by
¢z
X
A,“;Ev,,_hﬁ”‘«s [0S R (1313
E: E o 47
ks X
s

_ vl

A,
or = T D) D =

Ty
&1+1+’i;ﬂ

... (137]
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TFrom Egn. (13'132), cffective imternal impedance Z,, is cqual 4o

ﬁ—rand the output terminal impedance Z,, js parallel combination
of Z;; and Zy.

() High Frequency Range. In the high frequency range, fre.
quency is so high thai the reactance of coupling condenser C. is
negligibly small compared with R, and hence C, may he omitted.
The a.c. equivalent cirenit is the same as in Fig. 1548 with iho
difference that Zy,, is now replaced by 2,5 where Zyy, is the imped-
ance of elements By, C and &, in parallel, Then

11 1 . : ng
“Zkh - 7?: + 75--}:7(«) O, eve (13 11!0))
The plate current is given by,
R
In:.__«ﬂ;ﬂff .
K e (137136}
y-‘{"‘l + Zkh
and voltage gain is given by,
Z, L
Ayl = ! S (13°137)
Tob (112, £L+1+~%%;
ptl =
Henco 22 = Zim
A, s
L
L2
7
1 b4
_ g1+ Z...
ptldrg ( Zl +juC, )
A 1
or =
Am 1+ .7(0 Car!’
414 e
pt+1+4 7
=g L (13'138)
haad 1+' y= ey ‘13
JwCSTD 1+j 'I__
Je
where ) Pyt e {13°139)
+14 2
& + Zl:m
1

and =
fe=sm o (13140)



TSED‘BACK AMP!

ously J2 1° the uppe half POVET, frequen y a. (137132
me for™ « for €0 ws-mmm\ L puﬁer.
7, i9 TOU emall than th corres v'\\ua Bae
pled o0 ifiet- ce 1Py half pOTY {xcq“em:y i &na

ch Jarger than 11t nsual C p‘ct\ amp\\ﬁcr. Thus, \ngh
o5 1 i much Higher ¥ th case ¥ of laree ing
apacitan § nest gtage-
ffective internal ympedant® 15 again” g +‘ wheread outpu® ter-

nation of l:':' and Zw
Ang®,

the \nv: frequ wency ¥
£ Cs ¥ very o188
umng

nge n
j.e 1he \u tanee ©
s b '( a The rern o
! %]
a8 é

70" Re * i
kL $3 "
Re ¥ jo Ce
= - (\3'14“
Lyxm R (\+Jm( R
The plat® corrent 1,08 given by
v
K \B‘ (\3’142)

1,-;/\“//4«
1o 4 Zu
st
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' eathode follower amplifier, the v
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i Voltage gain in 1he low fiequeney range is given by,
Yo \Z, R
A]»’ff-;, 3 X - ‘ﬂ l_
El 2 ~{_, —
i j(v)(}c
P ....Ifz'-i..w e (L1
R
pd-14- T Iy e
]i‘ .j(') C‘c ) o,
: ‘L P v—“’{f' - - ces lil 144’}
or Al::-' ) ’_" "'*;—.;‘. - h Y 1‘%‘]‘0)(/%[?9 (
DR A AN RN
: 1
Hence _...A,L :--—-*w"-*—“‘—“’—.;"" - ~—-"~~"—';; ————
SARREE AR N) S RN N
. Jole Iy ( R fzx)
X Vygecr, X\ g,
_ 1 ,
—-1 - 7'1' o JeGR,
- . T, T TiAjel R
Ro(ltjoCct(pt Lk 2 FoeCe
. Lkm
A 1 _
AT ety T T
j T ol N . . Tp s
JoC.R, JoUde, Rﬂ(l-{—‘g(-)C,,R, Xu-{-l—;-,-:‘,—,:}
_ i
o 1 5
IR R S,
jeulOR . By Tn )\
‘ g{ ( (LTI —f‘ ZI‘:”I )
AN —
1 1 ' e
or == S A
Ay, 1 Jo
i ‘?( mC‘ch) 1=y
' — R .. (13°140Y
e B
R L
(Hw 14 Zon )
. R
and , =55 o (13°147)
"+ " Obviously Jiis the lower half power frequency. For o typical

alue  of this lower half power

- frequenay f) is of the same order of magnitude s in n conventional

R.C. coupled amplifier.
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the points G avd K. Then
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Voltage gain in the low frequency ronge is given DY:
' I}' . ZI:I Rﬂ -
b= NS 1
, E; Ryfoe e
S dal,

Ry

= Ve v (L3147

R
pt 1 g Rt

]l’ .j") C'e * e
X P o AN ge, v (13°144)
or A;—_—-" - T n - ',..-l‘%‘j(‘)(l(clza (
AR Ay WCEN AN D

1

g T
P-+1 —}‘ Zr;m - *Ru(\l »}-j(chI?g)
_Juole By I PR )
s WA x (w14 Zim

Hence .:—;—

1
I e Xyl
" 2
Ro(ltjoCR) ot L 2 ToOes
Jm
A 1
o 1 V4jolC R
g e, o~
. .7 citp .7 c {J .Rg(1+j(')("ng )(p"!"l'i‘z:_"

s

Tp

{

1 7
14—} - b
: C . I s
‘ -7(1) tRD{ l’( (L“;’"l'l" _i_lﬁ.>\
g — —

om
' A, 1 1
OF |, ~p— == : fl

'Amml'"j(“é"c‘tﬁj) - £

whero - Rl.—::,_......_;.__?{_l_?‘}{ o (13°140Y
nrEe.

-

(w1 -zm)
1

=5 e (13°247)

: Obviously f, is the lower half power frequency.
eathode follower amplifier, the value of this lowe

- frequenoy f) is of the same order of magnitude as
R.C. coupled amplifier.

and

For a typicat
v half power
m a conventional
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Auode Follower. An snode follower has ajmost the samo
voltage gai:\ and impedance properties a3 a eathode followr but has

phase revarsal  Detwen
inpat and ontput volt-
ages, In the case of
eathodo follower, cathode
potential  follows  the
.rid potcntial shereas
n the case of anode
oflower tlic anods pnten-
sial falls by almnse the
same amount as the grid g, o page anode follawer cirevit.
potential rices. Qbvions. <

ly the anode dacs not follow the grid and thereas thus ne judtifieas
tion for the name “anodo follower.™  The ciremit 3 offen referzed 10
A8 4 “see.saw eireuit” because of almost cqual and opposite ehanges
in grid and anode voltages. Fig, 1330 chows the basie anude

follower cirenit.

The anode follower eireuit of Tig 13°50 is nothing but one
stage of voltage feedback amphifier with dircet feedbaek from anode
to grid through an impedanee Z,  Fie 13761 thows the meremental
equivalent circutt for the amplifior

Tig. 1351, Increaental equivalent ciremt of anodo

followsr,
To analyse this circuit, we first 1y M
e o & 'Xxs\cd vy we first apply Midlman theorem between
_E.YA4EY,
En—wy’:r_:i’ {13148}

1 i 1
y = Y=, =
where Y, 7, 1=, and ¥, 2,
. égum applying Millman theorem between points F

and X,
E,~Ea YrH—iEY,
Y +Y,+Y,
= Enl¥y~gal
Y, Y, 3T, 140}

where Y= 1

£
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Substituting the value of Ey from Eqn. (13'148) into Eqn.
{13:149), we get, e
o Y=gn) B Yot B Xy ...(13°150)
En_(Yf‘}‘Yy»+Yl) Yi“*‘Yu’*'Y! ( ‘
Rearranging Eqn. (13°150) we get,
Ef(¥,+ Y, - Y)Y+ Y, Y ) = Y (¥ — ) 1= V(Y — g Ex

Hence voltage gain is given by,

A 7R £10.€ L0 H
PR (YA Y YWY YY) =Y (Y~ )

‘ . (13°151)
or Ao YY)
S YA Y)Y Y)Y (XY, )

- (13°152)

The effective internal impedance Z,, may be found by nofing
the current I, that flows into the circuit on application of an a.c.
potential B, to the output torminals in' the a.c. equivalent cirouit.
"The input oxcitation potential is redneed {o zevo. The equivalent
-cirenit is now drawn as shown in Tig. 13°52, ’

s g le L

oF L__f_[ - Oty .
. b
o T EOs
: . /Lgk Ot
K

“ "Fig. 13-52. Incremental equivalent cirenit of an anode follower for
caleulating the effective internal impedance.
Then the effective internal admittance or output admittance of
.the tube alone is given by,

I, 1,41
YU:_EZ-:_!%—:L’ ..-(13°163)
: 1 [E,+uE,;
or Yt,=—E—;—-[—-—————~——rf‘L UL+EQ;_.<Y”+Y{)]
1
="E;[(Yi‘l‘Yo+gr:))Eak+YmEn] "'(13.154)
where Y,,=‘;;L
" 2z,
But Eg_ _ZitZ, _ ZZ,
E, Z, 4 2Z, 72,+2,Z,+7,7,
Z,+Z,
or Ep 1/Z, Y,

E, .}...;.1 _1_=YI+Y5+Y0
L7



Hence

Expression for the fupt zdmintoae iy be fozud I U
a.c. equivalent crezit of Fizo 13
given by,

?}f 1 (13157

.l
{13159
Hence
h'¢ T 7 150
- - 1—AnL Y, 137159
Y.——Y4’Y,_‘ 1 20 (13150}

GROUNDLD-GRID AMPLIFIER

Ground-prid amplifier oo s v et Lo ouon cattedde inpot
amplifier, is aleo ecentially ’ e b gt poesionly
it is one of the three amyplfie- s rouny Lentlode
for grid-inpnt) amplifi-r - flmet)
amphifier and grounded.omid /o7 5t
grid amplifier has certam advantaze o
cathode amplifier for certan spr v, Fiz 1353 ohama the
<ircuit of a groundedynl amplifier. Inprst weltazw s o froma
voltage rource of voltaze E; an § internal imgsdar« Z,,

¥ig. 13 53, Paste errenit of grermnded=znd mengisfer,
Fig. 1354 shows the a.c. equivalent cireit oltaine by reglace

Fig. 1204, AC. equivalent cireult of groutulberbgrlh pingditio of 91z,
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ing -the tube by its cquivalent voliage generator. It is seen that
the a.o. plate current I, flows through the input source impednnece
Z; as well as the load impedance Zy.

From the equivalant cirenit, plate current I is given by,

SO oo 27 ..(13°160)
4 Z;“{‘TI,—{*Z;
But Fak’-:—— (E;—}-I:, Z,) ' .-.(13'161)

Substituting the values of Eg; from Eqn. (13°161) into Eqn.
{13°16L),

e Tt DB e (13°162)
I’_;;:?'(V“f‘l) 242, (
Output voltage
E,=—1,.2, ...{13'163)
Hence the voltage zain of the amplifier is given by,
E,_ —1L,Z,
(p '1‘_:_}) Z.L

PSSR uP et il NSRS ..-(13°164)
7'11+(!1-'i"1) Zl"i'zl (

Eqn. (13°162) suggests that the input circuit may be repre
sented by its Thevenin’s cquivalent form shown in Fig. 13°55.

(L+)E; 0

(9T}

=+

- Fig. 13-56.  Thovonin's form of n.c. oquivalont circuit of grounded
i trid amplifier,

. Thus the effoctive internal potential E; and effective internal
impedance Zy, are given by,

Ey=(u+1) E ...(13°165)
and - Zy=rp-(u+1) Z; ...(13°166)

The output terminal impedance Z,, is the parallel inati
of Zy; and Z; and hence is given by, o7 ¥ F1e paraiicl combination

Zy. Z,
=272, © T L (13167)

Eqn. (13'164) shows that the voltage gain of the amplifier

’ hes t1 § - T3
z‘g)é);&;c es the value (1+-1) as the load” impedance Z, approaches
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"Eqn. (13'162) may be written as,
E,
) FRSURER LY . «.(13
[ - o7, (13:168)
w1

The equivalent circuit for the input circuit is then given by
Fig, 13°56. -

Fig. 1850, Equivalent input, cirewst of grounded-grid omphfier of
Fig, 135

Thus the input impedance presented by the grounded.zrid
amplifier to source is equal to -”—tlz’l.

Advantages of grounded grid amplifier.

(¢) Grounded-grid acts as sn electrostatic screen between the -
jnput and output circuits of the amplficr It thus improves
the stability of operation as an ampbficr and 1educes the tendency of
oscillation,

This advantage, normally obtamed in screen grid tubes only, is
now obtained even in o triode. Triode is superior to tetrodes and
pentodes in ultra high frequency operation since 1t introduces less
tandom noise. "Thus grounded-grid triode becomes an ideal amplifier
in earlier stages of ultra ngh frequency amplifiers and receivers,

{#i) There js no phase reversal between the output and mjut
voltages.

Example 17. In the following amplifier circuat let p=30, g¢,,=
1250 5, By=501Q, B,=1 MQ, Ry=1 LQ  Assume the reaclance of
<coupling condenser C, lo be much smaller than B,.  Calculate

(a) voltage gain of the amplifier,
() effective internal impedance,
“{c) outpul terminal impedance,
Repeat the calculations when Ry kas been reduced to zero
.
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Solution. Load impedance Z; is parallel combination of Iy
and R,. Hence
(50X 10/ 10°
=150 10°%) 4-10°
50009
1050
.\
r,,...~g S =1550% 106 40000 ohms.
Voltage gain with feedback through B, is given by,

% 10°=47'6 > 10% ohimns.

A —rZ -
P b e D) B Zy
— 50X 47600
TV A LU 1) X 103+(‘l7'6 % 10%)
=172,
Effective internal impedance with feedback is given by,
Zyy=ry+{p+1) Bp=(40 X 10°)-+(50-+1) X 10°

=01 2Q.
Qutput terminal impedance Z,, is given by,
Zy . 4,
Lyy== g ™
of L;;+Z;
_OLX 0 X (ETOXI0)_ o o o
G15476) <167 =31 25 ¥ 10° ohms.
When It is reduced to zero, '
—p Z
A= PO
ratZy
o —hx47ex10®
TN F(@TEx105 T T
Effective internal impedance
Z,=r,=40 Q.
Qutput terminal impedance
Z,.2Z,
%=t

_ (40X 10%)(4T6x10%) - .
=T OXaT ) X108 2L 74X 10° ohms.

Eﬁample 18. Following data relate to the amplifier of Examn
10. p=50, ry=25 10, Ry =20 kD), B, =1000 0, R, =99 k0> Roactanss
of Co<(R1’+R2). Calculate, ! » Be=59 RQ. Reaclance

(1) voltage gain of the amplifier,
(2) effective internal impedance of the amplifier,
(3) output terminal impedance.
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Repeat the caleulations Jor no fuedback condutiony.  Hewes teriis
the relation ;
Zy 1
Z, Trtay "
Solution. Z=parallel combination of & aud (8,+2)

_{20x 10100 wy_ 16T o
20+100) X 100
Without Feedback ;
Voltago gamn without feedback is given by,
Ao BZ _—=B0N If;?\ l‘\‘)_d_ﬂg‘,
T 2y T (R34 16 )
Effectivo internal impedance
1 =rp=23 10 ol
Oatput terminal impedance
Z.Z
L= 742,
(23N 10%IG TN Y

AP A
With Feedback ¢
4 SuZ
A”‘=1 RN AP
1000
F=Tog . 14=—0 0!
Heneo A =3 IE TN A
==

@BRIG-1673 18 (14 o1y 0™ 167
Effective internal wpedance with feedhack gven by,

LS 20
z“':]-r;zf.:I-,— [ORE"]
=1665> 10° ol
Output terging) Zpedznee wath feedback, 1s gwen by,
Z.~ 2T _(666x 10916 7% 10%)
Z~Z " (1G66+16 IS
=T33 NP okms.

But =8333 olms.

= K
1+20%001 it
A .- -
Tl vokoe mes weah 1 Telne of Zpe T imed 1ONT,
X . . "'f,. nf €
\/. = I8 In e Jolorring ot e
e £=2 B Bas g 300
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Solution. Load impedance Z; is parallel combination of Iy
oand K, Henece

7, (50X 10)2x 10°
=150 % 10%) 106
50000 . oa o R
=050 % 10°=476 % 10° ohms.
Ts = 50 =40000 ohms.

= = TB0% 10
Voltage gain with feedback through R is given by,
Apm— B
Tot{p+1) Brt-2y
—50 X 47600
U LU (U 1) X IO (476 X 10°)
=—173,
Tffcctive internal impedance with feedback is given by,
Zy=rp+ (1) B={40 x 10%)+(50-+1) x 10°
=01 Q.
Output terminal impedance Z,, is given by,
Zy. 4,
2= 2 ¥ 2,
(91 X 10%) X (476 X 16%)

v N L T =281 20 3
(VI+476)x 10° -—-31'20)\ 10® ohms.

When By, is reduced to zero,
—p Z
A= 0O
T2y
—50X 476 x 10°

(40 X 10%) (476 x 10%)

Effeetive internal impedance
Zy=1r,=40 10,

Output terminal impedance

_2.7

A

__ (40X 10%)(47°6 X 10%) -
T (40X 476y % 10° =21"74 X 10° ohms.

—27+2

A

Example 18. Following data relate o the amplifie Exam .
10, =50, rym 25 10, By w20 40, B m 1000 0. T oy e a2
G my = 1 }, B,=99 kQ, Reactancs

(1) voltage gain of the umplifier,
(2) effective infernal impedance of the amplifier,
(3) outpul terminal impedance.
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Repeat the calculations for no feedback ditio
the relation ;

Hence verify

Zy_ 1
“z, 14
Solution. Z;=paralle! combination of R, and (R,4-R,)
20X 10°)(100% 10
e e H’éo_)_xlar)_mﬁx 10° ohums,
Without Feedback :
Voltage gain without feedback is given by,
Ao BT =50X107x10_
=Tt @6 167) 109
Effective internal impedance
Z=r,=25X 10° ohms.
Output terminal impedance

20

Z,.7Z,
L=z5z,
{25% 10(16'7 % 10%)
= TI6T) 10 10000 2.
With Feedback ¢
Ape =4_.L“ﬁ__
PET=ART 12 (1+Ew
1000
B=Tgoxige— 10 0L
— s
Hence  Ap— 50 167X 10

(25X 10°)+ 1677 % 208 (1-F 01 X 50) ~167
Effective internal impedance with feedback 13 given by,
Z 1y 253 10°
=TT I+ 01 x50
=16'66 X 10° ohms,
Output termmal mmpedance with feedback s given by,
7. ZuZ; (16 66X 10716 7 10°)
S Zy¥Zy | (166616 DR1GP
=833 % 10" ohms.
_ %o _ loow
But z"'_l—Aﬁ 1+20x0'01_8333 ohms,
This value agrees with the value of Z,, obtained previously.

Example 19, In the following compound feedback amplifier
cireuit, By=201Q, B,=35 1, K,=4951Q. Reactance of C, 15 very
small compared with (£,+1,).
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Caleulate (1) voltage gain (2) rjfcdrve infernal {mpedance and
{3) output terminal impedance for each of the following four conditions

{} ?
Ce R
Ry 4
&
+
— R
T bb !
A O R

f

(o) =0 and no vollage feeddacl (b Ry=0 and vollage feedbacl: used
{¢) R,= 1000 aluns und no voltage feedback and (d) Rp=1000 ohms
and vollage feedback uscd.

Solution. Case (a)., R,.=0; No voliage feedback.

Zyw . TR R) (20X 10P)(500 X 107)
R (B R (204-500)x 100
=J9"23 103 vhms

-y o - :-’IJ-Z:_:: ﬂ_:—_—w20><]9'°3><103
Voltage gain A= - 5 -= a3, 109 (1928 %165

Zy=1,==8 ¥ 10° ohms.

~14°12

By 2y
Za+2,
_ 8000X10'93%10° __
= e 3)?;0? <5648 X 10° ohums.

Case (0). R.=0; voltage feedback used.
A.C. equivalent is given below,

Gutput terminal impedance Z,=

5000 .
B= 500 75~ 001
w{Tp L) = !LE:II:':' !‘L(El‘ +¥3Eo)
= pfE 48— 1,.Z)]
I;1 f"'El
T Z 78]

L . —p&
E; E; P2y (1)
~20%1923 X 10° iy
TS X109 (19°28 % 1090 £ 30 % 001y = — 1238
'+ Eieetive internal impedance is given by,

=z B - 8000
Lo Y 1+(°0‘<001)~6666 chms
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n
"' X 10° 5007 ohms:

Outpub ermunat \mpcd
Zy - 60% 1
(‘) GG+ 02 3) % 1 10

Zos ”L 4
Case (c). , No. voltage fecdback.
qmva\em girewt ja givent by,
Ip

Ia(.B!+'ﬂ+Z|)’t‘f‘nk;\»‘(ﬁ-"- R
1=
o et ] s D
oltag® gan
b == -
+Z

A=)
E‘i

00 4192 '3)(\

+\zo+\) WY BT

Heneo ¥
1T = wZa
E, +(u+1)n,,

’(w T10°%)
1977

Eifectiv® snternat mpcdm\cz
Ly ;f,+(p+\ ,‘;(sa\.—z\)x\(ﬂ;
Qutpub t,cm‘m\ mped?
ZLor ”L 'Z;,( 20 107 10%)(19 23 10%)
=gyt @ 510 23
=11 %4 10? ohm3
’1000 ohms » ¥ tage (cedb:\ck used.
svalent cirewib 19 mven pelow.
1,

ag % 10° ohms

Case @ Ry=
AC. eqv

1,(B.+r,+’l.\ = E
(B ’Hﬂ‘: "v Ru\=u\5«'@‘,7«—1,.

P
=11) +Z|(\+p§)
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Calculate (I) voltage gain (2) effective internal impedance and
(3) output terntinal tmpedance for cach of ilzc followmg Jour candzlwns

3]
»
1p=20 Ra
[p=EKA [7)
R
-~ bb /
T SR PR

pe E{b ()

(a) =0 and no rollage feedduck (b) Ry.=0 and vollage feedback wsed
(¢) Rp=1000 ohins and no voltaye feedback and (d) R,=1000.ohms
and vollage feedback used,

Solution. Case {a). R.=0; No voliage feedback.
7, Ry(R\+-Ra) (20 X 10°)(500 X 10%)
RFEER) T (205-500) X 100
=1923 % 16° ohms
}LZ: — 20 1Y 2)><1[)3
+Z; (810 L(1993% 105
Zi-‘r,,-s X10° ohms

Voltage gain A= —14'12

e 2
Zz 42,
_8000x1923x10° ;
=S¥ I3y % 167~ =5'G48 % 10' ohms.
Case (). R,=0 ; voltage feedback used.
A.C. equivalent is given below,

Output terminal impedance Z,=

5000
B=50 155 100
In(":n"%‘zt):”- o == +BE0)
=B +-p(~1,.Z))]
— PE:
7ok Zy(14up)

Ty Zl(l +pd
QG \( 1‘) 03 X 103 v & 12.38
TEXI Q9% (10%(14-20%0°01)
o J,.lectlve internal impedance is given by,
’ Ty 8060
TTHu 10 0°01) = 0060 obms

Zu






476 PROBLIMS IN ELECTRONICS
!

But1l
rp+Rk(f‘+1)
T Ppt1 +Z _.
7. To R+ _ (83107 4-10°(20+1)°
LA (X+20x-01)
=24"166 X 10° ohms.
z Z,Z, _ (24166x10%)(19°23 X 10%)
S =Ly (24°166+19°23) % 10°
=1071 X 10% ohms.
Voltage gain

B _ Lz —uZ
"E, L E | 7o+ (1R +2Zo(141B)
—20x19°23 X103

=[E330T (1 F20% 01) x 1903Tx 108~ 04

. Example 20. In the amplifier circuit shown, cathode resistance

R,=1000 ohms and resistance R,=20 Q. Cualculate {a) vollage gain

of the amplifier (b) effective internal

impedance and (¢) oulpwl terminal

7 impedance for the following two-

L' conditions (1) output developed across

Ry and (ii) output} developed across
ke

- Ebb Solution. Case (i). Output
T—- developed across R,

A.C. equivalent eircuit is shown

A .
/)

RS &

Ly o+ R+ R)=yEy=p(E;~1,.R,)

E N

. .. Or 1= Lo X
L »= RN (TR )/ A N
@FP::R“~mwﬂm*
E; E; (DR R,
—20x%20x 103
(10>< 103)+(20+1) ps 103+(20>< 163)
=-—7"843

' ]:ffectn'e internal impedance is given by

Zyy=rp+(n+1)Bp=(10% 103)—{—(20-!-1 X103
=31 X% 10° ohms.
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Lo o PE
B el (e DA
Hence voltage gain
E, I,.R,

« or

S T "
_ R, B0 I0°
= T (DR, X109 - (0 F IO
=0"7042
Expression for I, may}be put in the form,
P
I, pA1 fw'
I 41y,
p-1

Hence effective internal invpedancefis’givenlhy,
p 20 107
Z 14 -

T okl TR
Output terminal impedance js"given by,

Zi> B 392501000

A B e e o OQY

o B, T 3091000 251 6 ohms.
Example 22. A riode employed as a cathode follower has ampli-

Jication factor of 40 and mutnal conductance of 4 mafvoll.  Tle load

=302'1 ohms.

. consists of a capacitance of 1000 ppF.  Caleulale the magnitude and

phase angle of the vollage cain of the amplificr af a Jrequency of 79°6-
Solution.  ¢,=4X10"" mho. ; p=40

> 40

Henee rp= N 10_‘.-,=10’ ohms,
gm M

Reactance of condenser
. ]
= oy,
= . P ly__*
27 X 796 x 10° X 1000 % 101

=2000 ohms.

= “g' U
. g T+ (4 D2,
- Hence voltage gain

A,bz Eo .!.1" Z’

R .

W B T R,

Substituting the values, (i 12,
40X (~7_2000)

Ap= e {) 2000) i g0y g8
1074 (404 1)(—572000) = 10785000

If
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R, 1000
But f’='*]{’:‘=1600"”"“0 “
— 0585 __._ -7:
Hence . A=~ =—585
, ) —EQn s Rl )
Honce —b8 6=y g TR
_____ —~100% 100X 10° -

=E0 109 FI0F (160 % 109+ R

or 151 10°-+ =i’;;? =170'9 X 10°

R=(170"0—151) x 10°=19-9 % 10? ohms
Example 24, Derive expression for the voltage gain of a cathode
Jollower,

Hoenee

4 cathode follower uses ¢ penfode having mutual conductance of
4 mafvolt and the outpul is requived to be malehed 1o a cable of charac-
teristic impedance 75 ohme.  Calcnlale the load resistance necessary.

. Also calculate the gain of the amplifier, given that the amplification:
" Jaclor of the pentode used is 100,

s w100 95
Solation. r,,.._qm =515 2h X 10° ohms.
A
T SR - o b B
AP NENAIS [ A
Effective internal impedance
—
’,_‘L+1
Output terminal impcdzmce
. R J.+1
Z = i !
o= Zu‘f R LI ]?
u-i—l §
p . ]l;;

Tt Ry
* For proper matching Z,; should be 75 ohms.
. CEY (S
ot (n+1) Ry,
L. (25x10%) | R,
(25 X 10%) - (IOO-H)

. Hence' 5=
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R, 1000
But ﬁ———”'jfl‘ = .!.(m«_() o1
—0585_
Hence A= gp =080
. . ~u R ‘
Hence ~B8 b=t T TR ‘
—100%100X10° . '
=0 1091093 (100 % 103)+R ‘

or 151X 10’—}-12__2.*?_1.9 =170'0 % 10°

Hence  R=(1700—151)x 10*=19"9 % 10° ohms.

Example 24. Derive expression for the vollage gain of a cathode
wer. :

4 cathode follower uscs « pentode having mutual conduclance of
tjvolt and the output is required to be matched to a cable of charac-
tic impedance 75 ohms,  Caleulate the load resistance necessary..

1 caloulate the gain of the amplifier, given that the amplification
ir of the pentade used is 100.
t 100

Sl-t'i . Pt e e e 95 3
olution. 7, Tl =410 25 % 103 ohms,

. wnE p-+1E
T orple L R T

Effective internal impedance
7
Zyy=—>
{4 l"‘+1
Output terminal impedance
Ty
~2e Ry,
z L. B ptl ¥

LIRS 7 g
Py

Ty I,
TR,
- For proper matching Z,, should be 75 ohms.
' Ty I _
ot (1) Ry
(25X10% . R,

~ (X 10100+ 1) R,

.- Hence’ T5=
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1 1 . 13
PO T S X 796 X 10%% 500 % 10
. =5500°F jo05 g0 Y X 2 X 196X 10T 500X
=[510-j 2500) % 10-°
Hence voltage gain at 796 kefs is given by,
& Zyy, - I
A= w1 2y .
4 “ kh ((L+1)+Z‘,L
. )

50
= (50F 1)+ 12500 X 10-°(510--7 2500)
- o 90
= 55751 3195

Magnitudo Aym - — - - oo 07654,

N (GTTEF F(A125)

) Example 26, Derive cxpression for the wvollage gain of a
grounded-grid amplifier. A grounded-grid amplificr uses a {riode having
 1=20 and r,=8000 ohms and has load resistance of 10,000 okms.
The impedance of the in put vollage source is 1000 ohms. Cdlculate the
vollage gain and oulput terminal impedance.

Solution. Voltage gain is given by,
e AD
P (e ) B R,
R €10 £ 28 L
T (8 X 103+ (20+41)+10°4-101
Effective internal impedance
Zy=rp+(u+1) B
={(8-4-20+ 1) % 10°=29 X 10° ohms.
Output terminal impedance '
Zy <R
Zypeme L
of Z{f"’_Rl
(29% 10%)-H(10x 10%)
= “‘“(2'9’:}‘_'10)‘;: 107 — =7435 ohms.
EXERCISES

L An amplifier has voltage gain of —400. If the voltage
- goin is reduced to —100 by negative feedback, determine the feed-
. back ratio . '

=5"384,

N 2. Inafeedback amplifier voltage gain with negative feed-
.back is 500 /0 and feedback ratio is —(-002. Calculntegthe voltage
*in ¢ase the feedback ratio is made —§°004. °

w. 3. An amplifier has voltage gain of 6000 with normal plate
_supply voltage and a gain of 4000 with reduced plate supply voltage.

N
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[

1260 W L N
gm=1R00[1 5.). 2 Sokn
O .‘.ﬁ 0K o
® . o« E
0
[ 2R _]_t 1
.‘:; g Ep =~ =2K5
LT 4

¢

= |

9. Tor the feedbaek amplifier cireuit shown using hoth current:
and voltage inverse feedback, enleufate the value ‘ol Ry for "\\"ln('.h
overnll voltage gnin with compound foadback is 30-db below tho
volatge gain without nny feedbaek,

I

ICI“
<199-6K5L

Ji

“n R,_=?5Kn§
Ry .‘lj
Ebb T_

<
4000
+ [ -0

K 10, Tn a four-stage amplifier, voltage gnin of first cwo stagoes
ig =50 ench and that of last two stage is —100 cach. A negative
feedback network with feedback ratio of” —-/¢ may be conneeted across.

"any two conseeutive stages,  Find thoe overall voltage amplifieation

~in all the three cases,

£q

11 A resistance-capacitanee coupled amplifier has load resist.
“ance Ryp=60 kilo-ohms, grid lenk resistanco of noxt stage=:500 kilo-
ohms, coupling condensor=="01 micro-farad and {otal shunt cnpacis
tanee oqund 1o 1000 micro-micro farad, I tho amplifier tubo has
amplifiention fuetor of 20 und dynnmio plafo resistance of 8000 ohms,
culenlnto the vollage gain of the amplifier at {requencies of 10, 100,
1,000 and 10,000 eyeles per seeond.  If negativo feedbacek is provided
by feeding yfsth of the output voltage back to the input, ealoulnte
the voltngo gain of the amplifier nf the above mentioned frequenaios.
v 120 A three-stage R.CL coupled feedbuek amplifier has all stages
s+ exactly idontien],  Bach stago has n Jond resistance of 60 kilo-ohms,
coupling condenser of L micro-farad and grid lonk resistance of
500 kilo-ohms,  Amplification faoctor and anode slope resistunco of”
amplifier tubo aro respeetively equal 1o 20 and 10,000 ohms,  Total
plfeotive  shunt,  capneitnnee  in each  stage is 600 ppld,  One
Chundredih of the output of last slage is fed 1o the input of tho first.
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. - N
staze, resulting in megative feedback at dband frequenci -
Calculuste the voltage gai; of the amplifier with and without feedback
at frequencies of 10 cycles and 100 kefs.
3 e - - B

amplifier
=20 k

. . -~ v

Cy and é, to have nexligible reactance at the frequency of operation.
A C. impedance of eathe de biasing circuit may be neglected.  Cafen-
late the overall gain of the 2-stage amplifier with feedback and al:o
the effective internal impedance.

14. Fo'lowing particulars relate to the composite feedback
amplifier shown in fnll‘lo“‘ing diagram : p=50, ;=20 kQ, R=50 kQ,
Ry=1 10, I,=49 kQ.

{f Xy
& 3. l
Ry
&
+ o ‘l
Pty J 1
T o
Reactance of pling cond C, is negligible at operating
=- s LaChL I n and effective internal imped.
. . . four conditions :—{a) R.=0,
N N * voltage feedback (¢} R, ==100:

nhm.i, no voltage fced.b'.lwck () Ry=1000 ohms, with voltage
feedback.

15. An amplifier uces triode with amplification factor p=15,
and dynamic plate resistance r,=7500 ohms. The loar remstance
is 10,000 ohms and there is cathode resistance of 590 ohmas. Calculate
the voltage gain and output termmal mpedance for the following
1wo cases (] output developed across Ry and (i3) output developed
8cross By.

16. A valve having dynamic plate rewstance of 12 ilo-ohms
snd amplification factor of 21 is uwed an a cathode follower working
into a resistive Ivad of 3,000 ohms _ Caleulate (a) the voltags gun
and (5) outpot terminal impedance  Prove any formula used



CHAPTER X1V
UNTUNED POWER AMPLIFIERS

The prisoary function of voltage amplifiers is to increase the
signal voltage from a Jow level to a reasonubly high voltage
Jevel without distortion 4 e. keeping the signnl wave-form  un-
altered. Distortionless amplification requires that operation be
tinear «lass 4. It is further necessary to keep grid current
nepligibly small by suitably adjusting the value of pid bias and grid
-signal amplitude. 1 grid current is allowed to flow duriny part of
the signal evele grid-to-eathode cirenit offers non-lincar yesistance
and results in waveform distortion of the grid signal particularly when
there exists an appreciable impedance in series with the grid. The
anplified output waveform will then a'so be distorted.  Hence it
is necessary m voltage- amplifiers to disallow grid current i.c. use
class A, operation, Cass A, operation is obtained by allowing
operation of the tube over linear portion of the tube characteristics
by proper udjustment of bias and allowing small excursions of the
-signal. - -

Primary funetion-of pawer amplifier, on the other hnud, is to
increasz 1he sianal power from a low level 1o ruch high level us may
- be required by the-load with -very emall grid driving power demand,
“To get the necessary high power output it is often requred to allow
-excursion of the operating point beyond absolutely linear range of
_tube characteristics. By so doing the ratio of averaze valuo of plate
current, [, to the value of varying component /, ia rednced i.e. lmiger
~fraction of power from the plate supply source is utilized in produe-
- ing useful a.c. outp t power. Stated otherwise, plate circuit effi-
~ciency of the amphfier is ' creased  This resulis in lesser wastare
~of power, This factor is of great siguificance at higher power levels.
But the above mentioned increase n plite circu t efficiency is obtain-
:ed-at the cost of distortion which is causea by the op.ration over
“mon-livenr region of tube characteristics, Harmonic components
's0 introduced increase in magnitude as the nmplitude of signal is
increased to larger and larger values  Methods must, therefore, be
"deviced in power amplifiers to reduce the distortion terms. Two
‘techniques are available for reducing the harmonic distortion (i)
-push-pull operation of amplitiers and (%) use of tuned circuit as plate
Toad,
: The push-pull amplifier removes even harmonic terms and thus
-the.tp-m] harmonic distortion may be reduced to reasonably small
‘magnitude.  When power amplifier uses a parallel tuned circuit as
. the plate load, it responds to only a narrow band of frequencies
-ceatred uhm{t the resonant frequency and Jence all harmonic terms
are automatically removed. But such a technique can be used only
~ ~m.Rud.xo Frf:quency amplifiers because of the 1estricted frequency
+rauge in which the amplifier operates.

.
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. Derivations in subsequent articles will show that .scrles-ﬁ‘(l
class A, amphfiers have amall pinto cirowt effi jenoy, theoretical maxi-
mum being 50% for idealized pentodo and 25% for wleahized trm‘dv.
Practical values of plate cirawit efficiency aro much smaller, being
about 10-15 % for triode amplifiers and about 20.253R for pcnmdr,-
ampl fiers.  Tins means that in trivde amplifiers, na much as 8%
or more of the plate supply power 18 wasted and only_ lO-lp% 18
available asuseful s c. output power. This wastavo is ev!dcntly
excessive at high power levels, To get better plaie circuit efliciency
smplifier operation 1s chauged from 4 to Bor C. Class B opera-
tion gives muximum theoretical plate circuit efficiency of 78:6%
and practical maximum value of about § 9 whie class C gives
gttt s ygually exeeeding 70%. Thus class

ate circuit effioiencies in the increa-«
harmonic distortion also increnses
in the similar order, Radio frequency power amphfiers can con-
veniently wtilize B or € operation with high plate circuit efficiency
because {he tuned circuit climinates all distortion. But n audio
frequency power amplifiers cla~s 4 and B operations a'ore can be
used. Toreduce distortion push pull eperition is always used in
class B andio frequency power amplisers. Butclass € aud o fre-
quency operation intraduces such a targe distortion that even push-
vull operation cannot handle it. Consequently class € aper .tion of
untuned amplifiers is vever permitted. Inthis chapter we will deal
with the untuned power amphifiers alone.

CLASS A, UNTUNED POWER AMPLIFIERS
Series-fed Power Amplifiers.

Fir. 14 1 {a) shows the basic schematic diagram of an  untuned
clans A, reries.fed power amplifier using trode.  Its ¢ eqmyalent
c!rcuit 18 whow inTune 131 (8). It may be readily eeen that this -
circuit is the same g3 that of a simple class A, untured voltsge
amphfier. We further ns-ume that the operation is confi ed to the

linear portion of tube characteristivs smitar to that 1 linear A vol-
tage amplifiers, !

(a) Curcuit diagram,
Fig. 14 1. Sctematic dia:7am and g,
genee fed nutuneg o

() AC. equivatent circuit,
¢ oquivalent eirerfy of

wer amp iers, L0 888 Ay
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In genernl, in any amplifier, power is fed to the vacuum tube
from the foilow ng thiee sources :—ii) from the grid cireuit (it) from.
plate circuit and (#i) {rom cathode heating cirenit. Tu class 4,
operation, power from gnd circuit is negligible. The grid voltago
simply contiols the plate current and thus controls the a.c. power out-
put. As the amplitude of grid sivnal voltage is increased, amphtude
of alternating plate current component is correspondingly incressed
and hence the a.c. power output is increased, The power consumed
in cathode heating remaing coustant aund iv given by £,.7, wher &,
and J, are respectively the effective values of filament voltage an
. filament current. The power supplied from the plate power supply
is.more important and requires careful study.

Here we nssume grid signal to be a pure sine wave baving no

«d.e, component, Pla.e load is assured to be a pure resistatce R;.

Tig. 14'2 shows the load line, zero-signal opcrating pointé and output

current and output voltage wave-forms for the pure sinusoidal grid
signal,

by
1 PC:EC!:O
. Eec
............ N NP £
Ib max "N ¢2
--------------------- AP
b N
..... — - ———— - -_..%...—
lbm[' s ' : 2
3 i
MR [ 14 >
Ebmin: Eb; Eymax. Bpb , €
Loy .
R e
P
¢ v,
N ' t
L :
5~ A
> 1 : M ‘
A l:*"g‘*’.

P E

e i
Fig 11;2. Qutput current nnd voltage waveforms in a toriozafod
e dy triode power omplifier. i

“: Leb us first consider the zero signal condition. Iy and £y are
respech_vdy_ zero signal plate current and plate volt.ge. Then totnl
power supplied from the plate power supply is given by,

S - Oy = By.0, MR £ §
~ Qut of this total power Py, a i i

- Oubof th w» & PRIL IS consumerd in the tuhe and

the remaining in the plate load. The powcr consumed in the L:xbc :Lt

<
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zero signal is given by
Py, = E, I, . . (142)
This power Py, is transformed into heat at the plate and gets
dissipnted there, This, therefore, is zero.«sgnal plate dissipation.
The power absorbed in the plate load is given by,

Poe= 0 1 e (14°3)
But for eeries-fed amplifier,

E, = Ey+1;.B e (14°4)
Hence Byd, = By, +1,%8, e (14:5)
or Py == P+ Py, w. (14°6)

Next consider the situation when prid-signal is applied. Plate
current f, then has d ¢. component 28 well as a c. component. Let
the srid-signal be a pure sine wave given by, °

&y = Eyp 008 02! e (147}

The average value of total power input from the plate power

aupply is,

1 (2= .
Py, = ?;.L By d{et) o (14°8)
2=
= ,LTJ' Eully+3,) dlat) o (140)
=)o

In general,
Ty = Lopb Ipym €08 01+ Ty €08 2 0f 4 ..

But since the operation is linear A, and the grid signal e, as

given by equation (14 7) contains no d c. component, then, -

Tyo = Jogm = Ipgu= 0 e (1£10)
Since &1l harmonics are absent, let J,,, be mdicated simply l-‘:v :
ame .
Hence power from plate supply source 13,

Pz v
Py = By I.+,,:—j wldgm €05 @) Aluwi) {141

«~Jo .

= EM-’M .
Thus for linear 4; operation P, = Py, 1¢ the power drainaze

from B-battery remsins constant ut salie Py = E,, 7,

Power delivered ta the [oad i« given o, -

e
Py = T‘J 0t Ridlet)
iwf,

1 [ A
= ﬁL (I 15 cot ' B, )

neclecting harmeme sompesents 1, 7,
sverage comporen' I, cans * 7
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~ 21
or . Py= LR, —-]—J ? 2141, cos ot d(wt)

2],
1 2= R .
+~5,—_.( I*,,, cos® wt d{wt) {14714}
b o
or Py = Pyt Pac W {(14°15)

where #,, == a.c. power output

2
=L f "It cost wt R d(et)

0].::
=12 R w(14:18)
where I, is the r.m.s. value of fundamental component.

The sccond term in right hand side of equation (14:14)is
zero,

From equation (1415) we concludo that with the application -
of grid-signal, power delivered to the load increases by an amount
equal to P, but the total power taken fiom the plate supply source
remains the same. The power delivered to the tube {e. the plate .
dissipation must, therefore, reduce by the same amount in ‘accord-
‘ance with the principle of Conservation of Energy,

The same result njay, however, also be obtained by integrating
the instantaneous power ey, piven to the tube. Accordingly plate
_dissipation in the presence of grid-signal is given by,

P s
P?’ = ,}Z;:J’“ &y d((t)t) -..(14‘.'17)’
1 {3 .
= -2_'j‘ (Bw—1s.B1) 1 d(w?)
=la
1

25
5 [E,,,,—-l,, Ry~1I,, R, cos m;][[b—}-I,mcos mt] d{w?)
)
«.{14°18)

(3]

ko

: o 1 2 a o
= Ebb'Ib—Ibu R;‘-'2: T I-pm Rt cos~ (.l)t.d((ot)

e

The remaining terms in equation (1¢'18) become zero

or Py = Py—(Pae+Py) < (14°19)
But Py, = Ppo4-Pye {14 20}
- Hence Pp = Ppo“‘Pac ...(14'21)

Thus on application of grid-signal plate dissipation reduces by
an amount equal to a.c. prwer output. Sinee power Py, from plate-
supply source remains the same for linear 4, operation, tube simply
removes an amount of power P, from plate dissipation and makes it
available as the useful a.c. output power across the load resistance
This funetion is performed by the tube wnder the controlling fores:

pvartad ho tha wrid in annaedasan clele o1



TNTUNED POWER AMFPLIFIERS 491

power is, however, derived from the grid circuit, Coraplete power

frmm dla mfobe st oo ooo ™Y gimply converts 8 part of

. ) . into useful a.c. power

H ! oo . + .cimum with zero signal

nd reduces as the signal emyplitude increases is of considerable

T . : - +,Tlers Application of grid-

P *+ +" '+ Tubes normally operate at

" If accidently the grid.

. LI A exceeds the rated value

and temperature exceeds the maxzimum permitted value thereby

damaging the tube. Similarly in radio frequency power amplifior

such as are used in radio transmitters, if the tuned circuit acting as

the plate load gets detuned perchance, then the salternating power

output P,, becomes almost zero and plate dissipation again may

exceed the permissible limit. Considcrable care is, therefore, required
in the operation of such a high power tube.

Out of the total power E,, received from the plate-supply
source, only a part equal to P,, is available as the useful a.c out.
put power. Plate circuit efficiency is defined as the ratio of a.0.
power output Pq, to total d c. power input Py, from the plate-supply
souree,

Thus percentage plate circuit efficiency is given by,

Py, Pag .
= 5 00 = - er cent  ...(14'22]
™= X 100 WA X 100 per cex ( )

Normally only 8.0 power across the load is taken as the useful
power. D, C. power in the load Z,%R, does not provide useful
output

From Eq.(1422) we see that in order to have greater plate
circuit efficiency d.c. plate current J, should be as small as possible,
High value of I is the main reason for low plate circnit efficiency of
class 4 amplifiets. To increase the plate cirenit efficiency, opera-
tion is changed from 4 to B or C which have low values of I;.
Mazximum Power Sensitivity of Series.fed power Amplifier.

The following aunalysis applies to the series-fed power ampli-
fler of Fig. 14*1 using & load resistance of R; but it applies with
only a slight modification to shunt.fed amplifier or transformer-
coupled power amplifier. Fig. 14'1 shows a tricde as the amplifier
tube but it applies equally well to any multi-grid tube. *

In the last article we have seen that useful a.c. power output
must be maximized in order to obtain & high plate cirenit efficiency.

o B LN .o e nfronted
. F—— e . . 8s, and
N . - - . I M + assume
that the following things are prescribed : () tube (b) linear class 4,
operation (¢} grid signal voltage and (d) zero-signsl operating point.
The only variable then left is the load impedance and we propose
to establish the condition for mavimmum power output and to**~ the
value of this maximum power cutput.

PR
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Tor the gake of genemlity let us consider & complex load

jimpedance given by,
) Zl == Rl+le ...(14_.23)

With reference to a.c. cquivalent cirouit of Tig. 14°1(b), n.0.
plate current Ip i8 given by,

I, = 2 Bor el .. (1424)
P rptl Y AREES
| e
Ma “it\lde I, = /_,,_p;"'"}‘:-'r—:_:n ;--(14'25)
‘ P Tt R S
A.C, power outpub ig given by,
Poc = IR = Ep.Tp co8 0 ...(14°26)

where 0 is the impedance angle of load impedance-

__wBat T ...(1427)
| Poo = (b BT X1
, The term power gensitivity 18 defined as the ratio of useful
. power output to square of grid signal voltage o

Hence

Tk{é‘power gensitivity = Lee ,,—‘L—Q-I—?l/ (14'28)
Y= g (Tp+Rz)2+X12

Since load jmpedance consists of both real and imaginary com-
ponents R,. and Xy, either or both of them may be variable.
Accordingly three conditions are posaible, (a) B alone i8 variable
(b) Xy alone is variable and (6) both Ity and X; are variable. 1f both
R, and X; vary independently sondition becomes very complex and
hence we impose the condition that R, andX; vaIY in such a manner

that impedance angle 6 of 7, remains constant.

: We frst consider the condition that R, alone is variable. Then
in order to get the condition of maximum power output we differ-
entiate Eaq. (14°27) with respect to R, and equate jt to zero. We
‘then get, -~ = C

"‘4' “dPge ’—T:.PCE;mQ' .("i»'*‘RtY‘,‘*th—‘QRI(Ij?'*‘ Ry ] =0

alt [(Tp+Rt)“+X12]2
o c . (14'29)
or (rp"‘Rl)?'"‘Xf =2 R1(1‘9+R1'
[N foa P e e s
or ' | Ry= AT ...(14°30)

... When X, nlone is variable, obviously Pac 18 maximum wher

1= 0. . L
.. "When Zy i8 variable, keeping-impedzmce angle 0 constant, Pe
nay be put a8, o

p= 2B 1 .
e wi .ao‘ lf'X'nk.((,.p_‘_I'gll)cW” ...114°31
‘,‘\'vﬁere.: = - U R SRR

~1f impedance angle 0 rér‘h@‘iﬁs"gi(jqéﬁanﬁ,‘Q,‘é.l'so remains constal
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T get the eondition for mazimam s e power mutput, we Aiferene
tiate Poe with respect ta B,
U o oo, [ BRI RO Rttt
dRy {{ry < 1y S(GRT]
=0 ~A14°22)
or g A BE v 2n e PEA = 2PHA 2, 2207
or 1y VIR X e 2, o (14°83)
Often Lowescr, lad impedsnrn v & pure tevistancs,  Exprer.
ainn for P, then i,

2 - 3g2 _ It' Lt
P = WB 0 - M2y

Obviowly P, iz maximum when v, = £ v ¢ <gusin yesntanes
7y in equal 1o fuad rerbriases . Thes pover wutpul, obtaned nhen
Yrad texintanes is equal by poures potsanle, g the mATUINm pANEr
avallable from suy enctey Famees, 5ol be o o ge refersed 46 an “areils
able power” and 2y beindiated 15 F,,

{2, r
Henes Py, g«%gtt =g Fnt 7 114 35)
Mazim it prraet pene GFP, Coen 20oenLF
. o
Mazimuz (ower sermtsty - 57 (14 4%
< Ly £, 1, 0]

At 2oy value of loard resistanse B L s power amtpnt s
given by,

Py B 4, 4 >
- T . 143
Py S trpeny” Ty . -‘4_!:!. 1437)
T Ty,
Jom———= - ’/—
y T -
‘- /‘/
| /
/ .
. -
\\{
¢ 9

Frz. 143, Varitirn ar preer ~o3p 2 g0 & fupotva of relitive bad
reebseccs
73
" . it . P . R
Pig. 143 shrer the varistion of ratio 5%~ with estio —2,
Fe s
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. . . . R
The curve is seen to be symmetrical on ecither side of value —-;—'-3 1.
>

This follows directly from the symmetry of the denominator of
Eq. (12°87).
It may be noted that though the outpul power is maXimum ai
Ryjr, = 1, this maximum is very brond, As'the resistance ratio
R,r, varies from 05 to 20, P,/P,, does not reduce below 088 i.e.
about 2'25 db.
m

. .
Further from Eq. (14-36), —4‘—:— or —— ) ia o figure of merit
n

4
of the tube from the consideration of maximum power ontput, This
quantity i—g’—"— depends entirely on the tube construction. Since 75

is required to be equal to Ry, it is preferred to use low 7, tubein
order to obtain reasonable amount of power output with usual value
of ante supply voltage, Turther g,, of an electron tube cannot be
designed to vary over a large range an¢ hen.e in general low ry,
tubes will also have low p. Hence in order to get sufficient a.0.
power output, grid excitation voltage must be large.

For multigrid tubes condition of R, = 7, is not economical and

©g
hence factor Zl'lcannot be taken as a figure of merit of the tube,
Shuﬁnet;g?d and transformer.coupled linear A, power ampli-
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Fig. 14'5 shows the static and dynamic load lines for the
shunt.fed triode amplifier of Fig. 144, In this case zero.signal plate

iy £50

DYNAMIC LOAD LINE

I SLoPE=~4
. b R
bmin} =~ STATIC LDAD Liv? N
SLOPER =4
j

Eymn B bbEpmax %
Fiz. 14'5. Dynamic and static 1oad lines of a shunt.fed power amplifier,

[ R N PR . L of
t o el . P ) o R
t R . . For
I o . . i

€yguun LU gy

Often it is preferred to use transformer coupling. This hasthe
adv2ntage over inductance-capacitance coupling of facility of wmpee
dince matching. Thus a small load resistance way be matched to
large plate resistance r, and optimum power transfer condition max
be attaioed. This is particularly useful when very low impe snce
such as the voice coil of toud sptaker baving resitance of x € w obmus
is t0 be fed from a power samplifier. Fig. 14 6 <hows toe .~a 8
coypled power amplifier.

I N, and N, i-di-aze -
tarps, then primary v. 220~ 2
the relstion,
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\3 “ .
Algo 1, = »f\\,f— Ty ..(14°39)
. b4

NS 1440

Hence I ( v, )E T v )

Hence load impedance reflected to the primary become,

B, = (e YR | 1441

P = ("ﬁ:) i oo )

Bquation (14'41) applies to an ideal transformer with mno
leskage inductances and winding resistances. In practical trans-
formers input impedance Z, is given by, 4

Z\Y 2 Afp 2 . l‘\Tp 2 )
Zp = Ry ATP> 4+R,+ R, (Tv,‘> +jm[Lp+L, (m )] .(14:42)

where Ly and L, are primary aud secondary leakage inductances and
Rp and R, are primary and sccondary winding resistances.

Static and dynamic load lines of Fig. 14'5 apply to transformer
coupled amphfier as well provided that the static load line.is drawn
for Rp, the primary winding resistance while the dynamic load line

Np\2 . .
corresponds to <K> (l?,+1?. ) neglecting thé leakage inductances.
3

Maximum undistortcd power output in triode amplifier.

In foregoing anvalysis for maximum power sensitivity, distortion
caused by non-linearity of tube characteristic has been ignored.
Considerable curvature of the plate characteristice exists in the
region of emall plate current. Hence in distortion-free class 4,
operation, while attempting Lo obtain maximum a.c. power output,
‘care has to be taken that plate current coes not become less than a
certain minimum value 14 during the most negative part of the grid
signal cyele and the total instantaneous grid voltage ¢, does not be-
come positive during the most positive part of the grid cycle. Such a
condition can be attained by a careful selection of the following
quantities : grid bias Z,, load impedance R, plate supply voltagg
Ky, and dynamic plate resistance r,,.

¥ig, 14'7 shows the graphical construction for determination
of operating conditions for maximum undistorted a.c. output power.
1, indicates the mimmum plate current below which operation is not
to be allowed in order to avoid distortion. Obviously for class A
linear operation and undistorted output, maximum swing of thela
point of operation may be allowed between zero grid bijas and a
negative grid bias which yields plate current equal to I;, We here
assume that above the horizontal line corresponding to plate current
of Iy, plate characteristics are ali.ost linesr with a slope correspond-
.ing to r, and bence amplification is distortion-free. For a given
plate supply voltage (or alternatively for a prescribed zero-signal
plate voltuge ) we are required to find a value of load resistance
; £ which provides the maximum output power,
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From Fig, 1477, we note that

Ey = E442lsmtytEpm e (1443)

where By, and I, are respectively peak values of slternating plate
voltage and plate current.

£¢,70

10£D 11e

0P P,
~N
‘brax
I -

[P OPEPATION 1:0T ALLONED

T~ BlLo THIS URIE

S H Bt
& Bom B brax Gy G
; |
2y Epmermtpr

Piz. 1447, Graphresl consristLin for deter/inlaz MAZILim
undirtorted power ontrut sod the eorrespond oz

operating ¢ ti20 15 lnear Ay toode smphifer,
But Eyn=Isa By -« (14-44)
Hence Ey = E¢+21,nr,+1, B

= Egr1, (27,+R) .. (14°4%)

~Eg ol
or Low = o, .. (14:46)
Hener s.¢, power outpat is given by,
P, = .Il‘_nl

ME—EN  4(Ry2r,) -
B T AT I i) ~A1447)
Obvionsly #,, is maximom when £ — 2.,

It this mazimum
velae be indicated by P pax

E,—Fa?

Hence  Pappor = - ;er" . A14 48)
4 «

20 that FPae ( e

== (1490
Py (1 lfx { )

Fig. 148 shows the Vnrmtlon of ratio Pyoflas wse With the
relative load resistanco R,fr, M
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" Trom Tig. 148 wo seo that the output power reaches a
' maximum at Ry = 2 7, but in this case again the maximum is very

“ broad. - ‘ 4
r \\
08 5 \
06 -~
é 0'4 /
v % 02
Qulnp
00 ! Z - 3 4 5
’ R[.
=5
- "p
) - . o LPac ith relati
Fig. 14:8, _Variation of relative powner ouiputy, P with relative

ac maz
load resistance -{;‘—- for undistorted amplification condition,
»
As the point of operation moves from zero signal position P to
. zero grid-voltape point P; grid voltage changes by an amount
equal t) By = Ky, and the plate current changes by an amount

*me

b4
_+ Henos Ipm = ~]*%;-j;°;: (14-50)
Combining equations (14:50) and {14'46 and putting RB;.= 2r;
we get,

B, = %(Eb—— B, ) ..{14'51)

. Z4s may be obtained directly from the plate characteristic

* curves, This is the point where characteristic for e, = 0 cuts hori-

. zontal line for I, the minimum allowed plate current, Further if

© - zero gignal plate voltage is preseribed, the value of B, which satisfies

the condition of Ry = 2r, for maximum a.c. power output as given
by equation (14'561),

. Equation (1451) may be utilized to obtain expression for
Pgy oz in terms of grid bias B,,. Thus combining equations (14'51)
and {(14°48) we get,

. 4p ', 1 *E,z2
: “. Py max = ('3" B, xl‘g“;p = &Q“;‘f"* ...(14'52)

“_ But amplitude of grid signul for maximum péw‘é’r’ output equals
E, Hence,

gy 9
B 5 ttem By .(14'63)

vy a0, t a8 maz 97,
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Hence maximom power sensitivity

Poomaz_ _ 2
= S = . (14°54)
oo STt w7 \ltage By or zero aiéusl
. plate supply voltage of

88 will prove that for
mazimam power output, B; ehould be far greater than 2r,.

In the above analysis a series-fed amphfier has been shown but
the analysis applies equally well to either a shunt.fed power ampli-
fier or a transformer-coupled power amplifier provided Joad line is
drawn for Joad impedance transferred to the primary side.

Theoretical plate circuit efficiency of triode power amplifier.

An approximate expression for theoretical value of plate
eircuit efficiency n, may be found by considering the tube to have
4 : harect

jdeal ch ie. the istics_are perfectly linear,~
parallel and equispaced for equsal increment of the parameter,

&0 ger,

T LOAD UINE

o
SLDPE= )

fmm  fy,  fbmax —6,
s

Fig. 149, Ideal plate characteristio triods operated for
maximum power output for given ry and Ry
Tig. 14 snows the idest Pate thwtwcterstio of w trivds.
Operation is linear d, so that grid voltage ¢, never exceeds zero and
at the same time plate current is never cut off, 1n Frg. 14'D, there-
fora, grid valtage may vary from ‘pomt P, correspondurg to zero
T B M .

' ‘. *° zero plate current. This
. . . and hence gives maximum
r . . . she same. ithen [, = Jpm..
Hence plaie CIfCULE elicieney 19 gvelt vy, v

Epdy _ Eomiom gm_n .
g == .EV::_._IA =t = 50 R % (14 65},



5000, ' PROBLEMS IN ELLOTRONIOS
' series-fed triode amplifier ‘
o By, = By mar for maximum power output operation, ]
8o that Ly = Ep max = 2[’],,,,,-}-21,,.7‘,; {14 .)6)
: Ly - 26
2B pmtImrpl [ l+1__a};’n~_’:£]
“pm

Hence 7, = 50

B .
But Iy, = ——R’—’-;l‘ so that

2b

e HTY
Ny = o (14-57)

i ical plate circuit efficiency igs maximum when
(R ,.I;hg. t'}l"?:::: t)t‘luaor}éticn.l maximum plate circuis cliiciency qf
Tpl'els fed triodo power amplifier is only 26 per cent. Bub if
o '1;mm power 18 Lo be obtained, I; must be adjusted to be .equni
xcn&:] With v, = R plate efficicncy is only 12:5%. Such is the
g ?xsep.when operation has no restraint i.c. oporation may extend upto
ot late current. Bus if operation is taking plucq in a lm_nted
:rno (? efficiency is hardly ever greater ihun. 109, proving that linear
4, %ri:)de ump\.iﬁer is & very inefficient device.

In shunt-fed power amplifier, d.c. losses in the Joad resistance
are eliminated 8o that plate circuit cfficiency s higher. In that
case,

By = By = By +2 Iy 1y ...(14°58)
Y —50Em = 5 Lo _ o . (14:59)
v Henee e =By = B e T o
But Eﬂm == lpm.R;
% y 14-60)
¢ Henee 1, = oy b coef
: Ly 2

R

Thus theoretical maximum plate cirouit effi
or transformer coupled triode amplifier is 50 %,
fed triode amplifier. For condition of maximu
" output with proscribed zero-signal plate volta
plate circuit efficiency v, is 269, . t ‘
' to zero plate current in order to avoid distortion and nlgo d.c.

_rosistance of inductor is not gzero,

Henco practical plate cireuit
. efficiency in shunt-fed or transformer-coupled amplifier .is less than
226 4.

ciency of shunt-fed
twico that for serieg-
m undistorted power
ge, Ry == 2r, so that
But operation cannot be extended

Ay power amplifier usin

g power pentodes and beam power
tubes.

The graphical analysis given so far apply to triodes alono and
. nre not valid for pentode beeause the plate characteristics of a power
. - pentode differ widely from thoss of a triode, In the cage of pentodes,
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Joad resistancs increases. Hence in the operating region, as -

resistance in & tricde amplifier is incrensed, distortion decrea
the case of pawer pentodes, ou the other hand, dynamic char’

in the operating region has excessive curvature for both low «
values of load resistance as shown in Fig. 14°11. These ¢
charncteristics have been drawn by picking up the values o~
current for different values of grid voltage for each of the thrc
Jines shown in Fig, 14'10. It is not possible in power pentode, 1
fore, to use either low or high valucs of load resistance. Hence
not possible to chose a critical value of R relative to 7, that
give maximum power output. In pentodes effective B; is always
less than dynamic plate resistance 7. One is tempted to conclude,
therefore, that the output power sensitivity of pentode would be

" oxtremely Jow but such is not the ease. FPower pentodes using usual
valdes of R; provide output power thatis much larger than the

output obtained when the same tube is used as a triode in conjunc-

.- .tion with suitable load resistance. This results voltage of the large
" ugm product of a pentode, Further grid signal voltage required in
_-a pentode amplifier is much smaller.

_ Anapproximate «xpression for theoretical plate circuit efficiency
of a pentode power amplifier may be derived as below, Assumptions
made are :—({) operation is class 4 (f¢) plate characteristics are
idenl 7.e. horizontal and parallel straiglt lines extending upto current
~xis. (ti4) zero signal plate voltage is prescribed,

. I L oo
. T ’]T bmax €
= § LOAD LINE

- g

.= l

§ i Ty . €ctee
‘\J' ‘5 1

L |

NE '

o J—Ibmm ; %,

S ¢ & & max
G ™ o

Gt PLATE VOLTAGE & ——>

Fig.ﬁl&-l‘z. Operation of 4; pentode power amplifier for maximum
power output and prescribed 1,

"Fig. 1412 shows the idealized plate characteristics of pentode

used as 4, power amplifier together with the load line, P is the zero

signal operating point. For maximum a.c. power output point of
operation for class 4, amplification may move between point P,
corresponding to zero grid voltage at the most positive value of grid

........
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@l el e e D e == 4 wapo plate current at the

For a given value of

tance R, slould ke eo

R seration e, zevo grid

voltage and zero plate current at extremes of grid signal cycle, are

simultapeously achieved. This load resistarce By then gives the

maximum output power. Obviously from the geometry of the
diagram for optimum load resistance By,

. Eon = Ey oud Ipm = I R
Hence plate circnit efficiency N
po .

_ B, vZ "V2 Ey o 1461

T Ed = Enly = Ew aeen

For series-fed pentode amplifier, By, = Eb mur = 2E, 80 that

E,
Ny =T EE), = 26%. .

For shunt-fed pentode smplifier or transiormer-coupled pentode
amplifier, By, = X, (assuming an idea! transformer) 8o that
£, 5 -
A 60%.

Thus weseo that plate circuit efliciencies of sericefed and
transformer-coupled pentode power amphfiers nte twice the correa-
ponding plate circuit efficiencies of triode amphfier with load resls-
tance adjusted for maximum power output.

Example t. Linear A, amplifier shoun in the diagram below
uses plate supply tollage Fyy, = 300 vo'ts, grid bias B,y = — 25 volls,
grid ‘signal vollage B, = 10 volts rm s, al an angular frequency of
400 radians per second. Load resistance Ry - 2000 ohms At zero
signal operaling point, glate cusrent I, = 50 mA, amplification fudof
w=6and dynamic late resistance ry = 1000 ohms Culculute (i)
tollage gain (i) a c. output voltage (iti) potcer supplied from the glate
supply source {iv) zero signal plate dissmpation Py, (v, a.c. powtr
outrut (14) plate dsssipation with signal applied and (+4i) plate cireuit
efficiency. ?

7 = 50
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Solution, :
—uR —6X2000

- in = P TR L 4
(1) Voltage gain ) 1000 +-2000

. P Eg Iy

{1t) A.c. voltage output = ¢, = Y

~6X30%2000, _
= m == —40 volts.

(#ii) Power supplied by plate supply source is given by
Pbb == Ebb-Ib = 300(50X 10‘3) = 1§ watts.

(vi) Zero signal plate voltage &,
= Iy—1Ip. 1,
= 300—50x10-3x 2000
= 200 volts

Hence P,, = zero signal plate dissipation
= B = 200X 50X 10~ = 10 watts.

2
(v) A.c. power output P, = _____..) X By

6X10  \?
= (wou+2ouo) %2000

= 0'8 wabt
(vi) Plate dissipation with signal applied is given by
P, = Py, =P, = 10—0'8 = 92 watts,

a

(vii) % plate circuit efficiency %, = }—;i’ % 100
b

08  megno
G X10) = 533%.
. Example 2. 4 friode power amplifier is operated with a bias
= —24 vo'ts, load resistance = 400 okms and plate supply vollage
,. = 350 wvolts. Zero signal plate voltage is 250 wolts: Amplification
Jactor of the tube = 8 and dynamic plate resistance = 4000 ohms. Safe
3 desszpatm_ns of the valve and load resistor are respectively 575 and 35
walts. Find the permissible range of applied a.c. grid signal voltage
without exceeding the ratings of the tube and resistor dissipation.

" Solution.
By, 350250
Iy = 220 "0 SR 20 =
. b B = 4000 amp. = 25 m4
Zero signal plate dissipation
B Ppy o= By.Iy = 250X 25 X 10~* watts
= 6°20 watts
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Zero sipual power in Joad resistor
= IR,
= (25X 10~)* x 4000
== 2'5 watts
On application of signal, total discipation in the load resistar
increates by ou amaunt equal a.c. qutput power £,
Hence Py, must not exceed (3:5—2'5) = 1'0 watt.
s vy \?
But P, =(1; +‘1§,) R
Hence Egp imaer 18 given by,
1= (BXE,",_,L,J__] :
FRERITiNg
Hence Eop \puyy = 1581 volts.
On apphcation of signal, plate dissipation reduces by an amo

equal to £,;  Hence P, must not be less than {6 25—5773) wa
= 0'F watt.

100

Hence 05 = { w ?’:‘E"’ } ; B
t4 ']

8% Eammn ]
o 08= [fjg.arou J 4P

Hence Dgyipens = 11714 volts
Example 3. A linear 3, power amplifier uses inode hut
amglification facior y = 6 and dyname plate resistance rp==4L00 ok

Amplunds of grid signal coltags is 20 vots Caleulote the mazm
power output oblaimable.

Solution,
E 2
o (B
Ac. power output P = ey ) Ry
Ty 35 maximum when rp =
WE L2 WE,T
Hence Pas Az} = 4’:; X1y = P"”:,!"
o 3
(:Gxi,g .
= ~TRI000 = Q46 watl.

Example 4 4 claw 4, amplifier uves triode haring p = 15,
ry = 12000 chms. A signal of 20 volis v m ». is applied ot the in;
Coleulnte the availtable potwer outpul of the amplifier.  Express the
wulput power as a fraction of avaslable power sf the load ¥mpedanc
(;) 6,000 chms sesistive, (b) 24,000 ohms resistive and (c) 3000+j3
ohme;
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B 2
Solution. Py = (rp % ) R

»+Rr
(@) Z;= 6000 Q resistive. A
o (. d6x2 ] ? (6000 = 166 watt

Po = | Tzoc0+6000 J 0% watts

: L oprE, (15X200F .
Avmluble power Pav = '—Z;:L- = m = 1 8§76 watts.

P, 166

sas = (888
Hence P,. = T'575 0888
(b) Z, = 24000 Q resistive

16 % 20 T3,
Foe = { TG00 24000 J 24000

= 1660 watts
Pae 1'666
St e = '8
Hence P, = 1875 0888
(c) Z;, = 8000+-j 3000
B,
P.o==,—— (p’_ 22 R
@ =l R (&S
— {15 % 20)* X 3000 — 1165
= (120004 3000)*+ (3 00F
P, 1166 _ . ..
Hence P::—' 5 = Q015

Example 5. In the 4, power amplifier shown in the diagram,
" load resistance R, is variable, Calculate the value of R, which will give
‘maximum power output. Also calculale the maximum oulput power 60
oblained if grid signal By is 104/ 2 sin 2m % 1000t.

R, f
=10

£
1H=40000
X, #3000

fil

=il
Ebs

. _ 2l R

Solution, P, = (r,+R,;§+(lX,)ﬂ

. It may be proved that P,, is maximum when
Ry = i1 X7
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o

{10 % 1012 X 5000

PO S0 B A Ve iAoty 855 watt,
Henco Putwsst ™ 1300550007 (50007 ~ ©
Example 6. 4 class .1y transf upled power amplifier vaes

triode Baving = 8andr, = 209D ohms. Lo1d is a lovdspeaker of
resistive impedance 2 ohms. Turny eatio is 30. Caleulate the s.m.a.
signal voltage necessary to deliver ac. powerof D3 walt to the loud-
speaker,

Solnti Load imped ferred to the primary side
becomes
2% {30)* = 1800 Q resistive
o Py = EEA g
atput power Py = torny B
v PP E
or [ [mx 1800
3800\ 06
Henen End = ( 3 ) * {50
il
and Ep = g}?_‘%) = 702 volts

Example 7. Inorder to amphfy without distortion a class 4,
triode amptifier i operated abave « minmum pdale cur entof m4.
Zero dignal plate vollage B, s prescribed (0 be 200 v Its  The tube has
amplification faclor p= 10 and anode slope resistance that sl give
mazimum undistortod output power. If plale characteristic for ¢ =0
has plate current §, = SmA ab plile voltage &, = 20 volts, ealcuinte the
salut of grid bias and grid signal voltage o get mazimum undistorted
oulput power, Coleulate this marimum power eesitavity,

Solation, To obtain mammum undistortud output power B
must ba equalto 27,

Thus Joad resistance By = Zr, = 2X 4000 = 8000 ohms.

Agaln for maximum vodistorted output pawer

grid bins Fy = y/2 By = 3 BoEe
e0-20y
= IR T 16°5 volta,
105
By = 7 = 117 volts

Henoo

1
Maxinmum .0, cutpay power P, 2By

. a‘muu = T;,TE‘-)-;-
= v‘i Bt (Stnco By = 27,
o

9 '] o
= 2XQIEXALD L 257 wate |

~

X By



508 FROBLEMS IN ELECTRORIOS

€C=0

LOAD LINE FOR
BMA fmmm e g mm e el LD R,=2X4000%

o

.

|
B Ty

. cpss P 22
Moximum power sensitivity = —ogwez) o S

o —*9"3)
92 (10)?
="G% 4000 210

= §°5656 X 102 mho.

Example 8. 4 class A4, transformer-coupled power amplifier
uses lriode having p = I0 and r, = 3200 ohms in the operaiing
range. The load i3 a loudspeaker of resisiance 4 ohms. Plale supply
voltage is prescribed at 300 wolts. Dislortionless amplification 1s to
be achicved by not permiiting plate curvent fo fall below a cerigin
minimum value Iy Mazimum ouiput power is oblained by suilobly
selecting the effective load resistance and grid bias. Calculate the
turns ratio necessary to get this proper effective load resistance on the
primary side. If grid bias so used is —25 volts, calculate mazimum
power oulput and maximum power sensitivity. If the zero signal plate

current I is 40 md, calow'ate plate circust efliciency. Assume the
transformer fo be idea],

Solution, For undistorted amplification in triode with
prescribed zero-signal plate voltage, in order to got maximum output
power, effective load resistance must be equal to 2 r,,.

N
Hence __2."’ = (-N;‘l) X By
No\* 2, 2X3200
or (w: ) =-—"~R—;- = i == 1600
N
Hen 2 =
co N, 40

-For meximum power output 4/2E,. = E, = 25 volta

Hence By = -5—% = 177 volts
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Hence B= 1’_~_(im0)'—+ll—'—l'-v)' = 00D okms
(101013 x 7000 s
= ——— == t

Heooe Pewasf TR0 —SUTD LG 0555 wath,

Exacaple 6. J elzes 3y tronefoomes-onpled pricer ampliler waes
trade Roriny p=Sardr, = 22 ot Lozi iy ¢ Dvdepraker of
resisive smpecsmer Dokre. Turmy ratiods 30, Celeelzie the rms.
£zl rlizye necesszry 0 Celiner e powerof 075 woll to the loude
pecker,

Solution. Loxd impedance tramsfirred to the primsryeile

s
23 (S0P = 1800 0 resictive
Octyzt power Py
or s
33
Hezee -~> X7
az=3 = 722 val

Exymple s, Inodo i empl T ellomt dirtm e oz 4,
230ds et Ser 8y opemtZ ghore 8 rmnimem pIT oo rd o =4
Seo el fWale rlizge T, f prraomibed iz Be 2D role
&2yl foiow f22w == oxd oxole glipr residze
manimys grildoetsd copet pov, If 7l
Rar plite ppmepn? ), = L
rolee of o3 Baw ond oS 72 oo g mzsivrs sndidstd
Calociale 231 woosies oo pover pori

Selofiom, T otuds mavimor mImeted ot povee 2
- - = =

=t be egmiltn 2y,

Tios I resistemre Ip = vy = X000 = 8200 obms,

[}
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0 2
Solution.  Poo =, 5-) R

o+ Ry
(@) Zye= 8000 Q rosistive.
15X 2 ] 3 e
— b 68000 = 1'(66 watt
Pag iscog 6000 J <%0 watts
. @iy (6201 4.y ‘
Available power Pg, = T, =8 19600 1875 watts,
P, 166
28 e = 8
Hence 7. = 176 0 888
(0) 7, = 24000 Q resistive
15x2 %,
P, = | Toooogadooo J X400
= 1060 watis
P, 1666 _ oo
Hence B =ymig = 00
(c) Z; = 3000-j 3000
—_— e »(HEUL)‘ZA - R
Poo = (3 RE+(KF ©
_ (15x20)*x3000 — 1156
= (120004-3000)3 (3 00)®
P, V166 _ ...
Hence P, = 878 0 01b

_ Example 5. In the A, power amplifier shown in the diagram,
oad resistance. B, is variable. Calculate the value of Ry which will give
naximum power output. Also caloulate the maximum output power 80
blained if grid signal By is 104/ 2 sin 2r X 10008,

& ;
n=i0

O D
1=40002 i
SRy kg X, 30008
C Jik
‘E ¥ ~ e
<« Epp
. _ WEy* R,
Solution, Pg, = (Tp+Rl‘;2+(Xl)2

.1t may be proved that P,, is maximum when

B, = Jri 1 Xp
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Hence R, = 4/{A000)F +-a000)¢ = £000 ohms
{10 x 102X 000
(1000 450U 4-(3000)*

Example 6, A class Ay transformer.conpled power amplifier uaea
triode having g = 8 andr, = 2000 okms. Lnad iz a lovdspeaker of
resistive impedance 2 ohme, Twins ratio is 30, Calculate the romas,
signal vollage mecessary lo deliver a.c. powerof 0°5 wall fo the loud-
epeaker,

Hence Popmart = = 05535 watt,

Soluti Load imped trapeferred to the primary side
‘becomes
2%(30)7 = 1800 Q resistive
2 E 2
Output power P, = —('lf"-ﬁh,—, n
5o (R EN
or o5 (mx 1800
3800\ 05
Hence Ept = (\8 0) X {560
38
and En= E;(%% = 792 volts.

Example 7. Inorder lo amplify without distortion a class 4,
triode amplifier 3» operated above 6 minimum plate curient of md.
Zero signal plate voltage Ey ts preseribed fo be 200 volts  The tube has
amplification factor p=1I0 and anode slope resistance that will give
mazimum undistosted oulput power. If plule characteristic for ¢, =0
Ras plate current iy = SmA at plite voliags ey = 20 volls, calculate ke
value of grid bias and grid signal wollrge to gel mazimum undistorted
output power, Calculale this mazimum power sesitivity.

Solati To obtain i di
must be equal to 2 rp

Thua load resistance By = 2r, = 24000 = 8000 obms,

Agsin for maximum undistorted output power

grid bins By = 2 Bpe = 3, BEe

ted output power B

_ 3i210~20) y
“ixio - — 160 volts,

16"
Henoe B = T: = 117 volts
Maximum s.0, vutput power P, = 2B
<0, Lutput p 2u;wn B
= ”{T‘:‘, Bt (Since By = 2r,
- 2xA0P X117
UX 3000

xR

= (757 watt,
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3 =0
I % €cEcc
i LOAD LINE FOR
SMA pemmmm o e e e bl R,=2x40008L
! :
: X
Iy
€,
=20V
- zov 4
* o e & Pac\wur[ — 2!1.2
Maximum power sonsitivity = B, o
2% (10)*
=-————"-mho
DX 4000

= 5666 % 10~® mho,

Example 8. A class A4, transformer-coupled power amplifier
“uses lriode having p. = 10 and r, = 3200 okms in the operating
‘vange. The load is a loudspealer of resistance 4 ohms. Plale supply

‘ltage s prescribed at 300 volts. Dislortionless amplification isto
e achicved by not permitting plate current {o joll below a certain
minimum value Iy Maximum oulpui power is oblained by suitably
gelecting the effective load resistance and grid bias. Calcvlate the
turns ratio necessary fo get this proper effective lcad resistance on fthe
primary side. If grid bins so used is —25 volts, calculate mazinium
power oulput and maximum power sensitivity. If the zero signal plaie

current I is 40 md, calewiate plate circuit efficiency. Assume the
transformer to be ideal,

Solution, For undistorted amplification in triode with
prescribed zero-signal plate voltage, in order to get maximum output
power, effective load resistance must be equal to 2 r,,

N
Hence . ) 21, = ‘—-——AT:’ ) XR;
No\* 2, 2X 3200
N
H 2
ence N, 40

* “For maximum power output /28, = E,, = 25 volts

: 2
. Hence Ly = '_\7% = 177 volts
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Henee maximum power output
.p'l‘ J
firy
2% (01778

- eyEmr ™ 208 watla

Lot imanr =

Maximum power senaitivity

P
artmaet
- et

“ox

0o
[ -3
Sg00 = VI1¥ 1070 inbo
"y = Power from plate supply routea
o Dydy = 30054 21078 = ] 2watte
Heneo plats circuit efMelrncy at maskmum nutput bs givon by

Ty - ',“zmo- 1817%,.

Example g, [In claws A output pouer amplifier suaing pentisle,
shown in the dingram, impedanes o /[rnd ty bmdopenber 425 ohms
yeaistice, 2evo aignal plate current {y 40mA and (ngut grid I{/’"'ll [
10 volts r.ma, Calevlute oudput a e. prores and gla‘e elresid s Wg/
Primary fo the secondary turns satio $1 30, AL {mpedancs o I/., -Cy
Uiasing circuit may Lo contidered to be 2510, Ataume the tran-frrmer
o be ideal,

LGUD-3PEAYLR
Hpn n;

___ [M-J/ﬂ/

Solation’s ,Efective biad recirtance
—mlm .
By - ( "’{-) Py

- (20750 = 4% ohame,

Fry 10 i
= 3 P . 1
[’r‘H’x ] Ei Ll‘/).&;{,]'/ 7 - Vs T

Power ezsplind from plass supply womsen by given by
Piy == Egdy oo 078071078 = 12 attn

Plats cirsit ety 7y = gy 100 = 743,
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Hence maximum power output
22E
Or,
2x{10x17°0)*
= TT9x3200

Pee vmarr =

= 2'18 watts
Maximum power sensitivity
__ Picteryr _ 20°
TES T,
2x100
~9x3200

= 6 904x10-* mho
Py, = Power from plate supply source
= EnJy = 300xX4° x10= = [2watts
Hente plate circnit efficiency at maxrimum output is given by

ne = 1817%.

Enmple 9. In tlau A cu!putpouw amphﬁer uung pentods,
shoten in the offered 'y loud-peaker is 5 okms
resistive, 2¢r0 algnal plale current 18 40md and input grid signal is
10 volls ram.s. Calculate output a c. power and pla'e circu:t effic-ency,
Primary to the secondary turns ratio 15 30. A.C. impedance of By—Cy
biasing’ circuil may be considered to be 2210,  Assume the tranformer

to be ideal,
LOUD-SPEAKER
”P%”éf Fik

+
_‘__ fbb-soov

Solution]: {Effective load resistance

= (30)’ 5 = 4500 ohms.
[ 2En T poo [SO“XIO ] -
P, [f,+1f,' ] Ry e x-— 11134 watts
Power supplied from plate supply source is given by
Py = Ey.Iy = 300X 40X 10-* = 12 watts.
Plate oirguit efficiency », = r 134 X100 = 0:45%,

R, =

’
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Class A, Pushpull Amplifier

Every power amplifier has a limited optpnt powex(-] . cqpa:;ti
usnally depending upon the moximum permissible plate .1sshp:hxo
in the tuhe. If preater output power is requxrgd to he obtaine ero
are two methods that may he used. One consists n parallel opera-
tion of two tuber {.e. operntion in which the plates of two tubés ﬁre
connected together, eo also are the grids ﬁt.ld cathodes. Suc 'd“
paralle] operation permits a.c. output power twuse as l_nrae }z]as pxct)vz‘ -
ed by a single tube. Alternatively two tubes of 1.den’m.cn] ¢ ‘m'ac %:?- ‘
tics may he connected in “purh-pull” as ghown in Tig. 14'13. This
push-pull amplifier also pives output power twice as ]mi};’e a:h mn a8
single tube but there are additional advantages sccruing Irom t’e m(sj_
.of push-pull connection, the most important being the elimina 10% .
" even harmonic. distortion terms from the -outpub .of ’chfa amplifier.

--~Hence for the same maximum permitted harmonie distortion, output
. power much greater than twice that of  single tube may be obtained.
Further class 4B and B operations of audio frequency power qmph-
fier with resultant high plate circuit éfficiencies may be use'd without
excessive distortion. Class 4B and class B operations of smgl‘_e tube
audio frequency amplifiers is not possible because of excessive dis-
tortion. Another advantage that. results from push-pull operation is i
the fact that zero sippal plate currents in a push-puil apnphi.ier ?ow
through the primary -of -output transformer in opposite directions
and hence magnetic saturation of the core is avoided. "A smaller and
lighter core may, therefore, be uged for the cutpnt transformer.

In the cireuit of Fig. 14'13, t; is the inpud Qush-pull trans.
former. Input signal voltage is applied to the primary while the
secondary is centre-tapped so that voltage e, and e'p are exacjaly
equal in magnitude and opposite in phase i.e. while one is increasing
the other is decreasing by the same amount. This type of connection

t 2 O
Mo 0 =
€ = R

Fig. 1413, Push-pull untuned power amplifier,

s referred to as “push-pull” connection. A similar push-pull trans-
~former is used at the output, the centre-tapped winding being used
% as the primary. Obviously then as the plate current 7, of one tube

increases, the plate current #,’ of the other tube decreases by the
same amount. In other words, a.c. plate currents i,
‘equal and 180 degrees out of phase.

transformer, output voltages produced by

and i’y are
By using push-pull output
these a.c. plate currents i,
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énd 35" get sdded. A.c. power ontput is, therefore, twice as large as
would be obtained with o eingle tube.

.~ Assumption msde in the snalysis of 4; push-pull amplifier
LACRE]

{) Grid bizs apd grid-drive are g0 adjusted that plate current
Bows for_ths entire s.c, cycle,
(i) Operation is restricted to negativegrid region of the tube
characteristics and hence grid current does not flow.
(iii) Transformers are ideal, .
(iv) Polnta P; and Py are true electrical centres of the windings.
(v) Load is a pare resistance,
{ri) Tubes 2’ and T, have indentical characteristics.
Zoro signal operation of the amplifier circuit will be considered
firat followed by discussion of operation with a.c. signal applred.
Zero sigunl operation. With no signal applied at the input,
following relations become apparent :—
€ =0
ty = =0
e ~¢’ =E,
=t =0
€, = ¢’ = L, = By, (assuming zero d. ¢, voltage drop in trapsformer
winding)
=2 = I
We cobservo that zero-sigoal plate currents in the two tubea
have the same valoo Z,. The totsl zero-signal plate current through
the plate supply source is then 27,, Henco in zero.signal operation,
conditions ase similar to those in parallel operation,
Forther under t dition, plate B DIA
e a7

value

2 A
F pmal B thencl bhn sion haloeg ~F 6ha nelmige— o
EY ¢ T

But ;'i;xce these currents are equal, and the number of turns are als
equal, the net magnetisation of the core resulting from the zero
Ao It e G T o se

.tt;a core is thus avoided, For a preseribed power output ant
permisaible harmonio dist,rtion caused by nonhimeanty of trans
former oh istie, it is poasible, therefore, to usoa smaller
lighter and comparatively inexpen’ive output transformer core 'y
a pushpull amplifier. .
Qperation over llnear region of tube character
Having idered ignal operation of an ideal pushp
" ve may next study the elfectof application of such & s
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signal voltago that the operating point travels over essentially linear
region of tho tube charactoristios, Obviously then,

Cop. == —€' g ... {14:07)
Total instantancous grid voltnges are given by,
e == leo + €pi ...(14°68)
[‘.ud e'o = Eco + e'pk = ECO - c‘;k‘ ...(14.59)
Beoauso of the lincurity of operation and symmetry of
smplifier cireuit, oo
Vpm= — oy L, " «.(14°60)
and instantancons total plate voltages are given by,
iy = Iy + iy (1481
und i'b == [b + i" = Ib e i‘y , -'-(14'82)

Total current through plate power source
=y -1y = (Lod1p) 4 (lo—1p) =2 Jo ... (14°03)

Thus ourrent through plate power source hus curront constant
value of 2 1, and has no a.e. component, Hoence it is not necessary
for tho plate power source in pushpull amplifier with lincar 4,
oporation to have low internal impedance. Further if cathode-bias is
used ns shown in Fig, 1414, it is not necessary to use the bypass
condenser Cf since in Jinear 4, operation there is no a.c, component
of plate-ourrent through plate supply source.

Fig, 1414, Pushpull nml;liﬁor usix;g cathode-bins,

) A.C, equivalent circuit of lincar 4, pushpull untuned amplifier
- -is shown in Fig. 14'16,

e ~
s ue-g-,‘(:'-‘uf:gk
7 3P ety

Fig, 14:16, A.0, cquivalent cirouit of lincar 4 h .
oo ’ powor amplifior, + pushpull untuned
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. lLosa impedanco R introduces between poiats P, and P, on
the primary side, an apparent resistance equal to
23 =4 (¥
( kA Yhi=4 zT:)R"
Further the centre connection carries no a.c. component of plate
current so that a.c, equivalent circult of Fig. 1415, re uces to ane
shown in Fig. 1416, Appareut resistanco of 4 (g!- )R, between
plates of two tubes is referzod toas plate.to-plate r:-sistauce " Ry
N,
g0 that R, = 4 (ﬁ) R, .. (14:63)

Gk &

|

Equivalent ciccuit of Fig, 14°16. (a) may facther be put ia the
form shown in Fig. 141v(d) in whioh genorator voltages and
internal impedances havo been grouped together. From theso equi.
valent circuils, we may caleulate a.c. plate curreat, a.c. optput
voltage, a.c. output power eto,

Let us assume tho input sigoal voltage to the input of tube
T may be put as,

(a) ()
Fig, 1416, Modified & o. equivalent circut of laear 4,
pushpull amplifier

= By 003 W = {/2E;, cos wf o (14:64)

At #r4tem o Mok o= - - the same sinusoidal
. . +y or rams, valuea
PN . .o - s 4 this modification
"o ., . P . . . .
ZuEn -
Plate current I, = Erey (14 t‘ﬁ).
or 7, =& E’{ (14°08)
o3>
Total power delivered to the load is given by, -
] C e
bu = By = [ )R, e
r,+—-2’3 .
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v
-2 f.&’f’%ﬂ . 522? | .{14-68)
oty

Equation (14:08) indicates that the total outpit power of
class A pushpull amplifier is twico that of each tube considered to be

N i1
operating into the equivalent load resistance~2;

2 L]
Equation (14°68) may also be put in the following form,
P = f;‘ig‘}’%w 1% Fo e (1469)
7o .4 Lt 4
2 4

From equation (14:69).we conclude that in so far as the output
power is concerned class A, pushpull:amplifier may he equated to a

[

T
£ Rp g

o> {(v) gl 4 j

59 +

Fig. 14:17, Alternative form of a,¢. equivalent,
- single composite voltage generator having e.m.f, equal to pl,, with

1 s ) r A > .
! internal resistance of -—:L and which works into a load resistance
R I
equal to »‘:”- as shown in Fig, 14'17.

Large signal operation extending into non.linear region of
tube characteristics,

When the signal is of large amplitude, the operation is not
entirely confined to linear region of tube characteristics and results
in generation of harmonics in the plate current. Let us again assume
the grid signal voltage to be situsoidal as given by equation (14'64).
Then harmonics present in the plate current are given in the follow-
- ing expression,

— by = Tyt oot Dpn.€08 @b+ Iy cOS 20bTpg €08 Beatt-... ... (14-70)

But e’y = -e?’k,_tupes.are identical and circuit is symmetrical.
-~ Hence plate current ¢y is similar to 4, except that ot should be re-

placed by (of4180°).
Thus, i’y = I+ Ty pym cos (@i 180°) 41 5y 008 (wE--360°)
+ I g3m €08 (3 wf4540°)....., ...(14°71)
or iy = Ij+1p—Ip, cos (ot)+I gy cos 20t
"‘"Igam [de}:] 3@"‘{"‘ "ee u.(14.72)
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Dutput trapsformer is assumed to be ideal so that leakage
) . ° - "."le. The sum of
v eurrents in the

Thus N~ iy (Ny)—ig(dy) =0 (1473
or is =1—1§:— i) (14748

=2 ;“J—' {751m 008 01+ Soy €08 Beol ..} ...(14°TD)
3

A very significant property of pushpu'l operation that becomes
evident from equation {14'76) is that even harmonics se. second,
fourthieto. harmonics gensrated within the tube are absent in the
output. This property makes a pushpull amplfier far superior ta a
parailel connected amplifier.

Corrent through the plate supply sourco is equal to

NV = 21342150 2[1 5 €08 200+ Ty €09 4 Cih4-..l]

i e (14°76)

Thus on epplication of signal voltage, current throngh the
plate supply source contains in addition to the original d.o. current
2], odd barmonic terms and an additionel average component 2/,,.
If a d.o. milliammeter is connected 1n series with the plate supply
source, on applieation of gnd signil voltage, milliammeter resdimg
increases by an amount equal to 2/,, 1ndicating that harmonic dis-
tortion is taking place.

5

Composite tube and p static char

A.e, equivalent ciccuit of Fig. 14'17 enables us to determine the
n.c. plate current of the composite tubs which gives the same power
output as the actual pushpull amplifer. Further the tube operates

into an impedance of -I’ ie. into one-half of the output trans.

Cirouit diagram. 5) A.C. equivalent circuls,
F(g(.q[)&l‘;fuc;m:ﬂ% disgram of tcmpoﬂia tube An?p”ﬁer snd its
n ¢. equivalent cireust.
former primary winding with the oth‘er half open.circuited. Thuse
oompm‘l’ta tubo may be defined as & single tube which when operatin;
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: . . ‘v . i]e

i . { tho output transformer primary winding with t
':)[;nroﬁgl‘t]‘aglf):n ci?cuitgd, yiclds the same l'o_ad current and - a.c.
output power as the actual pushpull amplitier using two tubes,
Figp ]4'11)8 ghows the circuit diagram of composite tube amplifier and

its n.:. equivalent circuit.

Although plate current of composite tube and the a.c. output
power may be calculated {rom equivalent circuit of Flg-'l‘i'] 8 (D), it
is useful and necessary to study the characteristics of_th.ls composite
tube. The composite-tube static plate chnracbc‘.ns:tlcs may bp
obtained graphically from the static plate characteristics of the indi-
vidunl tubes. 1t is assumed, however, that the output transformer
ig ideal 4.e. it has no winding resistances, leakage inductances and
excitation currect and that the centro tap is the true electrical
centre of the windings. From Eqn. 14:74,

. Ny o .,

ta = 1’;71; (fp—1')
go that output voltage e, = i,. 22

- “?vl: Ry (i) . (1477)
N,
But ey = —ﬁ’; . €p ...{14°78)
From Equations (14'77) and (14-78),
Ni\ip,. o .

e, = <"z\“;) Ry(iy—i"y) . o(14:79)
or ey = (ia——i’,»%ﬂ (14°80)
and f, = t—1'y ...(14:80 @)
From the oircuit diagram of Fig, 14:13,

€y, = Eb —ey ...(a)
8'b = Eb +e, ...(b) .

& = Bopteon () ...(14'81)
and ey = Bep—egp w(dy )

From Equations (14'81) we conclude that when grid-to-cathode -

" “voltage e, of tube 7'; increases above K., by an amount equal to ey,
.".the corresponding value of ¢'; decreases below E,, by the same amount
. €or Similarly when plate-to-cathode votlage e, for tube 7', decreases
- below vhe ze10 signal voltage F, by an amount equal to e, the corres-
'ponding plate voltage ¢', of tube 7', increases above E, by the same
amount e,. In Fig. 14'19 (@) three static characteristics for grid binses

. ‘of .E“’ Eg+eg. and B e, are shown. P is the zero signal operating
* " point. The_n for giid bias of £, with the application of signal egy, if

. the operating point P, of tube 7 lies anywhere on static charac-
. teristic for K¢y +eg, the operating point P, for tube 7', must lie some.
wpere.on the static characteristic for Be,—e,. The exact position
of points P; and P, depends upon the value of incremental plate
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. , NN PYERr Ry
. a8 shown in Fig. 14'19 (a), Values of instantaneous

;lotltzzg:u?r,ents i, and 4, may be found from pasitions of points Py ;;ﬂntcei
P,. The ordinate of point C in Fig. 14°19 () gives the dxffe;‘ince aI,)lues
ourrent (;—i%). This construction is repeated for two o ‘e;s v e
of e, in Figs. 14°19 (b) and (c) and let tl}e corresgonqlmg poin 8 "ned
catigx’lg (i,—1'3) be C' and C". The poiuts C, C', C etc. soho ai ned
are joined by a line es shown in Fig 14'19 d). This line 8 Q:ss tho
variation of difference current (1‘,,:—-t'b) against e, and hence gﬁ .e‘ the
composite-tube static characteristic for the given value of grid-sig

voltage egn.

i y

‘bt

=ECC ‘f'egk

Ec=bee

COMPOSITE STATIC &=EccCgk
CHARACTERISTIC FOR
!
1
i
&
~ bty 8—r

Fig. 14'18 (d). Construotion of composite statio oharacteristic from
statio plate characteristios of tubes, -

It may be seen from Fig. 14'19 (d) that the composite static
characteristic is far more linear than the static plate characteristio
of the individual tubes, Further this composite statio character.
istic extends even into the negative plate current region., A family
of such composite statio characteristics may be drawn for different
values of grid signal voltage e, as the parameter but for a fixed
value of &, as shown in Fig, 1420. If the value of E,, is changed,
the whole family of characteristics gets changed.
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£ o
1 /A
bbe & W
%
COMPDSITE STATIC,
CHARACTERISTIC FOR
GGz Cqr 0 G e

Fig. 14'20. Family of composite statio characteristics.

An slternative and more common method of deriving compo-
site static characteristics is due to Thompson. Validity and proce-
dure for this method becomo appatent from the following considera-
tion, Let.current 4, of the composite tube be given by,

felee, €3) = dplees &) —i'y(e'e—e") o (14°82)
where ¢, and e, refer to tube T, and ¢’y and ¢’, refer to tube 7,
But since sy = —¢n, we have
e =Eptet'y =Eu—ey=e,~2 ¢, «.{14'83
Further  ¢,' = —e, and for ideal loesless output transformer
Ey = By = Ey .(14:84
to that ¢y = Eptey’ = Ey—e, = 2 Epy—oy . {14+85'

Forther tubes T, and 7 are identical and hence cnrrents ¢
wnd ¢’ are similar functions of different variables. Henco ', (¢, ¢y
nay simply be written aa iy{e,, ¢3). Therefore, Eq. (14 82) may be
put in the form,

idEuten, ) = 6[Euteg, 4]~ E—tas 2Bn—a)

(1486

Eq. (14'86) suggests the Thompson method of drawing the

posite static'ch istic, In accordance with this method and
Eq. (14'80) the static plate characteristics of one tube eay tobe Ty
aro plotted in the usual manner while the static plate charao-
«tistio of tha other tube 7, are plotted in an inverted manner with
Jotential ecale shifted by 2E, [or 2E}, for ideal output transformer]
10 that potentials E, of both the set of curves are aligned with
each other. Pairs of statio characteristic of two tubes arr” " ked
up. Thus if we plek up for tubs T), static plate char’~ = e
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of Beteo ocorresponding, charactoristio of tube T, pioked up

ia for B, —eg ond vice versa, Thus while picking up the- charac.

teristics, it must be remembered that the sum of the parameters

of these picked up oharacteristics is 2 H.. Ior any such "pair

picked up a number of vertical lines are drawn and the
B ooy

N

e b | b [Eee*egk)

5/‘# S Ny (OMPOSITE STATIC
CHARACTERISTIC FOR+€gk
elEcctCok, 6y ]

b (Ec o6k, € d -

bp [Ece gk.?fbb’eb]

G

by [Ecc€gh 26,76, | iy

Fig, 1421 {a). Constructio, of single composite static characteristie.

ordinates of the

two curves are algebraically -added. Thus in

Fig. 14'21 (a) length of the ordinate XC' is equal to length XP,

--Fig.. i5‘21.

i (6) Fﬂmﬂy Of col’hpOBle Statlc characten } ‘() vén v
-
- stic T given atuﬁs

Uomposite static characteristicy by Thompeon: method
8Dy, X )
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ninus XP,. Al points € so obtained, are joined to give the
composite static characteristic for the two tubes 7, and T, for
given values of E,, and E,, and for the given grid signal voltage
2, Similatly other composite etatic characteristic for different
grid signals may be drawn to produce the family of composite static
oharacterictics for given values of E,, and Epe

1t is apparent from Fig. 14'21 (b) that,

(3} enmposite statie characteristics are far too linear compared

with the individual tube static characteristics,

(1§} zero-gignal plate current in the composite tube is zero,

(i1} composite static characteristics are almost linear, parallel
and equispace 1 for equal increments of grid voltage

The Thompson method and the first method given in Fig. 14 19
yield the same characteristics,

The ahovs diccussion regarding the graphical construction is
general and, therefore, applies equally well to class 4, AB end B
operations of a purhpull amplifier, posite statre chiracteri-tics
for pushpull amylifiec usine pentodes can be obtanad ina vmilar
manaer, Fig. 14 22 gives the enmposute tube character sties (shown
dotted) for three vsluea of grid swgnnl voltage e, for prid bias
Fe = —20 volts, Construction methol fore, — +10 voits 18
indicated, Compnsite static charactenist-cs for nentodes are obviously
more easy to draw since the jndividual tube, chaructenstics are
easentially borizantal. For the same reacon zero gnal composite
static characteristic coincides wijth zero current axs

t LOAD LINE WiTH
Stope = -1~
b

=+l0v
€x-10¥
,_--~-““""’"~€’9k:‘lm’

& =-20V
&==30¢

€ =-35V

. egr=0v

N e e

Fig. 14 22, Composite static characteristica of a pentods
puskipull amphifier

, Load lines and d. ic transfer cl dstics of 7%
pesite tube and individual tobes
In accordance with equation (14 8 ) effective Jo8?

for the composite tube is "%’J’ and load line may be ~ N

peaustscs
.t
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-

1
(Ry5/4)

and passing through the point P on the voltage

axis distant B, from the origin as shown in TFig. 14 23. Let this
load lino cut tho composite charactoristics in points Py, P, ete. Then
these are the points on the composite dynamic transfor characteristio.
Each point of intersection gives value of current 4, of composito tube
for tho corresponding grid signal e, Theso points may be plotted
to give the composite dynamic transfer characteristio. This is shown

in Fig,

|

%

. Fig. 14'24, Dynsmio

1424,
o - o - &N
A RS [ A T
Q —|_COMPOSITE STATIC
) ¢ CHARACTERISTIC
AN
i ) 9 ,
A WA PATH OF OPERATION
VSIN TR - OF TOBE
{ 1’ ) P i 1
! ‘F 1 f 2fp &) ——r
]\’2 i 1 : b
) g i y
R 3 i
RN
Ry . COMPOSITE
" LOADLINE
PATH OF OPERATION ~ SL0P E’(ﬁ;},)
OF TUBE T, i

¥ig. 14'23. Load linos of composite

tube and individunl tubes.

DYNAMIC TRANSFER P,
CHARACTERISTIC OF ini
TUBE T; B
k COMPOSITE DYNAMIC
qQ —1 TRANSFER
: CHARACTERISTIC
992
R,
S
%
B/ / DYNAMIC TRANSFER 1
n? CHARACTERISTIC
2 OFTUBET;

transfor charaoteristios of composite jube
and individusl tubos,
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becomes zero when grid voltage e, of tube 7'y reaches zero and vice
versa.

Y

)

22

&

(Y
_-LOAD LINE FOR TUBE 1

2py,
u LOAD LINE FOR TUBE Tp

i

\

Fig. 14-25. Composite static characteristics and load lines for
ce compasite tubes and individual tubes in limiting case of
class 41 operation,

OCutput power and distortion in pushpull amplifiers,

For input sinusoidal signal, output current may be found from
composite dynamic transfer characteristic. Obviously with reference
to the Pischer Hinnen method, studying the nature of composite
dynamic transfer characteristic, I, = 0, 13 oz = % min 20d §; =—1,..
Hence in accordance with this selected ordinate method or Fischer
Hinnen method, from equation (11°111) to (11°116),

COMPOSITE LOAD LINE

Iy = Ippm = Iy, , ..{14'87)
Ipim = $(ipgztiy) .-+(14'88)
I:D‘am = J.i(@maz'_z"l) -'-(14'.89)

where I oim» Ipoms Ipgm 80d Iy, are amplitudes of fundamental,
. second, third and fourth harmonics of plate current respectively.

Hencs a.c. oubput} power a}:g fundamental frequency is given by,
2 Ipimt B
Py=(33) TP = Em e " (14:90)

- If harmonic components of output power are neglected, total
" output power is given by,

.._': - P o= Lo By

T Pememg (1491)

* where Ipy, ond By, ore respectively peak values of the a.c. output
- current and voltage respectively, These may be found directly from

_ 14:23 'where -
Lo { - jI',,m == Iy (ordinate of point P,) and
T E”'.” == By~Ep,, Bp, being abscissa of point P,

e — (B—B)
Henoe Pon o b 2172)( z:z) | ."(14.92)
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B,
For maximum output power in class 4 triode pushpull ampli. .
fier, in the equivalent circuit of the composite tube given in Yig.
1418 (b), the effective load resistance B,/ mustequal the source
reaistance ryf2.

) For pentode pushpall amplifier, above cansiderations of matche
fng the effective load impedance with eff ctive internal impedance
of the source does not arise, Instead, the optimum load is so
cl}osen that it gives maximum power with low distortion. In
Fig. 14'22, optimum load line is drawn from point @ on the voltage
8xig ab ¢, = Ej, at such an angle as to intersect the compoaite
tube maximum grid signal characteristic near its knee.

Driver amplifier for pnsbpull amplifier.

Driver amplifier is the one which supplies to the grids of the
pushpull power amplifier tubes, two voltages of equal magnitudes
but opposite phaees, This may be achieved by one of the following
two methods :—(#) use of centre-tapped transformer and (i) use of
poraphase amplifier, .

Driver amplifier using centre.tapped transformer,

This {3 one of the most common driver cireuit and i3 shown in
Pig, 14'26. It i3 a simplo transformer-coupled amplifier with centro-
tapped secondary. If no grid current flows 1n the pushpull ampli.
fier that follows, then the design of this driver amplifier is quite
simple. Often, however, pushpull amplifier tubes carry appreciable
grid current, so that power as large as 16% of the pushpull ampli.
fier output power may be required to be fed from the driver ampli-
fier. Grid circuits of the pushpull amplifier then present non-linear
grid-to-cathode imped Iting in distortion of the signal
waveform unless the effective internal impedance of the dniven
amplifier is very amall. Hence in such cases, driver amplifier must
he designed to have low internal impedance. Further s step-down
transformer should be used to couple the driver.amplifier to reduce
the effective internal impedance further.

10 GRID
OUTPUT Tt
7O CATHODE } p[/_sﬂpyuo
= AMPRLIEIER
70 GRID

Fig. 14 26. io disgram of
s driver eircuit.
Parﬂphus’c amplifiers or Phase Invertors,
A paraphase amplifier, also gometimes called & pht
isan amplifier which produces from a single source. 1
equal in magnitude and 180° outL,of phnse‘..;‘ Fol’lov
. of the more. 1y used parap p IE
. paraphase amplifier (5) two-tube paraphase amphfl
hase amplifier (d) Cathode-coupled parap 8l

P



Single tube paraphase amplifier. ' .
T ' Tig. 14-27 shows the basio
circuit. The amplifier has alrendy
been discussed in chaptor XIIL.
Resistunces R, and Ry are kopt -
oqual. Tho voltage £ and E, are
oqual in mangnitude and opposite’
in phase.  Aualysis in chopter
XTIl has shown that voltago
goin  of the stage is less than
unity and is given by,

ot

— ke e
Tig, 14-27. Singlo tubo paraphass Ao (p-t-2)B+rp ( 3
ninplifior where Rgp= Ry= R
Sinee {p-}-2)R >> 1, for triode, ,
hp = | L (1404)

sy
Two.tube paraphase amplifier,

_ Fig. 14'28 shows a simple two-tubo paraphase amplifier. Tube
'y in conjunction with load resistance R;, 'coupling condensor C,

©4
2 £
3] éﬁg 0
1= T L o
<,:R,: lc’, f
=R; Eo
Ll

|
%R{ Cc
+8

Fig. 1428, Piyo-tubo paraphase amplifior,
. and shunt res.lstance (ﬂl+R2) aots a8 & convoentional one-stage R.C.
coupled amplifier, E, is the output, voltage. Resistors. B, and R, con-"

. stitute a potential divider. A fraction L of output voltage

%
‘potentint d R
T, of this amplifier is fed botween grid and cathode of second tube
T, This tube 7'y in conjunction with load resistance B,’, coupling
“gondenser €, and shunt resistor R, constitutes another stage
© of R.C.-coupled amplifier. The ratio of resistoncos R, and Ry is so
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chosen that tho output B, of tube Ty equals the output voltage L,’

of the second tube Ty, This bappeus only when the ratio 7 l_:_’R

is equal to voltage gain A, of the amplifier veing tube ﬂ‘:..

Further this seeond amplifier “inverts the phase of amplified voltage

80 that B, isequal to E, in mugnitude and is opposite in phase.

Thus it is possible ¢ obtain two voltages equal in magnitude and
S e e PN e oy

. v T This circuit

" H PR ' . ' of hnving
' . . o, - ng utitized

€. . lifier stage. But it is necess-

- e, % conditions such that the
curvature of characteristics of tube T, just compensates for the
“eurvaturs of characteristics of tube #,. This ensures that the
voltage between output terminal 4 and b, is essentially uwadistorted
. T oo e ET AP R 1?! L R Ay yuv lerminnls ﬂnd

of operating

o and consti- ' |

Two-tube floath b lifier,

parag 7
Fig, 14'29 shows the circuit dingram of one type of floating
paraphase amplifier. It is a sort of feedback device. Ths difference

PrY

B
A
ﬂf b
’
Rp &
7‘2 R
f it .
B A
e, G
- RL
+A
Fig, 1420, ‘Two-tube floatlng parsphase smplifier. |
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potential between the output voltages E, a:nd E/ of: two tubes is
used as input signal to the second tube 7' i.e. phase invertor tube.
Tube 7T, along with load resistance R, coupling condenser O, nnfl
shunt resistances R, and R,. is & conventional R.C. conpled ampli-
fier. Resistances By, R, and Ry, are. kept equal. The voltnge deve.
loped across Ry, constitutes the input voltage for tnbc'a T,. Tube
T, along with load resistunce B;, coupling condenser ¢, -and shunt
resistance (R, Ry) constitutes the phase invertor amplifier. . Let
E, and E,” be the output voltages of tubes 7; and 7', rcsp}ectxve’ly.
Then across Ry, is developed a voltage equal to 1(E,+E o). But
voltages E, and E,’ are 180° out of phase and E, i8 ad]ustfzd to he
slightly larger than E,". The voltage 3(E,-+E,') is then quite small
and drives the tube 7', to maintain relative values of E, and E/S .
Any change in E,/ causes a change in E,;, which after amplification
changes E, in such a way as to bring it back to the desired value.
In order that E, be kept small, gain 4, of tubs 7T, must be large
and for this purpose 7', is usually a pentode. .

Cathode-coupled Paraphase Amplifier.

‘ Fig. 14:30 shows the basic circuit dingram of cathode coupled
.~ paraphase amplifier. It is basically a dircet coupled amplifier and

Ja

+B +8
Ors P
T
£ Eo

1‘0

L
o ! 0

[T Fig.i14-30.7 Cathode-coupled paraphase amplifier.

» isilwidely used to provide pushpull voltages for oscilloscopy and to
.-~ pushpull emplifier. Tube 7', along with load resistance R; and
- ." enthode resistance Ry is a simple cathode feed-back amplifier, R,

. i8 usually very small compared with R;.%!Voltage E, developed

across By is 180° out of phase with output voltage E, across R,

" This votage E, constitutes the input voltage to the next tube T,

.- Thus tube 7', is cathode coupled to the first tube T;. Output vol-

" tage E, of tube T, isin phase with R, and is, therefore, 180° out

* of phase with E,,

Fig. 14'31 shows the Thevenin’s

of the amplifier as seen from ¢
tubes T; and 7'y are similar,

form of a.c, equi™nlent circuit
athode-ground termina s. The two

wi .+ From this a.c. equivalent circuit,
o . r +Rl
B = L, 2t o (14:95)
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N 1o+

Wl
Also By = —— 0 (14 96)

Fig. 14-31. - Thavenin's form of 8.6, equisalent citcuit of cathade coupled
paraph pliBier av seen from eathed d

P!

R, 1,4 Ry
x 25 21T S S 5 T (18
Hente —1p,. e | P il (14:07)
RS i
I st (1498
or i, 1+ Ryt { }

Thus we xes that I, is greater than I,,. Typically —;—’—‘alq,
pt

The output voltages E, and E,’ bear the same ratio. The difference
between E, and E,’ may, however, be kept wmall, by keeping the
ratio — iL‘ not much larger than unity. If ?— is not to exceed -1,
2

then

I+ Ry
Ry&10, =120

* ut1

1f 1,, is to keep very closo to [,;, R, must bs made large.
From tl.e a.c. equivalent eircnit,

<.(1409)

f;—l Ect-(ln—Tp)) L’;‘_*‘r”r' -0 (14100}
Hence I~ = 7'}5_%1?—! -..(14'10.1) )
1,, is approximately equal to —I,, and hence .

Lixl,= ﬁ) w(1£102)
Heye E<-E/ = 2:‘:—1&3 ...(M'iOS)

Class AB pushpull audio frequency power amplifier.

In class 4B operation, grid bias and grid signal voltage are so
adjusted that plate cucrent flows for eppreciably geeater than half
the a,c. cyclo but Jess than the complete cycle. The plate current
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waveform then departs considerably from the input voltage wave- .
form resulting in harmonic distortion. Consgquent]y gingle tube
class AB amplifiers are never used for audio {requency power
smplification. Pusbpull operation eliminates even }garmom.ca.and
thus the harmonics are reduced to be within the permissible limits.

The circuit dingram of puchpull class 4B audio frequency
power amplifier is the same as that for pushpull class 4 audio

100

PATH OF OPERATION 3, /.
OF TUBE T

80
q
£ §0
g
s 407
20
% G
20
=X
40 §
=
/ 60 "R
/ ¢ COMPOSITE
PATH OF “lgg | TUBE LOAD /
£ Sov OPERATION OF LINE.SIOPE :-{?I’JP
= BE T, P
c« ?U 2 100 4
Fig. 14:32, Composite tube characteristies and load lines in clase
AB pushpull amplifier,

frequency power amplifier. The only difference lies in the operating
conditions. As the operation of pushpull amplifier is. changed from
class 4 to clags 4B, it is interesting to examine the changes in
(f) the shape of the composite tube static characteristic and (i) load
- -lines or paths of oporation of individual tubes when the plate supply
voltage By, is specified. Fig. 14'32 shows the composite tube static
characteristics, composite tube load line and load lines of individual
- tubes for a olass 4B pushpull untuned power amplifier with grid
bias of —&0 volts and plate supply voltage of 250 volts. A study of
. the paths of operation of individual tubes indicates ‘that for a grid
signal voltage amplitude &y, equal to H,,, the instantancous plate
ourrents ¢, and 4, become zero and remain so for an appreciable
portion of the a.c. oycle. The operation is, therefore, olass AB,. The
operation remains class 4, for only small amplitudes of .grid signal.
If By, exceeds Ee,, operation becomes class 4B,, ’

- As the-grid bias-increases, the slope of the composite charac-
teristics changes buf the composite static characteristios remain
practically straight, parallel and equispaced for equal incrcments of
the grid voltage. The composite dynamic transfer characteristic is
still linear although dynamio transfer charncteristics of individual
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Now consider class AB, amplifier operating under limiting
condition of maximum grid signal i.e. with By, = B If now the
signal amplitude Xy, is increased still further without changing the
grid bias E,,, the operation becomes class 4B,. This gives greater
a.c. output power without increasing the plate supply voltage.
But the grid current flow results in additional distortion of plate
current waveform unless care is taken to use a driver stage with Jow
internal impedance and step-down output transformer.

Ususlly cathode biss circuit is used. With class 4B operation,
average plate current I,, inoreases with grid signal &, resulting in
an increased grid bins. ‘This increased bias may increase the
harmonic distortion, To avoid this trouble cathode resistor X,
must be so chosen as to result in grid bias voltage causing limiting
class 4, operation with small grid signal so that even when grid
signal voltage has increased sufficiently, grid bias does not become
- excessively large.

Class 4B operation may be considered to be one intermediate
between class 4 and class B operations both of which are well-
defined. It is not readily possible, therefore, analytically to determine
the condition of maximum power output and efficiency and to calou-
late the barmonic contents. It is preferred to use either graphical
method or direct electrical measurement,

Class B pushpull audio frequency power amplifiers.
The circuit diagram is the same as for class A4 pushpull

1001, =300V N~
Eces-s0v® § & S
goj “c¢ o f ¢ S/ S
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SR (%)
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. Fig, 14:34. Composite statio charaoteristios of clasa B
pushpull amplifier using;triodes,



UNTURED POWER AMPLIZIERS 533

smplifier. The only difference lies in the operating conditions,
In claes B operation, grid bias is kept equal topcultaﬁbvnlue o0 that
plate current flowa for half the a.c. cycle only. The comrosite statio

- characteristics follow the corresponding individual tube static plate
cb.amcteristics over almost their complete range as thown in
Tig. 14'34, TIn the Jow curent region, therefore, composite tubn statie
characteristics are appreciably curved. The average glop of thess
composite static characteristics is approximately one-half of the
corresponding  characteristics for class A operation. Aversge
effective plate resistance of the composite tube for class B operation
i8, therefore, approximately twice that for class 4 operation.

R * - ight line P,P, for
- ) Tee e ' . aze axis PO’ for
N E s te M e - . for tube T, path
' -t et *: .+ itive value of grid

W 1 " . rnegative values®

. fa .

of ¢'yz. Thus at a time only one tube is operating i.e, when tube T
is conducting tube 7T, is cut of and ricerversr. For claes B
operation composite tube etatic characteristics are, thus, seen to be
10 longer linear and hence composite dynamic transfer characteristio
is also non-livear, Hence even with pushpull circuit for clzss B
operation, harmonic distortion cannot be entirely avoided. Harmonic
distortion is maximum for small grid-eignal amplitudes eince the

posite static ch istics have curvature in this region,
An acenrate determination of harmonic contents may be made by
Fourier analysis of the composite tube plate current waveform
obtained by applying the input grid signal to the composite dynamic
transfer characteristic. Approximats method i3 not adequate eince
high order harmonics are present in appreciable magnitude.

Approximate analysis of class B pushpull amplifier,
FPollowing assumptions are made :
(3) input eignal voltage is sinnsoidal.
(i) output fransformer is ideal.
(ii3) static plate characteristics of tubes 7' and T, are identical
and are linear, parallel and equi-spaced for equal i of grid
voltage.

Then the composite tube static characteristics are also linear
similar to those shown in Fig. 14'20. Then the composite dynamis
transfer characteristic is also lmear and eo also are individual tube
dynamic transfer characteristics as shown in Fig, 1435,

Individual tube currents flow for alternate half eycles while
composite tube current flows for the entire cycle. Obviously for
einusoidal input voltage, meximum values of plate cutrents of in-
dividual tubes sre equal and eachis equa} to masimum value of
composite tube current. Let this maxium plate current be indicated
by I,.. Then from the weveform of i,, o. c. output poswer of two
tubes is,

P = (’7’;) ()3/'5 ) = tlym Erm :.:(14-105)
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Now consider class 4B, amplifier operating under limiting
condition of maximum grid signal i.e. with By, == B.. If now the
signal amplitude B, is increased still further without changing the
grid bias E,,, the operation becomes . class AB,. This gives greater
a. ¢, output power without increasing the plate supply voltage.
But the grid current flow results in additional distortion of plate
current waveform unless care is taken to use a driver stage with low
internal impedance and step-down output transformer.

Usually cathode bias circuit is used. With class 4B operation,
average plate current I,, increases with grid signal F,, resulting in
an increased grid bias. This increased bias may increase the
harmonic distortion. To avoid this trouble cathode resistor It
must be so chosen as to result in grid bias voltage causing limiting
class 4, operation with small grid signal so that even when grid
signal voltage has increased sufficiently, grid bias does not become

- excessively large.

Class 4B operation may be considered to be one intermediate
between class 4 and class B operations both of which are well-
defined. It is not readily possible, therefore, analytically to determine
the condition of maximum power output and efficiency and to caleu-
late the harmonic contents. It is preferred to use either graphical
method or direct electrical measurement.

. Class B pushpull audio frequency power amplifiers.
The circuit diagram is the same as for class A4 pushpull
loo Ebb=300V N
ECC:"GOVS
+*

A A
)

)
o BN

\?OV
~40V

N N ) 4
Fig. 1434, Composite static characteristios
) 3 ] of olass B
pushpull amplifer nsing;triodes,
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ampliier. The only difference liea in the operating conditions,
In olass B operstion, grid bias is kept equal fo cuttoff valuo ro that
plate current fows for half the a.c. eycle only. Tho composite statio
characteristics follow the correaponding individual fube statls plate
characteristics over almost their complete range as shown in
Fig, 1434, In the low curent repion, therefore, composite tubn statis
characteristics aro appreciably eurved, Tho average elop of theeo
composite static churacteristica {s npproximately one-half of the
corresponding  characteristies for class A operation. Average
effective plate reaistance of the composite tube for class B operation
18, therefore, approximately twice that for clars A operation.

Path of apreation of tube 7y is along the ateaight lino PP, for
positive valnes of grid signal ¢, and is along voltage axis IO’ for
nezative valun of grid signal voltago .. Similarly for tube Ty path
of operation is along the straight line PP, fur positive valae of grid
eignal voltage ¢',; and i« nlong voitage axis P,0 for negative values
of ¢’ Thua at a time only one tube is operating f.e. when tubo 7y
iy conducting tube T, is cut off and riceversr. For clas B
operation compasite tube atatic characteriatics are, thus, seen o be
no longer Jinear and hence composite dynamic transfer «haracteristio
ia also non-linear, Hence cven with pushpull cirenit for clam B
operation, harmonic distortion cannot be entirely avaided Harmonio
distortlon is maximum for small grid.signal amphtudes einco’tho
composite xtatic characteristica have greatest curvature in thia region.
An accurate determination of harmonie contents may be msde by
Fourier analyeis of the composite tubs plato current waveform
obtained by applying tho input grid signal to the composite dynamic
trensfer characteristic. Approximats method js not adequate eince
high order barmonics are present in appreciable magnitude.

Approximate analysis of class B pushpull amplifier.
Following assumptions are made :
{#) input gignal voltage is sinusoidal.
(i5) outpnt transformer is ideal.
(351) etatic plate characteristics of tubes Ty and T, cre‘idemiq\dl

and are licear, parslle] and equi-spaced for equal of gri
voltage,

Then the compmite tube static characteristics are aleo linear
#imilar to thoss shown in Fig. 14°20. Then the compnite dynamio
trensfer characteristic is also Vinear and so alwo are individua! tubs
ynamic transfer characteristics as shown in Fig. 1435,

Individual tube currents flow for altemate half cyeles whils
composite tubs current flows for the entire cycle. Grviomly for
tinusoidal input voltage, maximum values of plate currents of in-
dividual tubes are equal and cachis equal to mazimum valae of
compocite tabe current.  Lat this maxium plate current by indicated

by I,.. Then from the waveform of §,,5 ¢ outpat poaer of (w0
tabes fs,

Py = ({.};)(%}) = lya By (14109)
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. where £, is the amplitude of a.c. component of output volage
of composite tube and is dlso equal. to maximum value of outtput
-voltage of ‘each tuba.

COMPOSITE DYNAMIC
p | | \RANsreR CuRacTERISTIC -
1. : ?
DYNAMIC TRANSEER ~— =" -~ = = === -~
CHARALTERISTIC OF
TUBE N
&
wl— D] p—
R R A O 2
e citor) Cwt] :
S - :
‘ . B
/4 R A R VAR IRV
k= ]

et
ovamic=" ! >
TRANSFER } =1
CHARACTERISTIC !
OF TUBE T

sor Fig. 14°35. Dynamio transfer characteristics and plu‘te current
Con waveforms of composite tube and individual tubos.

Average value of plate current of each tube is given by,

3} (1

i 12 1 (™ ) o
I, ““é?j . 1bd(mt)=~2—”50 1,,, sin of d(ot) ..{14°106)
of I, = I;"* . (14:107)
" Power supplied from the plate supply source is given by,
- " 3 »
Pbb = 2Ebb~ Ib.l = “;:é"l Ebb'Ig,m ’ -..(14:'108)

~Hence plate circuit efficiency of the class B pushpull amplifier ie

‘¢ .given by, ‘
o P 2B I E r B

TR T E L Ty X p XT85% (14100)

P ;Ebb Ipm b T

. From Eq. (14.'109) the plate oircuit efficiency inorenses with
... increase of [y, i.e. with the increase of grid signal voltags.
‘- Amplitude &, may have maximum value equal to F,,. Hence maxi.
-~ mum plate circuit efficicncy of class B amplifier is 78'5%. Z,, may

“ be made %o approach Fy, by one of the following two means : (i) path

. -0of operating‘point approaches the plate voltage axis. This means that

. load resistarico B, bo made very high in which case the a.o. output

- power becomes very low. (i) grid voltage of each tube may be

‘made !ngh .pos,ftlve during part- of the .a.c. cyole. This requires

Toa
A )
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s large amount of power from the driver stage. Since neither of the °

above two conditions is practically feasible, the plate circuit efficiency
of class B pushpull amphifiers 18 niever made to exceed about €0%.

i In the clags B audio frequenoy power amplifier, in accordance
with Eq. 14'107, the d.c. component of current through the plate

agpply Jpource increases with incressing grid-signal voltsge and hence
Shnalebadn b

= . .Atery is required, Again since Iy,

.. ' +late supply eources used must have
. L * rder to prevent variation of plate
supply voltage with variation of grid-signal voltage, .

Pushpull class B amplifiers may use pentodes instead of triodes,
The composite static characteristics then also have shapes similar to
individual tube characteristics and have kneea as well. But the
load jmpedance may be 50 selected as to restrict the operation to
linear region of composite static characteristics, In that case the
composite dynamioe transfer characteristic is also almost linear and
the composite tube plate current waveform is essentially sinusoidal
for a sinusoidal grid-signal voltage. No sttempt is made to match
the load impedance with the effective plate resistance of the
composite tube,

When triodes are veed in class B pushpull power amplifier, for
msXimum power output, resistance T” corresponding to the slope of

the composite tubs load line, should be made equal to dynnmio'platé

b 7 is not practical, A fixed grid bias ~

resistance r, of a single tube, However, the plate.to-plate resistance .

Rypy=4 (—%), R; should be selected considering such factor

* PTIPYS .
23 harmonic generation, a.c. output power, plate dissipation, grid-
Rt R A LR L Ry -

. 1 . o P .- - )

low internal impedance and by nsing a step-down output transtormer

.. . - - . LIRS O N R PO,

. : ;
i .

EXERCISES

1. A linear 4, triode amplfier uses load resistance of 5000 °

olms, plste supply voltage Ey = 350 volts, grid bias = — 30 volts,
grid signal €, = 10 sin 2x 50/ At zero.signal operating pomnt,
plate voltege Ep = 220 volts, amplification factor p = 8, and
dynamic path resistance r, = 3000 obms. Calenlate (3) magnitude
of voltage gain (ii) a.c, output vultage (iis) porwer supplied from plate
power source (iv) zero signal plate dissipation (v) plate dissipation
with signal applied (t§) s.c. power output (e3) plate circuit
efficiency.

2, A linear d; triode amplifier uses bias =~ — 20 volts, 20d
plate supply Voltage of 360 volts. Zero signal plate voltage £y =
240 volts and zero signal plate current = 20 mA. pand r, of tube
are reapectively 10 and 8000 ohms, Bafe dissipation of value and

+
:
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.- load resistors are 4 watts each. Find the meximum and minimum =
_ grid signal voltage that may be applied without excecding the
dissipation limits. o
3. Calculate the maximum a.c. output power obtainable
from A, triode power amplifier .having p = 20, r, = 800 ohms
and grid signal voltage = 10 voits r.m.s. y o
A class A triode power amplifier uses triode having empli-
Seation factor p. = 10 and anode slops resistance 7, = 4000
ohms, What sigoal voltage at the grid.should be applied to produce
available power output of 1 watt. With this signal voltage applied,
find the a.c. power output if the load impedance is {(a) 6000 ohms
resistive (b) 400074000 ohms, ’ '

5. Ina class 4, triode power amplifier load impedance con-
pists of inductor of reactance 4000 ohms in series with a variable
resistance of 3000 ohms. Calculate the value of load resistance R;
which will give maximum output power if signal voltage has ampli-
tude of 15 volts. ‘ ' ‘

.~ 6. Aclass 4, transformer-coupled power amplifier uses triode_
having amplification factor g = 6 and dynamic plate resistance’

-, = 1300 ohms in the operating region. Lead is a loudspeaker of
résistance 2Q in series with an inductive reactance of 5Q. Turns

“ ratio is 1: 25, Caleulate the power-fed to the loudspeaker if the
input signal'is a voltage of 10 volts r.m.s. .

7. A class 4, power amplifier is required to amplify without
distortion by not allowing operation below a minimum plate ourrent.
Tube has amplification factor ¢ = 12 'and dynamic- plate resistance
ry = 6000 ohms, Zero signal plate voltage is- prescribed at. 200

... volts, Load resistance of X, and grid bias F. are..choscn to get
maximum power output while maintaining A; operation. f£,, so
used is ~16 volts. Calculate the value of load resistance, maximum

** outpub power and maximum power sensitivity, .. o

. . . 8. Prove that for maximum output power ‘with ' undistorted
amplification in o triode, with a prescribed zero-signal plate voltage,
load resistance B; must be equal to 2 7,. "Hence prove thav maxi-
mum power sensitivity of amplifier then is £ w,,. ‘



CHAPTER XV
TUNED VOLTAGE AMPLIFIERS

A parallel tuned ciruit or anti-resonant circuit has a high
\ped: at the t frequency and the impedance falls off
-sharply at frequencies on cither side. ¥Tsuch o cireuit is used as the
plate Toad in an amplifier, the voltage gain of the amplifior alsn
~varies in & manner similar to the tuned circuit impedance 1. ¢, the .
wvoltagoe gain is maximum at the reconant frequency and it drops off
xharpl_‘v as the frequency is oither Jowered or rawed. If the ampli-
ER IR R

fier ¢ - ' very large so
that - . . N4 + i the tuned
wiret | ! . P _ pentodes, the
“oltage gain curve is nothing but the impedance curve of the tuned
«circuit multiphed by tra i gm  Such tuned amplifiers
.can, therefore, be iently used for ampl jon of & narrow

band of frequencies.  An important example is tho radio frequeney
amplifier which amplifies exther a sngle radio frequency sxgml or a
e e A A Y sl hn

that jits resonant frequency may be adjusted to be at the centre of
the band of fi to be amphfied Th t this narrow
band of freq d, tho impedance of the tuned cireult |
and henes the voltage gamn remams more or less constant. In tuned?
voltage amplifiers the nonlinear distortion 13 very smail becauss
.(5) the operation is elars A and (i) the tuned plato circuit impedance
.and the voltage gain becomes negligtbly small at harmonic frequen-
-cies which may be generated due to nonlincarity

Basic Tuned Voltage Amplifier, Fig 151 (¢) “hows the
.circuit of basio tuned voltago amplifier usmg a pentode and mthod&:-
hias. Ry and R, are screen grid and plate dr?ppmg remt?m O
.and G, are bypass i hese 1ons 0[“ pping
resistors and bypass condensers are usually referred to as “decoupl-
Jjng circuits” and they serve two purpeses (2] they provide proper

- . moan .
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prevent variations in the current to one clectrode from influencing
the voltages of other clectrodes in the same or. other stages of u
- cascade amphﬁer This copling’ eturs through the common power:
supply. Decoupling or:bypass condensers must then be, made large
etiough to provide almosy.zerg impedance path to common earth
‘conncction. Then thé capacitance between plate. and . all electrodes:
is effectively in shunt witli’the tuning. condenser. .This jg mdxcntcd
‘ag s in the a. c. equivalent circuit'of l‘w 151 (b) :

The voltage gain of this nmphﬁer is ngen by -

A=—g,Z" = . a5y

' Where Z s the total nnpedance mdudmg Tyl -and is gwcn by,
1 1 3 . !.'. e Y 7 T * / e

—-Z—*:—’:';‘—!-— Zt L ) . . n.('ld 2)‘

where Z, is the impedante of ‘anti-resonant- circuit nonsxstmrf of”

" inductance L and total shunt capacitance C=C"+Cj. .
The effective anti-resonant circunit is shown in Fig. 15 2. R is the
small resistance of inductor L. .The Jmpcdance Z, of’

Ohg this circuit is then given by, :
C@agen =Y, B
Fym j)()C CR ol
. o)L 1N
| Rtjolt jm 5 1+ ZJ‘IZ)
: ’ (153
Resonantiangular, frequencey o is given by,
1 .
W)= — - reao 5
0 l\/ IC (10 ‘:’:)

: Then the magnification factor or figure of _merit.
Fig. 152 Anti- @ of the circuit at resonance is given by,

resonant circuit el
3 =5 : (1880
L _j
CR ol
Hence Z;= o G, «.(15°6)
1+JQo o e ) : ‘
il 1—; = . %
_ g 13 QO o) 59
*os o)

N

1+5Q, P “")

~ Let 8 indicate the drift in frequency expressed as & fraction of
the ;:esomnt frequency, then

. (15'8)
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or %:H.s - (159)
Hence Z,= O [ . +’8'/’:,”J (15710
premias.y

At resonance w=, and =0
Tence at resonance,

. p Ly 1 .
Z=Re=( 1 T?Z) (1511
I£Q,>10 a5 is usua.lly the case, then

ngv—‘ Q*R=Q, I\/‘——*

=a,LG, L (1518)

Q@ may be pus in the alternative forms,
Q= f =B, o . (1513)

Eqn. (15°12) shows that the shunt impedance R, of the anti- °

resonant circnit at resonance with @,>10 18 essentially reastive, **
Voltage gain at resonance 1s given by,

A= —gnZ= 1—-"'; =g e (16°14)
—i—i‘ —— oL, N
4 To
or A= ”*"'“I’Qﬂ (15140)
14 220
or A= —gm m,LQ, ...(1515)
) y
where Q= ok, «.-(15°16)
s

BJX, Ry

Altrenatively Q,= Z +.(16°16a)
1420

o
o
where Ry, is resistance of parallel combination of Ry and ry,.
Thus the effective @, of the tuned amplifier circuit is modified
by the sbunhng resistance fy.
any fr © near the
danco zt of the tuned cireuit is gven by,

1+ £

R'[l_] X H‘s)] (1517 -
- 5z w1
14208 (1+175) ST

s the impe.
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But 51, so that
| ;L -
- ST, . ...{(15'18)
. 2R 10,
Q> Z‘NW-I,-Z—‘-« ...{15°18a)
e 145298 )
The corresponding expression for voltage gain is, then,
A__ ~Om 3 O woLQOLQ
. 1+ JQDS ‘-"o 0
-r; +-co0LQ (A +2Zj@R)+———
- /. gLy
Gm mOLQ()/ ( 14-- 7y )
20 | (1420
14720, / ( + % )
~m O, LQm - ~
=W «.(15°19)
o 'Mte;nativel A-—;—:'g——”’—Ri’l— 5
v A= 115250, ..:(15°192)
oo A
Hence the voltage gain ratio4— is given by,
res
A .
AL 147280, -+ (15:20)
| : 4 1 |
. .M.&g?ntude ‘:ires ='\/W ..._(15'20&)

A .
= —tan-? (250,) ...(15°205)

and phase angle of A is given by,

W 7 is large as compared with Z, as is usnallv™ .
. pentode, then ¢ sually the case with

e - A= R=—g,0LQ, .--(15°21)
" e .( d ) A":.—:g—-m woLQo .

. . ’.fm 145208 - (15°21a)
A A 1

. - SYH uiallt e S S ~
Sk eflce A 155208 . . (15°22)

. | 1
Magnitude =7

P e NITCOR) ..-(15°220)
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and phase angle of—AA— is given by
res

$=—tan"1(2Q,%) o {15:225)
Equation (15:22) for pentode is similar to Eqn, (1520) for
triode. Fig, 16'2 ehows a plot of Equ (16'20 ) or (15°22 o). Re\ativz

response o is plotted against frequency deviation § for different
values of magnifieation factor 9, -

B
i\ -

e
)

—
-f

RELATIVE RESPONSE AL rey_
3

N

e

]

<
] X !
N

N

-5 —4 =3 -2 I O E E - 4 5.

e e

Fig. 152, Rolative response of single tuned amplifier. .

1t may be seen from the response curves of Fig. 162 that the
relative response falls more sharply astho magnification factor @
inercases. .

Fig. 16'3 shows universal curves for magmtude and phase
angle of the relative response A/A of a single tuned amplfier.  The

magnitude and phase angle of A—A- are plotted against 3Q. The

res Lo
curves serve universally for all parallel resonant circuits within ﬂ:c
range of magnification factor Q ind: d. At r i
of relative response is maximum and it falls off sharply on either

side. Tho phase angle is zero at resonance and increases on either

side. The phase angle is inductive on_frequencies lower than t}llm
resonant freq and capacitive on freq higher than the ‘




3

.
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resonant frequency. As the ‘frequency deviates more and more f_rom
the resonant frequency, the phase angle approaches plus and minus
90 degrees. :

INY)
=20
L
=
’/’ Q=Io
.8 v
7
[ v
b Y
°“’ I LN
3 .
Sl
<6 / 20/3- -
LUy J RSN
’2 1’ Ly \
3 % R
Q3 =
-8 _A 03 Ne-4710
‘g 4 ’ Ly \Y !
W Q:oa/ Q \\/Q:oo
S \5 v 4 = N> .
2 —— 2 4 40 <
:nt =10 2 ’ Q=00 ’ \'\\\
§ 2 j/ 605 e
[ k==Y ’j no.t)
b Q=10 b %
‘ L00 =2
-3 -2 ~{ ~05 0 +5 + +2 +3

-<~—-—-—-50—~———-—>-

Fig. 16-3. Universal curves of tho magnitude and phasc angle of

relative response—— of « single tuned amplificr.
Tes

‘When frequency is so adjusted that 3= _QAQIM, the denomi-
€
nator of Egn.(15°20) becomes 1+j 1, then the relative response
:Aé' assumes a magnitude \-} 5 =0707. If a constant ocurrent
TES

.. generator feeds the resomant ecircunit, the power dissipated in .the
tuned circuit at such frequencies is one-half of its value at the

- resonant frequency. These frequencies are, therefore, referred to as

."-.“‘half power frequencies” and are given by

b=t 5 ..(1528)
The bandwidth of o circuit is the frequency internal between

* - the two half power frequencies. Let ©, and «, be the two half

N +

-

power angular frequencies. The bandwidth A is given by, ‘
- . 'Am=ﬁ)3’-<ﬂ]’—“—= [(ms‘“mo)"t‘(wn““@i)]xmo
Gy

= (34 3)wy=250, - (16°24)
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Tut from Eqn 1523 for half power frequencies

23:% o that Lo 22 (1523}
Also Am=-~2 SN - radians/sec {15-26)
Ty onG =Ty © /see. {162

The response of tuned amplifier may be considered to be almost
«constant with the 3-d% frequencies.  In accordance with Eqn. (15°25),
this 3.dh_ bandwidth 13 quite small for large @ ciremts. Typical
value of @, isten  Further from Fqn. {15-26,) we conclude that 3.db
Jbandwidth depends only on resonant impedance 1, and the tuning
<apacitance € and s independent of resonant frequency.

. TUNED CASCADE AMPLIFIERS

Usually it is required 0 use a number of tuned voltage ampli.
fiers is cascado in order ta obtain lirge overall voltage gain. Theee
<cascade tuned amplifiees may be put into the following three cate-
frories :

(A) Single tuned amplifiers.

(B} Double tuned amphfiers.

{C) Stagger tuned amphfiers .

Single tuned amplifiers may be of two types —(i) capacitance
«woupled and {2i) transformer coupled

{4) Single Tuned C: 3 Coupled Amplifi

Fig. 164 shows the circwt agram, It 1smmilar to R.C.
<oupled amplifier except that it uses o tuned cwenit instead of a
mesistance as the plate load. Fhere exists a tendency of oscillation
«lue to feedback through the plate to control grid eapacitance €,y and
this tendency inereases with the inevease of frequency. The tendency

| <

i 1 q]

]

| SR Wy .. S|

TFig 134, Ciremt diazram of sinclo tined capacitanco coupled
amphier, M
of oscillation iy strong because of the tuned plate-doad impedan
“This tendency is suppressed by the following two means: (i} u
of sereen grid tabes f.e. tetrodes or pentodes having extremelv le
L, and {ii) by shiclding the plate and gmd cirenits.
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) Usnally the same d.c. voltage source is usod‘ for provxdm.g1 t-h(;‘
plate and screen grid voltages to all the tubes. The sereen gmf::[xlue
plate valtages B, and B, may be adjusted by proper sclection of the
dropping resistances By and 2.

With proper decoupling circuits, impedance between eat}mdg{;

- suppressor grid, sereen-grid and lower terminal of the tuned circuib

and the common earth conuection is almost zero. Hence the capa-

- citance between the plate and these other electrodes in one stage-

caused due to interelectrode capacitances or wiring m}pamtnl}ccs,r}?.

.- effectively in shunt with the tuning condenser. Accordingly Fig. 155

" shows the a.ec. equivalent circuit of the sin;ﬂe.tnncd cﬂpncxtanctf

.*_. coupled amplificr of Fig. 15°4. (', represents the input shunt capu-

" citance of the second stage. R, is the grid leak resistance of the:

" second stage and may be considered to include the input shunt resist-

" ance of the sccond stage as well. Coupling condenser C, is nsually”

Jarge enough as to have reactance at the operating frequency negligi-

bly small compared with the impedance of R,-C, combmatnon. ) The:

. eapacitances C; and C, may be grouped with the tuning capacitance
C’ to constitute the total cffective tuning capacitanee C.

o ® 5 T o ?2 vy T

i.."i‘fgk E
g,.(\}t ImEgk i | l{)

o Fig. 1556, A.C. equivalent circtit of single tuned capacitance coupled
- amplifier of Fig. 154,

“’: From the a.c. equivalent cireuit of Fig. 15°8, the voltage gaim
-, of the amplificr is given by,
L A=—g, Z ..(1627)p
. - where Z is the total impedance of 7, B, and Z, in parallel and is-
., given by the relation,
R 1_ 1, 1,1
) gl . _ e N
Ry z " +R,J + Z, ...(15°28)

© 7 where Z, is the impedance of the anti-resonant ecireuit consisting of
LR, Land C. )
L C=Cot-C'+C, .(15°29)
.. Following the analysis of single stage tunocd amplifier, we may

. Tprove that Z, is given by,

. to R, .
. N Z‘mwl“—?j‘g(éﬁﬁ- ) ...(15°30)

LT I
where impedance at resonance R,:-E}z ==, LG,

»
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Voltage gain at redonance is given by,
=—Qu Rpyy (1531

Ameee T
A O SR |

n B R,
where Ry, is the impedance of parallel combination of r, R,

and R,.
Alternatively A,,,= R "’9- o 7
1 2N .y Wolds
e R, .
«(15°32
whero Q= . (la 33)~

sl l5'§3’l)‘

Alternatively Q= R"’ =Ry 3
.-

Voltage gain at any frcquency ¢ iz given by

swhere @, is given by Eqn. (15 33)
.(1535)

Hene A o1
R W X257

A
Magritude X;_:Ji;;('ﬁé.)‘

and phase angle ofméf is given by,
A ’
$=—tan-1 23Q, -.(15.36)
Half power bandwidth is given by, L

1
Bo= G = B
Gain bandwidth product of the amphﬁer is given by,

A X Ao =gm 0,106 .
Q.

-...(15-34;)' =

! . (13 33a) :'
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== —%‘g—zg‘gﬁ radians/sec. ...(15°38)
or‘Amx Af=~i§}_»:l0~ cycles/sec. ...(15°38a)

. Thus we see that the gain bandwidth product of the amplifier
s independent of frequency and depends on ¢, of the tube and total
ghunt capacitance. Thus this gain-bandwidth product may he maxi-
mised by reducing the shunt capacitance C. In the limiting case no
tuning capacitance may be used and the inductance L may resonate
with the exsisting interelectrode capacitances and stray capacitance.
“This gain bandwidth product is then a figure of merit of the tube.
A tube with high g, and low interelectrode capacitances should be
. used. Universal curves of Fig. 15°3 apply to this amplifier as well
-provided Q, as caleulated from Eqn. (15°33) or (15°334) is used. '
~ ., Single Tuned Transformer Coupled Amplifier. Tig. 150
~hows the hasic cireuit diagram of single tuned transformer coupled
. amplifier. An air cored transformer is generally used for coupling .
the output of one stage to the input of the next. The secondary
«cirouit is usually tuned and the primary is untuned as shown in
TFig. 15°6. o -

A
—
. g4
!
- -0
Fig. 156. Circuit of single-tuncd transformer couplod amplifier.
T
1 xe M .
- L L
L mEe
ROE " ik 2 @
R } R1g ©Ry
Cat . ___!_0‘ y O
. v A . . -, >
..‘.:' . Fig. 15'7.  A.C. equivalent circuit of single-funed transformer

o . coupled amplifier of Fig, 156, .
.+ - A.c. equivalent circuit of the amplifier is shown in Fig. 157.

iitr meglects all stray and inter-electrode capacitances. The assump-
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tion is permissible provided that the primary inductance is low and
‘the coupling between the primary and secondary is tight. .

L, and R, are respectively primary inductance and resistance
L, and R, are respectively secondary mductance and resistance.
A is the mutual inductance.

C, is the total shunt capacitance on the secondary including
the input shunt eapacitance of the next stage.

The plate resistance r, is wsually large compared with R; and
reactanco ol so that the voltage indueed in the secondary winding
-of the transformer is given by the relation,

E,arejo A (9. By . .{15'39)

The output voltage E, is then that part of the induced voltage
"Enqs which is developed across the condenser C,. Hence E, 13

given by, , K

. 1
Jo (g E) x@~

.. (15:40)

’ - Reti{ ol )+

Wi, . N
InEqu. (15°40), o the impedance of the primary reflected

into the secondary circu’it. The voltago gam of the amplfier 1s then
-given by,
A~ Eo LY S T I

E r,[ Rkl )]+m=m

At resonance m‘,::l—l%zv:‘ . (15°42)
2

The voltago gain is maximum at resonance and is given by,

MC,
g 2 (154
Aw=t s (15 49)
But magnification factor of tuncd ciroutt at resonance 1s given

by,
. (I5'44)

Amcy,.rl;@gﬁ ...(15°45)
[
Eqn. (15°45) may be put wn the alternative form,
A= ga0aMQ.

*

et
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" where @, is the cffective  of the tuned circnit and is given by,

Q= ——, =17 . (15°47)

Equ. (15-47) for transformer coupled amplifier is similar to

Eqn. (15°33) for capacitance conpler tuned amplifier except that it has

" M instead of L. In the case of transformer coupled tuned amplifier
. .however, the voltage gain of the amplifier may be increased within
" reasonable limits by increasing the value of mutual inductance A1
*"without reducing the @ of the tuned circuit considsrably. But the
- voltage gain cannot be increased excessively by this means since
‘M also appears in the denominator of Eqgn. (1543) as well. Tt may

* thus be seen that therc occurs an optimum value of M for which
voltage gain 4,,; is maximum. This optimum value of A may be

. . 0A
-~ found by equating “SF to zero.

e M
Thus from Eqn. (1543),

- egpe | 2
P “Am‘_—d rpRot ool ] 5 (2021 )=0

0 (rpRo-+wp* M)

«{15°48)

" Hence optimum value of 3 is given by,
D gt ='_\/_£1’_€% ='\/T,,R2L20'2‘ . (15°49).
[

Substituting the value of M. from Eqn. (1549) into Equ.
(15°43), we get,

ey -9 NTRy @y ...(15°50)
opt Byt vy =0m 9

—p Qop [ B (1551
2 n

. Equ. (15°50) shows that for optimum voltage gain at resonance-
'to be large, g,, and 7, of the tube must be large. Also the parallel
) Ampedance of the tuned circuit must be large. '

" Expression for bandwidth of the amplifier may be obtained

. .fr.o'm the general expression (15'41) for the voltage gain at any
'« ffequency.

- For any frequency « close to resonant frequency o,

Art’s)

, .l‘et us put 8‘—2—3;——-1 ...(15°52)p
T Aldo Q=Cle_ 1 1 JL~

R wCeBys  R,'\/ &.”
T (15°38)
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mzs/\/gzlg,zafz,o., . L153Y
Eqn. (15°41) may then be put as,
wM
C, !

.
"’R{l“”'li 23R40, ]+ g

P T L
1 0

l, 2”2 -
o 0MQ ToRy
R J2Q,
4 rplly e 1+ 14 Qo’JL
Tplty .
o In 0 MO, o
=150, (15:33)

Where Q, is given by Eqn (15 47).

oo A = 3
ence A, 175250, . (15-56)
It may be noted that the Eqn. (15°36) for transformer coupled

e e S Ll Nmeant £l ol - toned

: T * band-
(57
Ao= 'Q:L +.-{15'56a)

In present-day amplifiers usmg tetrodes or pentodes, the value
of 7, is very Ligh so that it becomes difficult » practice to get opti.
mum value of A as given by Eqn. (1549) To obtam these values of
JI, the distributed capacitances of the windings may become extre=
Taely large and the self resonant frequency may be low enough to”
make the cotl useless, Hence with pentodes, the value of mutual
jnductance M is chosen far below the optimum value as given by
Equ. (15°49).

In pentodes and tetrodes, plate resistance 7, 15 generally latgo
compared with ﬁ‘};—-* 50 that Eqn, {15 45) for voltage gain at reso-

2 -
nance reduces to the approximate form,
Apesne i 0 MQy w(15°67)
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(B) Double Tuned Voltage Amplifiers.

Double tuned amplifiers ‘are used extensively as I F. (Inter-
mediate Frequency) amplifiers in radio receivers of both amplitude
modulation and frequency modulation types. Tho advantage obtained

. by the use of dduble tuned circuit is that an almost constant voltage

ain may be obtained over a band of frequencies and the voltage
Eéajn fall‘z rapidly outside this constant gain band. Such o result

. cannot be achieved in a single tuned amplifier.

“ —D

P | :
| -@;E" | g HE; ’ILCP 7@% %&2 i:
) ¢ R R

! tileor

Tig. 15'8 shows the basic circuit diagram of a double tuned

voltage amplifier.

I

M
2 ;iécz

Tig. 168, Circnit dingram of doublo tuned voltage amplifier,

. Fig. 15'9 shows the a.c. equivalent circuit of the amplifier.
Cpis the primary stray and wiring capacitance. This comes in
parallel with the primary tuning capacitance 0’, to constitute total
primary shunt capacitance C,.

Thus Cy=0Cp4+-C",,.

G

0

Y
Fig. 15°9. A. C. equivalent circuit of double tuned amplifier,
To simplify the equivalent circuit of ¥ig. 15°9, Thevenin's

em is applied to the portion of the circuit to the left of the points.
—Y. The equivalent generator bas the open-circuit voltage of,

o . 1
S Ee nED ( jw0’1> ...(16°58}

rotjal,

S .7~ But for pentodes, r,> Zd—l—«so that
' 1

C

A B PEL | gnEi

S JoOiy G, (1559}
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The internal source impedance of the equivalent voltage gene- ’
rator is given by, -

1
‘ G
5)
bA —(’4”~f~z—i— < (15°60)..
July
o

3 Hence on apphcatmn of Thevenin’s theorem, the eqmvalent
circuit of Fig. 15°0 reduces to the form shown in Fig. 15°10."

Fig. 1510, Modified a ¢, equivalent cireuit of double tuned omplifier.  *
The equivalent circuit of Fig. 15'10 may be analysed by the-
usual method of network analyms Thus we get,
—E=ry Lt 1, ..-{15'61)
O=r L1471, {15°62)
Substituting the value of I, from Eqn. (15 62) mnto Equ. (15°61),
we get,

—7y Xs
—E=ry ( B2 )’!‘ﬁz- 1, oo
+E ’u oy
= - (15:63)
o [E VL ] ( )|
From the equivalent circait of Fig. 15 I0,
1 . .
ry=Ry+jl ely——— {1564 .'
1 1+J( 17 Gl ( )
ra=jolf - (15.65)."
1
=By +j{ wls— «-(15°66)
r=Batj ( 1T G0, ) ( I
Hence the voltage gain of the amplifier 13 given by, .
A= .
- ”1_ gn Es, 1z L1 ] R -
Jaby  rure—rhe 30U ] .

]mC, )( ]mC, )]mﬂ

11 Tee— "1 -
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[313
j S5

Since both the primary and sccondary tuned cireuits are tuned
-to the same frequency oy,

1 »
W™= ~—rromen, 5 ey ...(10'68)
NIC, W LM
"‘)OLI P 1 1—(~9)
Also let Ql—-—”ﬁ;"—' O)OCIE;- ...( J°0 ‘
), 0)“@.2..._,__._.{.—‘ =,
and Qa-—Tz =oilittn , «..(15°70)
Cocfficient of coupling is defined as,
K= ———E’i‘fw == —OZ"—MW =M ..(1571)

XX, N gl ol NI
where X, is the coupling reactance at resonance and X, and
X, are resohant reactances of the primary and sccondary ’nmcd
-cireuits.
“A coupling dissipation factor p is defined as

S =k Q; Q, L (1572)
" "% Hence p may also be put as, o

2
. p=—pm-p : . (18°72a)
e " 'Then ryy, 1y, and ry, may be put as below:-—

y 1 on o
=Ryt (le-—« o V=Ri(14525Q)  ...1573)

, 1 :
722332’*‘](‘9]32_ b )3—1]?2(1—}-‘128@2) «-(15°74)

and 712:‘7‘0).11[ ‘-(15 75)
Substituting these values of ryy, 7y, and 7y, in T, (15:67)
. we gat,

; M
;7 Jl’l\o) 0161 ) o
TR E,AF 5250 DI E523Q,) 4 020

. “’)Oﬂ[ , 1 1 —
, o IR T N O N Y
. - (144250, (14-5250,) + f'}g.}’e{;
_ '-"j Gm '\/?7 Q1_Q__§/E1~R .
Y p+23(Q -+ 10,) 4 52,0, +.{157G)
,A’o resonance =0 o0 that voltage gain at resonance is given by,
A ym’J P Q](Jz'\/R R')

T2 {1577
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Hence the ratio of voltage pain A 2t any frequency © closa to
3 1 zam at resonance is given by
14p
1+p—48 Q0 ti Blurre)
1

TTASO0, N L et
] ez N T el
( 1+p + 1+p
Eqn. (1578} detcrmines the shape of the res?mnsc curve of the
double-tuned amplifier for a given vaht: of purameter p, or coofi-
.cient of coupling k.
The value of parameter p for maimma voltage gain at ress--

nance may be determined by equating {6 zoro the differential d—gﬁ .

- (1578)

Thig grives the value of p equal to nnity for maximum gain at reso-
nmince, This determines the value of critical eoupling k.. Fiz. 1510
shows the response curves of a double tuned amplifier with @, =@,

R -
e p:s
<
N o
) / / &N 1*\1’= 25
by
. A St N
= g >
1 I~
-3 -7 =1 ] + +2 +

—-— g

Fig. 1510. Response corves of a doubls tuned smplfier with @=Q,,

It i3 seen from Fig 1510 that for p—=1, the re;p»» cirve
“has maxsmum response at resonanes froquency o and has manmuny
single-peak flatness at resonance. Lor values of p sm dler than
unity, the response curve 13 roundul at the top and the giin at
resonance may Do less than that with p=1. If p 1s greater
“than unity, double peaked responss eurve results as shown in Fig.
15°10. ,
Mazimum and minimum voltage gains of overcoupled double
tuned amplificr :—For overcoupleid civcuits e, with p>1, the posi-
-tions of the peaks of the response curve may be found by differentiat.
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ing the square of the absolute value of 4 and equating it to zero.
The square of the absolute value of A is taken since the gain is:
maximum without regard to the phase. From Eqn. (15°76),

2__ N R » -
R A (e b XA R
s .. (15779).
Rk

Equating -dJ—dg: —-t0 zero, we get

é§{BL+p~aﬂQﬁhﬁ+mMQr+QﬁP]=°
or 2[14p—45 Q01 —4Q,Qs X 2014 2[25(@s + Q)]
. [2(Q1+ Q)P =0

or 1+p—482(31@2=.§95g0§2?l2 ...(15°80).
PR & b 31

Hence 8=i~é—/\/ Iip _ Q1+ @)*

Qe 2QQ)
1 1 L/ Q10 \?
=+-g /\/”‘”"‘"}‘ke"“-r Lrrye, ..(15°81)
V 2N 0.Q, 2\ 0,0, ) (15°81)
' Usually @, is kept equal to @, Otherwise also @, is kept close-
to @, 0 that /005 m— 1102

i 2
5
-~

1 N,;,_.,I.M
Hence 8:;};«;—*/\/ B, - QoY
5 G ... (15°82)
o ONGGi= AN O]
=+ivp—1 ...(15°83)

¢ Substituting the value of 8 from Eqn. (15°83) into Eqn. (15-76),.
we get the maximum value of voltage gain 4 as given by, ’

| v
Ve . (15°84).

Amam= “”.7. (gm Q Qg'\/”R“R:.z) S
T a1 p—1

Numerical value of A, is given by,

Anaz=3(gm QrQuN BrRy) L ..(15°85),
- Thus we see that maximum voltage gain for overcoupled case-
' s the same as the maximum gain for critical coupling k..
.. The minimum voltage gain of an overcoupl
) ] ! 1 : pled double tuned.
amplifier is obtained at resonant frequen is pi '
5Ty Thus quency and is given by Eqn.

) bAmm____: _.7‘\/? Im ©1Qs '\/E"IR;

o . l+p ...(15.86)'
. Magnitude of this gain is given by,
‘ — s NP . .
Anin=gm %2 ‘\/Rle ity . (15°86a):
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. Primary winding current in_double-tuned amplifier :—The
primary winding eurrent may be obtained by solving Eqns. (15 61)
and (15°62) for I, Fig. 15711
shows the nature of vamation of
magnitude of I; with frequency
deviation,

i When the coefficient of coupl-
ing I is appreciably smaller than
the critical coupling” coefficient k,,
the primary winding current I, is
almost unaffected by the secondary
circuit and hence waveform of I
has a single peak as for a single-
tuned circuit. For k=k,, at reso- ————— g
nant frequency the primary windmg gy, 351, Vanation of primary
current Jy decreases since the resis. wndmng curreny I, of a doublo-tuned
tive impedance of the secondary amphfier with frequency deviation,
at resonance is reflected to the primary side. At frequencies below
flected imped: 1 inductive and at some frequency
adnnan inct rincels the pnimary capacitive
ularly at frequencies above .,
- +and at rome frequency,
the reflected capacitive reactance jusi vaacals the primary mductive
reactance resultieg 1n another current peak

When £>>I,, the double peaks get more separated and are
more pronounced.

Response curves with unequal @*.—With unequal ¢ it
may be proved that the response curve of a double-tuned amplfier
is flattest when,

=170 O 1587
=3(ot) 0587

With this condition satisfied, we say that the tuned ourcnits
are ‘“transitionally® coupled and the corresponding transitional
eoupling eoefficient X, 1s given by,

1 1 1
=A/ 5 - ...(1588
weA/ (g o (15 88)
If coupling coefficient is kept greater than transitional coupling
fhicient k, b double-humped whereas

e the resp curve X
for values of k less than k,, the response curve has a single peak.
0

Freq y interval b resp P i
With unequal ¢*, with L,=L,=L say, and with k>k, it may
be shown that the frequency interval between peaks is given by,

Aw= %V (@,11)2—1#’3 . (1589)
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Further if R,=R,=R say, Eqn. (15°89) reduces to,

A0)=-r-lf N (0 i —R* ) -..{15°80)

Do 1y (e Y[ BV
so that ™Y ; N (@) ‘“,’\/ (’5;17) “( 7 )
) ..(15'01)

It may be proved that the frequency bandwidth over which
the response is greater than that at resonant frequeney is /2 Ao
where Aw is the frequency interval between resonance peaks as
given by Eqn. (15°89) or Eqn. (15°91).

Although critical coupling provides optimum response charae-
teristics, it is usually preferred to use under-coupled double-tured
circuits wherever narrow band is permissible. The response is then
single peaked and permits easy frequency alignment of tuned circuits.
The alignment procedure then consists in simply tuning each circuib
for maximum response at resonance frequency. With double peaked
response of overcoupled circuits, alignment is very critical. Similarly
difficulty arises with circuits having critical coupling.

Half-.power bandwith of double-tuned Amplifiers with
critical coupling and Q,=0,.

Let §;=0,=0Q. Then the relative voltage gain is given by,

A 1 0%
A (=25 Q517 200 - ... (15°92)

Magnitude A = W.MLMM—
“3res N 14457 Q*
At half-power frequencies,
43,1 Q=1
Hence 3-db or half-power bandwith is given by,

- 1 V2 f,
B=23,fy=2f; —5—7= 2 5
ofo fu\/z 0 3 ..{15°94)

Thus we see that 3-db bandwith of the double-tuned amplifier
is 4/2 times the 3-db bandwidth of corresponding single tuned
amplifier.

Gain Bandwidth Product of Tuned Amplifiers. We
may now summarise the performance of tuned amplifiers in terms
of the gain bandwidth product. The voltage gain at resonance is
gwendby the following expressions which have already been dis-
cussed :

Single Tuned Capacitance Coupled Amplifier : Ayeq== —g,,0,0Q,

Single Tuned Transformer Coupled Amplifier : A,p=g,0,3Q,

Do(ublel'.)(’uncd Amplifier : A,y=—j 1g,, 0,0, ,\/m
pE=

...(15°93)
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The 3-d5 bandwidth of these amplifiers have also been found
and are given below :

Single toned capacitance eoupled Ampﬁﬁer:B:—éL
.
Single tuned transformer coupled Amgplifier : B——-»‘g‘
2
Double tuned smplifier B——'%
12

The gain bat;dwidth product of these tuned amplifiers is
calenlated as below ¢

(i) Single tuned capacitance coupled Amplifier
Ao Bgunl @ L m Sl I, - {1593)
To increase the gain-bandwidth prodoct, ¢ must be redoced.

In the limit, the capaeitancs € may be dne only to interelectrode
eapacitances,

o
Then (A,,, zz)m= T {1508

where € is the ontput capacitance of amphfi-r tube and Cyis
the imput capacitance of the next staze. Thix Eqn. (1596) is the
same a3 for the R.C. coupled amphfier.

{ii) Sinzle tnned t fi coupled A
Au B 0300, 5 =003

Iuto M _ I
ol Ay
To increase the grain bandwidth product C; mu«t be reduced.
1In the process of reducing €, a limit is reached when the tuning
capacitance has been reduced to zero leaving only the input capaci-
tance C; of the next etage. Then
O S 5
(4m-8)_ =~ 1, - (25°98)

6

-.-{13°97)

{iii) Donble Tuned Amplifier :
A B=Z QU VER:. V2

n GO BB
=L VELTER, . 2
O L]

1
L (159
EVERNTEA (1599
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In order to increase the gain-bandwidth product € and Oy °
must be reduced. In the process of reducing €, and Cy, a limiv is -
reached when tuning eapacitances have become zero leaving only the -
output capacitance C, of the amplifier tube and input capacitance Gy
of the next amplifier stage. Then,

2r

Comparing Eqn. (15:100) with Eqn. (15°06) we observe that if
C;=C,, the gain-bandwidth product of the double tuned amplifier
is 4/2 as great as that for single tuned capacitanee coupled amplifier.

Voltage Gain and Bandwidth of Multi-stage Tuned
Amplifier~ .

Usually a tuned amplifier consists of a number of stages.
Obviously then the overall voltage gain is equal to the multiplication
of the voltage gains of individual stages bubt simultaneously the
overall bandwidth is reduced. We here derive expressions for over- .
all voltage gain and bandwidth of multi-stage tuned amplifiers of
single tuned, double tuned and stagger tuned types. ‘

{4) Single Tuned Multi-stage Am};liﬁer ~Let there be =7
identical tuned stages connected in cascade. From Eqn. (15°35), the
relative voltage gain of overall cascade amplifier is given by,

A - 4y 1 n .
( Arcs cascade (Arts)“ {1+(28Qa)]2 ."(15 101)

1 15
(Ar[; B)mamzngpﬂ . UE‘C“‘:‘E“; ..;(15 100)

At half power frequencies,
(128,007 % =v/2

or 1-4(28,0,)2=9"

) T '
or 28,Q0=~/ 951 ...(15102)

Hence 3-db bandwidth of n-stage cascade tuned amplifier is,

N gy
Qelfo
But 3-db bandwidth of one stage is given by,

B,=28, f, ..-(15103)

B::\IQ

-]

.-.{15°104)

Henmoe  B,=B w2 ~1 ..(16°105)
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From Eqn. (15°103),'it is” seen that on eazradinz * stages, the
3-4b bandwidth gets multiplied by the factor f2%--1. Value of

1 T

factor "/?.‘ ~1 i3 equal t0 0-643 for n=2, and” 0310 for n=3 so
that 3-d5 bandwidth is reduced to 643 and 51 per cent of the single-
stage banlsidth in th ease of 2 and 3 staze amplifisrs respastively.
For a givan resonance frequency, inorder {0 maintain a preseribad
“3-db bandwidth, it is necessary to rednce the @ of the tuned cirenits
<ontinuonsly as the number of stazes in cascade is increased.

- PN PR -

For many o . e LR
Tequired to nse .~ . . ECE .
teristics. A mal* Lot . LI . .
in this ease, the 3.db bandwidih reduces rapidly with the increase in
“the nurahze of stages used in caweads  Thus the 3-d4 bandwidth of
a 4.ataze sinale tuned araplifier is only 0 44 of the 3-¢5 bandwidth
of each stage, To get an overall bandwidth of say 4 Me's at 40 Mcfa
{typeal of LF. amplifier 1 Telerision), the bandwidth of each stage
must be :Ii—» =91 Hefs Such a wide bandwidth requirement has
4wo implications. (i) the gam per stage s very small and (i) Qis
<mall, In this case Q=gr =44 SmallQ results in & very flat
sresponse curve i e., 1t extends into adjoimng thannels with sufficient
strength. This 13 undeurable  Hence for tugh gain wideband ampli~
fication, single tuned amphfiers are, in general, not suitable.

(B) Double-tuned Muli-stage Cascade Amphfier :—Let therebe
2 identical stages in cascade and let @, be the effective @ of the
tuned cirenits in each stage. Let the factor p be equal to unity.
“Then the relative voltage gan of this n-stage cascade double-tuned
2mplifier may be obtained from Equ. (15°93) aud is given by,

A A 1 .
(o = et ~15100)

1
Heaco 3,0= 4/’_‘3"4;‘ . . (15°107)

The 3-3b bandwidth of n.stage bouble-tuned arplifier is thon
given by, .

fro¥ 2 .
B,=2 8 fo=1/2.0/ (27 —1 Y S . {15°108)
=2 8y J \/‘4/(2 !))( o

Bt 3-d6 handwidth of one double-tan>d amplifiar is givea by,

Byl ,
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Hence. B,=B \4/’(25 ._14), ' -(15°109p
From Eqn. (15°109) we conclude that by cascading the 3-db-
b VNS -

TBandwidth is reduced by the factor 2L Thus- for a 2-stage-

double tuned amplifier, the 3-db bandwidth reduces to 80°2%.
of the value for one stage. This reduction in bandwidth is much:
emaller than the corresponding reduction in single tuned amplifiers.
“This results beeause the response curve of a double-tuned amplifier
has steeper sides compared with that of a single tuned amplifier.
Trom this consideration, for high gain wideband amplification double--
rined cascnde amplifiers are preferred to single tuned caseade ampli--
fiers. For a speeified gain and bandwidth fewer tubes are required.
in this case. The passband choracteristio is also superior since it-
1alls more rapidly outside the passhand.’ '

Double-tuned  circuits are, however, -more difficult to align..
For good results, alignment has to be done with reference 'to oscillo--
" scopic pabtern. Fuarther double-tuned cascad2 amplifiers are more
" sensitive to variations in tubc capacitances and coil inductances than
_ is'the case with single tuned circuits. Hence inspite of their superiox:
response curve, from the above practical consideration, double-tuned.
cascade amplifiers are not wsed commonly for high gain wideband.
-amplification. They are however very commonly used as LF. (Inter-
s mediate Trequency) amplifiées in Medium-Wave and Short Wave-
.. radio receivers having only 2 or 3 stages and small bandwidth.
-~ requirements. Here, since the number of stages is small, alignment
“ig not very difficult and since the bandwidth required is small, high.
- "gain may be achieved along with sharp cutoff beyond the passband.
(C) Stagger Tuned Amplifiers o

It has been observed that for high gain wideband amplification,.
vingle-tuned and double-tuned cascade amplifiers are not entirely
zatisfactory. The most satisfactory amplifier for such high gain.
wideband operation is the. so-called “stagger tuned’” amplifier. It
xonsists of a number of shigle-tuned amplifier stages, each tuned to-
slightly different resonant frequencies and each having a bandwidth.
equal t0 or less than the overall bandwidth. Thus the consecutive:-
stages are “staggered” in frequency and hence the name “stagger
tined amplifier.” The overall response of several stages ‘can be
wmade to have both the requisite degree of flatness over the passband
and adequate steepness of slope at the band limits.. . The gain’ band-
width product of overall amplifier is considerably greater than. that.
obtainable with all the stages tuned to the same frequency. ' )

-~ In stagger tuned amplifiers, several stages are considered as a.
group. A group of two stages is called a “pair,” three stages a “tri-
.. ple”, four stages o “quadruple’’. ete.. The improvement in-performance-

over single frequehcy opcration inoreases with the number of stages in.
.. agroup. For most of the high gain wideband amplifiers staggered

- pairs or triples are generally used. . : o
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I"'lg 1512 shows the response curves of two tuned circuils
- NS L p S e, e

A 1 -
y e ER T (1 110)

At 3.db frequencies, 25,0,-=1 and hence 3-db bandsilth 2 i
- given by
B=2 3fy= B0
Gfﬂ Q.
Since scage No. 115 tuned to o frequency 8,f, below f,, the:
relative voltage gain of this stage is given by,

(,_é,) [ SN S
At /3 1472004804)  1-443(25Q+1)
where J refers to the band centre frequency.

The stage No. 2is tuned to a frequency 8,f, above f,, and
hence the relative voltage gain of this stage 19 given by,
A 1 H
[ T = 1 (15:112)
(£ rismporsn™ 1 Fpgmyy 51D
Hence the overall voltage gamn of the two stages i~ given by,

A A A
o Do =y 2500,

1
T U230+ DL +7(28Q.— 1)

. (15°LIE)

1 5
= TG L0, . {15°113)
TN L2300 {15113y
4
L i by,
Magrutude of: ( i )M' is gnuen by,
A 1 05
i TN T L1514
( Aoy Joar N80 N 1443Q8

Eqn. (15°114) for stagger tuned pawr 15 sumjlar 1o nature to Egn.
(15-93) for a critteally coupled double-tuned amplificr. Consequently

staggered pair has o 3-db bandwidth +/2 times as preat as that of
each of the individual single tuned eircuits constituting the pair.

From Eqa. (15 114) the voltage gain at band centre frequency
is given by,
A, .
A.=i?’—’ ...{15°115)
Hence gain bandwidth product 1s given by,
2
B =51 \/2 B2 4,8,

2
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where B, is the 3-db bandwidth of wsingle tuned amplifier.
“This is la;ger than the corresponding figure of 0643 (4,.)* B, for a

TUNED CIRCUIT No.2— / 10 Ym\‘w CIRCUIT to.?

¥ N\ |RESPONSE CURVE

/ F STAGGER TUVED
/ 28yQ¢ 25c4’e‘\’$< PAIR.. ‘

A% NN

- Tl N
250l 280G

a4

~

RELATIVE

-4 <3 2 = Y Fz 43 +4

Q

Fig. 15-12. Responto curves of stagrer-tuned pair and those of constituens
single-tuned stages ;

two-stage single-tuned amplifier with each stage tuned to the same
frequency.

The principle of stagger tuning may be extended to triples,

-quadruples etc. Such an extension is easily possible since each stage

" is single-tuned and there is no interaction among the tuning

-clements of different stages. The design of o stagger tuned ampli-

fier depends upon band centre frequency f, and overall relative
.. bandwidth d=(~13—>

. . fo overatle

The important advantages of stagger tuned amplifier are as
follows :—

(?) _Stagger tuned amplifiers can be designed for any rela-
'fii;lc.:tbandwidth upto d=2 with relative sharp cutoff at the band
Timits. .

(i3) The gain bandwidth product of a stagger tuned stage

" is considerably greater than that obtained on. tuning the different
stages of the amplifier to the same frequency. Thus a §-stage
Stagger tuned amplifier consisting of 3 staggered pairs has gain’
bandwidth product twice that of o G-stage synchronously tuned

. single tuned amplifier. The gain bandwidth product of overall

- stagger tuned amplifier increases as the number of stagesina
© group mereases. Thus if the same 6-stage stagger tuned amplifier,
. ~consists of 2 staggered triples, its gain-bandwidth product increases

. %o 2'b times the gain bandwidth product of 6-stage synchronously
- tuned single-tuned amplifier. '
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(iii) Since the varjous stages of a stagger tuned amplifier
resonate at different frequencies, instability of operation by posi-
tive feedback is reduced,

(ir) Alimnment of stagger tuned stages is extremely simple.
Al that is necessary in this case is to apply at the input of the first
stage, a signal of frequency equal to resonant frequency of say
stage one and then to tune this stage for meximum output of the
last stage. The procedure js repeated for each of the stagger
tuned stages feeding the sirma) still at the input of the first stage.
“Oscilloscopic inspection of response curve is not necessary. Thus ©
alignment procedure is much simpler than in the cace of multi-stage .
double-tuned amplifier.

(v) The phase response of a slagger tuned amplifier is, in
general, superior to ie. more linear over the passband than that
-of a single tuned amplifier of the rawae gain and bandwidth,

The main disadvantage of the stagger tuned amplifier is its
low input fmped. at hizh frequencies. It may beas lowasa
few thousand ohms. This “excessively loads the tuned circuits
preceding the stagger tuned wmplifier. Such a loading affects the
double tuned circuits to a lesscr  degree so that for  frequencirs
above about 100 Mc/s, donble tuned circuits are preferred.

Example 1. [n the tuned voltage amplifier shown in the dia-
gram, L=300 pll, R=10$Q, tuning condencer C=500 ppF. E;="2
volt r.m.s. al the resonani frequency. Calewlate (V) resonant frequency
(i) Impedance of tuned ~circuit at resonance (iii) Voltage gain at
resonance (it) output voltage al resonance (r) Q of luned circuil af
aesonance (vi) effective Q of tuned circuil including ry,.

°
L
[4
o
+
T
. 1
Selation. (i) Resonant frequency ﬁ,=2;:/LC
-— L o
N 500 X 10X 500 x 10~

= 318 kefs.

{i%) Ympedance of tuned ciremt at resonance s gives BF I8¢
approximate relation,

L

B =
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. (#3) Voltage gain at resonance is given by,

50
N 25 % 10°
-Aresz_gmz= 1 g 1= 1 2 i “= —40
— -+

7, Ry 25x10° 10°
(iv) Output voltage at resonance Eg=—40x0'2= —8'0 volts.
(v) @ of tuned circuit at resonance is given by,

- 500x10~° _ 100
Q=wA/ 10 ’\/ 500 % 10-1¢

(vi) Effective @ of the tuned eircuit including #, is given by,

=T
' 500x107S :
_where X.= _/\/ /\/ 500101 1000 ohms.
Tp . R, 25 x10° X100 X 10° __ 3

and. Bip= —é'fi—Rt (253-100) X 10° =20% 10% ohms.
_ B 20X10°

Hence Q"“X} =—1600 =20.

Example 2. A luned woltage amplifier uses pentode having
=1 my and r,=1HMQ. The luned circuit consists of a coil of
snductance 200 pH and resistance 12 Q in shuni with a tuning condenser
adjusted to 450 ppF. Calculate (i) resonant frequency (i) Q of the
tuned circuit at resonance (ii1) impedance of the tuned cirvcuit at  reso-
nance (1v) effective Q of the funed circuit including r,. (v) Voltage gain at
- resonance. Neglect the shunt capacifances. If the frequency of the:
applied signal is increased to 10 kcfs above resonance, calculate the
magnitude and phase angle of voltage gain.

Solution.

@) Somgmre = -
" 2x \/ LC 2= \/ 300 % 10~ > 450 X 10-12

) :_ A F00x10° _
° T 12 450 % [0-12

(1)) Tmpedance of tuned circuit at resonance is given by

L
Ri=0,lQu= 57 =Qu R=(55"5) X 12=37 107 ohms.

z¢/s=532 ke/s.

(iv) Impedmce of R, and 7, is p'u'alle] is given by
Byy= T2 B R, 10% % 37 %10°
Tt R T10%(10004-37)
Hence voltage gain at resonance is given by,
Ares=—n Bip=—1000%10-5x 35'§ x 103=—35'S

=358 X 10° omhs.
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Effective @ of the plate (et is given by, B
T FEIE3
R L su:-sxm’,\/ 450%3
o= :éi"“f’"«/f i 200% 10
=540
At s frequency 10 ke/s above FEsORANCe,
5 (SR L L LV
= IR0
Relative voltage pain is given by,
A 1 1 1

=E2K 0SS HarG | 145200

IS

- =157

{2051

Phase angl of A=7-=180"—tan™"{2 05)
=180~C4"=116°

itude 1=
Magnitude J1

Example 3. 4 funed vollage amphfier wae a triode having
=30 aud r,=20 k2 The tuned crenrl conwists of el of impe danee
104525f% 300X 10-% in shunt with @ 2umpng eaparipancs veiriable betecen
the limits 30— 500 upF. The total shunt enpacdanes cxwsed by waring and
inlerelectrode capacitance is 20 puF  Calcuinte the mavimum and miny-
mum frequencies of resonance and the cnpacitance of tuning condenser to
obtain resonance ot 05 Mefs.  With tuning cowfenvr adyudt-d to pro-
duce resonnnce ot 005 Mefs, caleulate (i) Q4 of tuned cireuil a? resonance
{5} dmpedance of tuned circuit at vesonance (i) effective Q of the plate
cireuit ab resonance including r,. (iv) Volfage pain al resonance {r)
magnitude and phase angle of voltage guin af frequency 20 kejs abore
fesonance (ui) half power Londwidth (vii) additionnd shunt revonanee
required fo produce a half pawcer bandiwidth of 50 hefa,

Solution. A.c. equivalent circuit of this amplifier is given

Total {uning capacitance C=C40,

Max.imnm value of capacitanco Crmgs==30+20 =50 upF
Minimuma value of capacitance Oryta=5004-20=620 [T
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1
T = e T
! c/s=13x10% cfs.
74300 % 10-4 X 50 X 10-1*
1
V7
1

cfs

274/300 X 10-5X 520 X 1012
=0403 X 10° ofs.
Value of C for resonance at 0'5 Mec/s is given by,
1
27n/300 X 105X C
Hence =338 10-1* Farad.

Required tuning condenser Capacity 0'==(338—20)=318 pp¥.
At 0°5 Mc/s

) =L 300 % 10~
2 ’\/ =10 ’\/ 335w 102 Ot
. (i1} Impedance of the tuned circuit at resonance

Be= C:T}% =R =(94)% X 100==88"36 X 10° ohms.

(#17) Effective @ of the tuned circuit is given by,

0'5x10%=

Qe_ Qe QO 94 17'35
1 2ol "’oLQo 1+ 8836 ,
" 20
. (iv) Voltage gain at resonance is given by,
— g R
Ares= —3m Q(TLQO == I 2t
0oLy Ry
14 r 1+ 7
50 '
= == -3
9= 55506 2'5X10-% mho,
. 3
Hence A,,=—2'5x10-3x Si iﬁ ;;810 =—407
_ (v) At 20 kefs above resonant frequendy,
__20x10% |
= osxie 04
A, —407 —407
Hence A= 1% ; ———
T528Q, = 1472X04x 1785 — 1571388
- Magnitude A= 407 =23 |

NI+(esnE
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sl of A js given by
Tlase S Isee A sy, )
=180°-54° 14'=123" 46
{ri) Half power band\\ idth is given by,
P AL

Q 17
to be made "»0 LCIs
(vii) 1 Bistobe 5 05x10° 0
0 wosts o3 T =50 X107
et additional resistance in shunt be R,
D
Then Q= 5 Ry
R,
1'1 35
or 10= —7}7 © )g(),
I,

Hence Ry=23'0%10" ohms.

Example 4. In ﬂw rapuu!ancr touplul nmul wllagr amplifier
shown in the . telorr « L =400
wl, 0'=380 14 o ll ahunlrn,nn!nncf
Cy=20 ppF. . leulate (1) frequency
ajrummnce of plate cirewir, a1y [ONURTII . circmnf af retongner

(C=C"40,), (in) effectire value of Q of plate et wcluding ¢, and
Ry, (iz) vollage gain at resonance, {t) kalf power landindth () gmin

bandicidth product (tii) voliage gan at frequency of 20 de s bllow
resonance.

Sclution, (i) C=0"-4+C,=350+20=400 yyF,

Frequency of resonance j,-_-le‘__
2:

=N Lo

1
e
e {0 X T0% 5 §
%4003 1032
=203K 108 ¢fe, Io-
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(1) Q, of L—C—R cireuit at resonance is given by,
I L3
“=% A\/””CT:“S” x\/ 460107 =125
{i17) oy=27 fy=2r X 308 X 10°=25 X 10° radians/scc.
@s

1 1
1+ (’)()L Q,)(;.: +—'je”

Qo=

126
=3 =23
P —"— I
1+ 25 X 10° X 400 )<12.)( 0% 165 TEG0X 107

(i0) Apes=—Gm oL Qe
60 s 5 —0 K o
—_ ! { ——
30 % 10° X 25 X107 %400 X107 X 126=—46"2
{z) Half power bandwidth B
398 x 10?

. ': ==~£Q:= “23“.1'“0/55

{vt) Gain bandwidth product =D x 4, l
== (1725 X 10°) X 46'2==796 x 10°

{(vii) At 20 ke/s below resonance,
— 20x10°
7398 %103
~ : A —46°2
. 7 Am Brer
o Voltage gain - A="77i980, = T4 1004 X251
i _ —462
TI 282

="0502

M'_::é?:.%-:‘:’f, = 18'3.
N 14(2°32)?
' Example 5. 4 single tuned capacitance coupled vollage ampli-
. Jier has tuned circuit coil having inductance of 200 puH and resistance
of 6Q. In shunt with this coil is the tuning condenser with capacilanc;
variable from 30 to 500 ppF.  The ouiput_capacitance C, of the ampli~
- ofier tube is 10 pu T and input capacitance C; of the newt stage is 20 pp P
-, + Grid leak resistance R, is 500 kQ. The amplifier tube has n=40 and
Frary=20 Q. Calculate (i) value of tuning condenser ¢ Jor resomance
« et 00 kefs (ii) cffective Q of the plate circuit wmeluding r, and R, at
DT arescnance (i) voltage gain ab ressnance (iv) 3-db bandwidth (v) g"?zin
L bandwidth product (vi) maximum possible value of gain bandwidth
-~ . product, If induclance L is kept constant Jor this maximum gain-
sbandwidth product, calculate the frequéncy of resonance.

I

Magnitude A

S
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. 1 1
Solution. () €= G2 = (o . 505 % TOFRE0X 1
=305 1012 Farad,
€= C; £, =20410=30 puF .
Henee tuning condenser €' =C—(,=503—30=473 yuF.
{ii) Impedance of tuned cirenit at reconance is given by,

I . =3
1(,‘_?"? 0% 1 X-S:m 5 10% ohms N
1 T 200 1D
. Q==- _,\/_ — /:;,*_7 =785
TR A s'\, BoxI0E
$e= e
1,1
Sl
_ 785

= o [ 22
14405 10° [5&10,+ ..m—xmf]
£ird) Aves =—g,, 005L Q,
40 -
~ g g X (273 500107200 X 104 22
=276
et 3
(i) 3-db bandwidth L= g‘ P
=22 8 10° cyeles/sre.
*{r) Gamn bandwidth product .{,,. X B=27 6 x 22 §x 10"
=630 10" cfs.
{¢i) Maximum gain bandw:dth product is given by,

Im
(X B )= i)
2x1072
T ER{20-F 10430 X 10 2
=53x10cfs
‘Total tuning capacity is 60 uuF Ilence frequency of resonance
for maximum gain bandwidth product condition 1s given by,

’ 1
Fo= s amni 0310 ¥
=145x10° ¢fs

Example 6. Inuthe transformer woupled single tuned voltage.
.amplifier shown, Cy=35—500 wpF  L,~=300 wH, R,=100Q, M=30.

wH, C, is adjusted to 300 pu¥'  Cdeulnte (1) frequency of resonance fe
{ii) Q, of tuned cucwat ab 1esonance () wcllage gan a! reconance fir) .
«ffective Q of the tuned cirenst including vy 1eflected into the secondad |
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circutt (v) Optimum value of mutual tnductance M and the correspond-
ing value of woltage gain af vesonance (vi) With valwe of M==30 pl. -
Caleulale the magnitude and phase angle of vollage ynin ol a frequency
20 kc)s above the resonant frequency (vii) half power banduwidih,

;l_ u o
o\ 429 “C 31_ A
. (= Ipz;a( 2 ;[:C?
. : Eo:
Lk |
B [/ Rl\' Ck
o '"“Ebb
: - X
- Solution, -
. 1 : 1
(2) o= e e P .
fo= O Ly Oy 2ren/ 30032 107X 300 5 1070
=H30% 107 ¢fs.
(i1) @, at resonance is given hy,
1 L, 1 R00 % 1070
CQy= e A ) A b 4 /300X 1070 46
e Jfa’\/ o 10”‘\/ 50 1071 100
(1) Voltage gain at resonance is given by,
co Mie,
Ares= 0 Lo 2
—90 (30 % 10-%)/(300 % 10-12)
(L0 X 10) (273 530 % 1072 X (30 ¢ 1079)°
2x10°
1054 (106w x 80y~ 1572
. ()n 100 !
() Qe = ‘ o~
T wo~ﬂl~ )¢ (2ER B30 X T0a0 5 T =%
R2 IoxIot

W) Ma=NT B g p G

)
== nf 101 10 X 300 % 10~ X 300 x TO<34 "
=047 .l
(Ares)opt =_.’gn '\/ ';'7»—]?2 (A)::

20 1 .

=g X g XN 10410 % 100=31- G
(vz) At frequency 20 kefs above resonance,
20

L 5= gg0 = 0377

R T o
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o By 182
137280, "1 3% U3TIX 0L ~ 145 6606

Ll
Magnitude dm-—alite =8 62
N1
Phase angle ¢=tan~? 686=—81° 42’
{rii) 3.db bandwidth B==2- f" o_&'(iflg" =3583%10° efs.

r‘.,.- -~ - e v PRIV

e
|
LS \
A
£o
|
b
Solation,
1
i) e =
@ b= "—\/z,o T IRV 00X 10 X 450 % 1032
=531 X 107 cfs.
L. Vz@o; 0755
o, = A FEoxien” T
NP gn $1QV BB,
I4p
~VEBIXBXIIROBTXOCTXIO_ ooy
TIE0s )

Magnitude 4,.=67"4.
{iv) At frequen"y 2 ke/s above resonant frequency,

8= g:i=3 8% 102
Hence voltage gain is given by,
A HTa NP Q@ VIWR:

T P35 t) 2R
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- —3 3¢ 10-34/0°81 X 667 X 667X 10 L
1% 0 81— 4(3 78 X 102 X 6677)°—j 2X 378X 10731334

. —j120

T 155649 101

120
=65

Vv (1°556)2+(1-01)®

. Example 8. In a double iuned voltage amplifier, primary and
secondary resonant circuils are identical and each is tuned to 2 Mcfs.
Both primary and secondary windings have inductance of 150 pH and
resislance of 10 Q, coupling dissipation factor p=1. Mutual con-
ductance g, of the tube is 4mA|V and amplification factor p=50.
Calculate (1) value of tuning condensers (i1) () of resonant circuils at
resonance (iii) voltage gain al resonance (1v) relative wvoltage gain

Magnitude 4=

4
q at a frequency 10 kefs above resonance (v) 3-db bandwidih.
N . Tes

Solution.

(f) C= L !

Toll (@RX X109 X (150 X 107
=422 X 10~* Farad

s 1 /o, 1 150X 10-%

ity @ === = /\/_ﬂ‘l:v’ ____O__X,‘__.,..ﬁ =188

! BN 0, 10\ 422 x10-2
(#71) Aves =~j’\/ 5 ng).Qz\/Rle
142

I X4X10-°x188x188x 10
) 141 -
' Magnitude 4,,,="T08.
(iv) At 10 kefs above resonance,

—j 708

0
b= 55or=5X10
For p=1, and Q,=@,=@ say,
A 1
Ars (12807145259
Magnitude -2 1 1 0493

drs VITEG VITABXI0SRIST
(v) 3-db bandwidth is given by,

_ Jo _A/2%x2x108
B-—a'\/?« *Q“——'“"‘TB-‘8~——=1505X 108 C/S.

‘Example 9. A4 radio frequency amplifier consists of four stages

+ of capacitance coupled single tuned siages each tuned to o Jrequency

~of I Mcfs. Effective Q of each stage is 20. II
_ . : . utual
\eajch tube iz 3 mA|V and inductance of cack tuned ii:&ﬁfuc;: g(gOQ";LE?f



TUNED VOLTAGE AMPLYFIERS ‘573
Calculate the voltage gain at resonance 3-db and bandwidth
and that of overall amplifier, o Sandheldth of ench shoge
Solation. Gain of each staye at resonance is given hy,
Ares=gm 06 L4,
=3%107 % (223107 % 200X 10~ % 2
=755
Gain of £ stages at resonance=(755)¢=32:48 X 10*
8-db bandwidth of each stage=ﬂ=»é4-:—l(%- =50 kefs.
e 2
I
Overall 3-db bandwidth ~ By=B/2*~1
=50X10° X 0°435==21"75 kofs.
Example 10. An Intermedinte Frequency Amplifier consists.
three alages of double tuned amplyfier. Euch stage is funed 10 a freguen:
of 550 Lcfs. Effective Q of each tuned circuit in each stage i4°30. Ti
vollage gain of each stage is 40. Calculate the oterall gain and overc
3.db bandwidth. Coupling dissiy Jactor p=1.
Solution. Qverall gamn=(40)*=64000

_ VEXS%10

3-db bandwidth of each stage is B:‘/r_)%/ %

=259%10° cfs.

Overall 3-d% bandwidth B,=B {/‘2?‘“1
250X 0°713=18'5 kefe.

EXERCISES

1. A tuned voliage amplifier uses as toned cirevit 2 cosl ¢
inductance 250 pH and rewistance 10Q 1n parallel with a  condense
of 500 uw. @ of the triode used is 40 and dynamic plate resistanc
£, 1520 kQ  Caleulate (i) resonant frequency (i) ¢, of the tune
circuit at resonance (1if) impadance of tiie tuned circuit at resonane
(iv) effective @, of the plate circuit mcluding r, (v} voltage gac
of the amplifier.

2. A tuned voltage amplifier uses pentade having gm equal £
ot Y T Tt o= of 800 R, The tuned ewrcu!
o and resistance 15 ohms wit

. e 400 ppF, The total shun

. . rode capacitances and wirin
equency of resonance {i+) @50

£

the tuned circuit at including the shunt capacitances (ifi
impedance of the tuned circuit (iv) effective  of the total plat
cirenit impesd including rp at {r) voltage gain at reson

anco (vi) gain at frequencies 20 and 40 kofs below resonant,
frequency.
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3. A tuned voltage amplifier uses a triode having u=4g, 3:;
.7,=16 %Q. The tuned circuit consists of a cojl and a tuning cm} 105 o
"in its parallel. Coil has inductance of 400 wH and resmfiance:ag o o

The tunng condenser has its capacity variable between ?1 fo D00
. The additional shunt capacitance due to wiring an dl hor-
‘electrode capacitance is 25 puF.  Calculate the maximum an glthe
" mum frequencies at which this tuned circuit may rcsonafig% 'a(inMc/s
value of tuning condenser capacity at resonant frequency ol 0 0 o;‘.'
With condenser adjusted for resonance at 0°6 I_\Ie/g calculate (i) °...)
the tuned circuit (i) impedance of tuned circuit at resonmllcg, (zg,Iz‘
total plate circuit impedance at resonance (iv) Q. of total"p z:] e cl(‘i
cuit at resonance (v) voltage gain at resonance (i) magn}tu {3):]111
phase angle of voltage gain at frequencies 10 ke/s and 20 ]x‘O/S. te ox;'
.. resonance (vii) 3-db bandwidth (viif) additional shunt resistanc
' required to increase the bandwidth by 50%.

4. Draw the circuit diagram of a single tuned capacitancecoup-
. led voltage amplifier using a triode. Draw its a.c. equivalent circuib
", and hence derive expressions for (i) frequency of resonance Jo (.n) Q
- . of tuned circuit at resonance (ii7) effective @ of the plate circult
including 7, and R, at resonance () impedance qf the _t-uned circuib
alone ab resonance (v) impedance of plate circuit including 7, and By
(vi) voltage gain at resonance (vii) voltage gain A at any frequency

w close to resonant frequency ¢, (viii) half power bandwidth (iz)
" gain bandwidth product.

5. A capacitance coupled single tuned voltage amplifier uses

4 triode having p.=>50 and mutual conductance of 2 mA4(V. Tuned
circuit uses a tuning condenser variable rom 30 to 500 ppF. Output
shunt capacitance C, of amplifier tube is 12 up¥ and input shunt
capacitance C'; of next stage is 22 up#. Calculate the maximum gain
" ‘bandwidth product obtainable from this amplifier. If the coil of the
tuned circuit has inductance of 100 pH and resistance of 5 ohms, and
grid leak resistance B, is 1 Meg ohm. Calenlate (i) the frequency of
Tesonance and (ii) the voltage gain of the amplifier under this maxi-
mum gain bandwidth product condition. ’

6. A transformer coupled single tuned voltage amplifier uses a
triode having pw=40 and r,=15 Q. The secondary winding has
inductance L,=400 pH and resistance B,:=12Q. Mutual inductance
A[=40 pH. The variable tuning condenser across the secondary is

-... adjusted to 200 ppF. Caleulate (3) frequency of resonance f, (i)

, Of the tuned circuit at resonance (iii) effective @ of the tuned cir-
cuit ineluding 7, reflected to the secondary sido (iv) voltage gain at
resonance (v) Optimum value of mutual inductance to get maximum
voltagé gain at resonance (vi) voltage gain at resonance swith opti-
mum mutual inductance (vi7) magnitude and phase angle of voltage

_ gain at frequencies 10 and 20 ke/s below the resonant frequency with
A=40 pH (viii) 3-db bandwith. ' '

7. In a double tuned voltage amplifier, primary and secondary
resonant circuits are identical and each is tuned to 1 Me/s. Both
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Primary and secondary windings have inductance of 300 pif and
Tesistance of 8Q). The coupling dissipation factor Pp=12Q,0,==064 g,..
of tube i3 4 mAlV  and amplification factor is 60, Calewlate (§) *
\'.a.l'ue of tuning condensers (&) @ of tuned circuits at resonance -
(ifi) voltage gain at resenance (iv) voltage gain at o frequency 4 kefs
below resonant frequency. .
8. A critieally coupled double tuned voltace amplifier has both
the primary and secondary tuned to I'5 Me/s. The primary and the
recondary windings are identieal and each has inductance of 250 wff
and resistance of 12 ohms. The amphfier tube has mutual con-_
aluctance of 2 mA[V and amplification factor of 40 Caleulate,
{1} value of tuning condenser to obtain reconance at 15 Me/s (ii) Q of
the tuned cremt at re<omawee (i1t) voltage gain at resonance {iv)

relative voltage gan A at a frequency 6 kefs above resonance and
res .
{) 3-db Landwidth.

9. A radio frequency voltage amplificr uses 5 stages of copacis
‘tance coupled single tuned stages each tumed to a frequency of
500 kefs. Effective Q@ of plate eiremt of each stageis 25. The
amplifier tube bas mutual conductance of 2 mA|V  The coil in the
4uncd ciremt of each stage hias inductance of 100 wi. Caleulate the
gain at resonance and 3-db bandwidth of cach stage and of the over
all amphfier,

10. A four stage Intermediate Frequency Amphfier uses double
4uned stages cach stage tuned to 565 kejs @ of each taned stage1s
20, Voltage gam of each stages 30. Al tuned circoits ave coti~
<ally coupled. ~Calculate the overall voltage gain and overall 3-dd
Bandwidth.



CHAPTER XVI
TUNED POWER AMPLIFIERS

A tuned power amplificr amplhifies with good cfﬁci(-ncy,_' 1b'adu{: .
frequency power either at a single radio frequency or in A narrow :;nct )
of radio frequencies. It differs from tuned voltage ;\mphﬁc;"_ int 113
its primary function is to produce large R.F. power. Sinee ]t ;c

. amount of power handled is large, it is essential that the pla (;_

© circuit efficiency of tuned power amplifier be large. In fact tunec
power amplifier converts the d.c. power from the plate supply sourc%
into R.F. power. The amplificr must, therefore, be so designed and ‘
set that this conversion of d.c. power into R.F. power takes place:
with maximum efficiency. ) )

The circuit arrangement of tuned power amplifier remaing
essentially the same as that of the t:uneq voltage :_lmpl_lﬁer. . Basic:
cirenit diagram of a tuned power amplifier is shown in Fig. 16-1.

—rtm

| E——:% é‘—%{ €gk -{f?k""{’_ ‘(Cd -:::Ebb

IR Fig. 16°1. Basic circuit diagram of a tuned power amplificr.

. Since power handled in tuned power amplifiers is large, plate
circuit efficiency must be large. Hence class 4 operation is hardiy

- -~.ever used. Class B and clags € operation giving high plate circuit effi-
cieney are utilized. In class B operation, negative prid bias is adjusted.

. "to plate current cutoff so that plate current flows for half the a.c..
-eyele. In eclass C operation, negative grid bias is adjusted apprecia-

. bly beyond the cutoff value so that plate current flows in the form

“of pulses lasting for periods appreciably less than half the a.c. eycle..

-Xn exther case, since the plate current does not flow for the entire:
a.c. cycle of the applied input voltage, harmonic components com--

- parable in magnitude with the fundamental, are produccd in the plate-

. circuit.  But plate: load is a tuned cireunit of high @ which responds.

> toa narrow band of frequencies centred about the resonant frequency.
-, ., Response at second, third etc. harmonics of fundamental is negligible
L, i @ of the tuned ecircuit is greater than ten. Thus all harmonic
-, terms, are easily eliminated. Butif Q is large, vesponse of tuned
~ *- omplifier is limited to a narrow band of frequencies. In radio
broadeasting and radio communication, using amplitude modulation,.

Ve £
{

N
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wever, bandwjdth requirement i3 small, usually not exceeding
kefs  Hence theso tuned power amplificrs having ) of the order
ten may be conveniently used. In practice, in amplitude modu-
don radio transmtters, class € tuned power amplifiers are used to
plify the RF. carrier before modulation fakes place whereas
183 B tuned power amplifiers are used to amphfy amplitude
ddulated RP. carrier. Tuned class ¢ powsr amplifier cannot

used for amplification of such an amplitude modulated earrier-
1ce the amplitude may vary over o wide range and plate current-
nnot reproduce these amplitude variations since it flows for a-
wll part of theac. cycle. Class B amplifiers alone may be used
r such a purpose.

Response of tank circuit at second harmonic frequency.

In Fig, 16 1 parallel tuned cirenit constitutes the plate load.
| general, however, the output developed across the tuned circuit-
coupled to the load impedance. This coupling may be either”
pacitive or inductive. Inductive pling is used ly.”
arther a tuning condenser C, is placed in the load circuit to produce-
sonance with the codl at the single frequency. Fig 16 2 shows the
tenit arrangement.

Let the amplifier operate at fiequency . Then € is so
ljusted as to resonate with L, at angular frequency ¢, Thus-

1
Qp=—F=== . (161
*TNLC, a6 po“_'_———é
At resonance the jm- ug g, @ L
xdance of the secondary q-é R, <
reuit is (R, and Ry) 7] 22
sistive. This resistance [¥) Ry .

ansferred to the prmary ko

A2 Fig 16°2. Typical method of coupling the
Bt T i L(:meg::ca Ry e paraflol fumed
he cquivalent tuned ciremt arcut. .
\en becomes ns shown in Fig, 16 3 (@) Resistances Ry, and By
iay be combined to form resistance £ resulting 1 equivalent

reuit of Fig. 16°3 (6}

o —
:;’ L&,
NI c,*; 2
|5

de becomes Ry =

(o
1A T
7 R
o——I o—
{a) Tquivalent cireuitof tuncd () Modificd for:xi':‘fﬁot?mm!cng :

plate cirenit,
Fig. 163, Dguiralent cuctat of plate tuned ¢l
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The impedance at resonance of this tuned cireuit of Fig. 16'3 (b)
is resistive and for ideal conditions is given by, :

Ll )
S N ...(16°2)
Z(“)O) Rt OlRl ‘ (

If the tank circuit is ideal, the impedance Z(ny) ab any of the
harmonie frequencies will be zero. But since ideal condltlons_do not -
.exist in practice, harmonic frequency impedance Z (noy) is never
zero although it may be made quite small. Thus for any parallel
“tuned circuit, impedance at any frequency is given by,

149~ S
z=1 .(Q ) ... 16'3)
CiR, 1484308 (2+3)
where 5= %0 ...(16°4)
0)0

- _At resonance v =wy and 5=0, so that

Zog=R, ~{ 1~j QL)

=R, 1+.b-1-2~l~ta,n"1 1/Q ...(16°5)
doo

. X Q, is large, Z(w,) is equal to R, and phase shift is zreo.
o Typically Q,=10, at which value,

Z{eg) =Ry %1005 — £ 57° ...(16°6)
Equation (16'6) shows that for Q,=10, mmpedance of tuned

-..cireuit at resonance is almost resistive and equal to B, Thus for
large values of Q,, :

L
< Z(wp)=R,= ~~0111§!‘=C%L1Qa
= RlQo‘q:Qn/\/—LL .ee (16'7)
Gy

. At Second Harmomic Fr T o= =
- Eqn. (16'3) becomes, ey s =320, and 9=1, 50 that

1—j 1
Z(2w,)=R ——.*2—-9—0—
T T TS,

1
0°25—j [-——~+ 1'5 ]
~R, 20, % ... (16°8)

L 1-4-2:25Q 2
. pFornQo egual to fen or greater, Eqn. (16'8) becomes,

—

R 1
Z 2(1.) ):':. .- [y S L .
(22 J15Q, 1'5N/'5i~ e (16°9)
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e (16°10)

Power output at o, is given by,
Pileg)=1%; Zoger=T . Ri=17 X Q2R ...(16°11)
where Iy, is the r.m s. value of fundamental component of plate
ceurrent and Z{ey),eq is the real component of Z {e5,). :
Similarly power output at 2o, is given by,

. PR
Py ag) =L 2o =g T F o . (1612

where I, is the r.m «. valee of sccond harmonie eomponent
-of plate current and Z(2wy),car is the real component of Z(Zo),
Hence relative output power is given by,

Piled) PR
P20, = IS R
7142250,
I\ ;
5(7:5 ) H1+2250.2) - (16:13)

_Let us consider the extreme condition when I, =I;, Then
xelative output power is given by,

;)‘(“”%:4(1%22500’) e (1634
o
Typically  Qu=10, %o that,
Pyfess) L9095 2.
e 29 =001, v
vy = H142 25X 10 =001
_— - A - -+ power at the second harmonia

Q=10 and Iy =J5,, is neg-

Out of the total power developed i the tank ewoutt, a partis
Jost in the resistance B, of the coil If condenser C; also has a
\dissipative eomponent, farther loss takes place.

Ont of the total power (@, R delivered to the tuned curcuit,
the part delivered to the secondary is given by,

2
Pl @ Ru@. 22 . 615

TRt R
Then 4 o power delivered to the secondary
4™ "power delivered to the primary
_ P
Fife)
@B By

T L0 R Ryt Ry
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Out of this total secondary power Py, the part Pp is
developed across the load resistance R, and is given by,

Ry, 9 R 2
. Pry= Py I’B‘:;_}:l“‘k‘;‘z(lpl Qo Ry '—I?;_;_R:
2 M B, o (16°17)

= Q)" Rip+-Ry " Bip+-Ry
___ Power delivered to the load
2= power delivered to the secondary
Lo o
TPy RptR,

The ratio of power delivered to the load to total power deliver-
ed to the tank ecircuit is called the “circuit transfer efficiency’” and
may be indicated by 1.

Py, P, Py

. Hence

...(16°18)

Hence n:-pm——ﬂ; " o] ==11,.91 ...(1.6'19)'
Substituting the values of powers, we get,
By By ...(16:20)

Rt By Bt By
Eqgn. (16:19) may be put in the alternative form,
' ,n___:k_l)za Do) P,
P+ P, Pl(mo)
where P, is the power lost in the tank circuit and is given by,
P (1@ | Bt R, 3 | +.(1622)

: The expressions for 4, and v, may be put in the alternative
form, Thus

(1621

Ry __ R

=, =l — - b
-Rl+Rll R1+Rl1
wgly /(R +Ryy) Q
e~ Cota BT Ry Qonr -23).
oL/ By @ ~(16:23)
ol .
where Qm=~3]‘%:rl=Q of the primary at resonance without
loading
L

ind Qo= jzl»f;’_--j{l!{:Q of the primary circuit at reso-

nance including the resistance of the
secondary reflected to the primary side:
Jimilarly we may put,

_q_ Qou
7,’2-—-1—‘ -@;; ...(16'24)‘
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whero Q:n:"‘;zofq and Qnﬂ:}%’:}’z'—:
)
Henco =y ( I—g::ix x~g:—;’) . .(16:23)

For obtaining high circmt transfer efficiency. cireuit eloments
must be arranged to give high values of unloaded @ values namely
Qny 0nd Gy and Jow values of loaded Q values namely Qyy; and Qpar.
Typically Qoy; and Qyy are kept equal to or greater than ten so
that the harmonie terms may be suppressed sufficiently. Unloaded
@s depend on (i) power ontput (i) construction of the roil (Fif)
frequency of operation  In broadeast band fe. in the frequency
range of 500-1800 Kcfs, unioaded @Q's are typieally 100-200 for low
power coils and 400-800 for ugh power coils. .

Significance of low values of loaded Q's. The following
advantages result from the use of low values of @'s of loaded coils :

(5) High circuit transfer efficiency :  This follows directly from
‘Eqn. (16:25).

(1) Broader bandwidth . Y 3issmall, and @y is not cxees-
sively low, relative response from Eqn (16 4) becomes,

Zoy L . (16268)

ook 10, rq—fﬂ;] .

wy o B

bandwidth increases. Tt
14) that the second harmbos:
But it has been found that
even 10r values OL wg s ow us i, sccond  harmonie power is
extremely small compared with power at resonant frequency

From Eqn. (167 we observe that a low value of @y fora
preseribed value of R, may be obtained by using large valne of ratio
Lle. Large value of Lie 1s achieved when tube and wiring capaci.
$ances nlone are used in the tuned eircuit.  Figh value of nductance
7 maust then be used in shunt to pet vesomance at the presctibed
frequency To get stable operation, however, a =mali physical
condenser is usually used m the tuned cjremt. In practice the value
of Qis chosen as low as pos bl 5] t with the r
of the permissible harmonic content.

CLASS B TUNED POWER AMPLIFIER

Tn class B operation, the gnd buas voltage E., is adyusted to
cutoff value so that with zero signal voltage, no plate curyent fowe
while with the application of an ac. signal, plate cumntlﬂf’f';
Adunng the positive half of applied a.c. voltage cycle. Such i 2
tuned amplifiers are used in Radio Transmitters fop powes a=i==
cation of modulated carrier. o

The analysis’of this amphfier may be made using ©=F .
following tvo methods : -

oF T
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[
w0
Lo

(A) Semi—graphical Analysis : This method is applicable
to: class C amplifiers as well and is applicable over a wide range 0

. operation. Essentially it is a trial and crror method and consists:

in ‘Selecting certain operating conditions which yield eventually the
desiréd values of power output, plate dissipation and plate efficiency.

¢ -(R) Approximate quantitative analysis : According to this
methiod it is possible to derive expressions for the power output and
plate cireuit efficiency in terms of known and adjustable guantities.
The results of this analysis may, therefore, by applied quickly. This
method of analysis is discussed below. The fotlowing steps give the

“analysis used :

< Step 1. Development of simple approzimate analytical expression

for the characteristics of the amplifier tuhe : A study of the tube

parameters makes evident the following relation between the plate
curtent 7,; grid voltage e, and plate voltage e, of a triode

o =g Pﬁ%ﬂ for (ect f});o ...'(16-27)

*." » where fp==instantaneous total plate current
e ey=instantaneous total plate voltage
© and ec=Instantancous total grid voltage. .

Fig. 164 shows a plot
of 4, as a function of the

‘ 4
\ T ' control voltage eg+~ﬁ~.

4 Step. 2. Estabishment
?,’9‘“ of a relationship between a.c.
49 plate currents and vollages: Here
it is assumed that a high @
parallel tuned cirouit has at
e, impedance at harmonics of
Gty — resonant frequency negligi-

. . . . blein comparison with the
Fzg.’lﬁ'ai. Approximate triode characteristic. impedance at the resonant

frequency.

Let the grid signal voltage be sinusoidal and let the plate cir-
cuit be tuned to the applied signal frequency. For class B operation,
plate current flows for half the periodic time and hence is rich in
harmonies. At the resonant frequency and at cach harmonic
frequency, the voltage developed across the tuned circuit is multi-
slication of the plate current component and tuned circuit impedance
it the pertinent frequency. Sinee the impedance at harmeonics is
iegligibly small compared with that at resonant frequency parti-
vlarly in high-@ ecircuits, the output voltage at harmonics is
egligible. Only the signal frequency voltage appears at the output.
‘urther the d.c. resistance of the inductor in the tuned plate load is
sually very small and hence the d.c. voltage drop in the tuned cir-
1t is negligibly small. : i
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Under zero signal condition,
=Ly, and ey==Ely, 60 that
7 E,
teppr=Eat S
But in class B operation,

E,
Eeo=Fewoyy =~ =2

{16:20)
u/x\d he:ec from Equations (16'28) and (16:25), the ‘qqnnﬁ:ty_'
L et —I:"»)is zero for zero-signal condition, Further from Eqn. (i6 5’:7)',

for zero signal condition, i, is also zero e ot

With the application of o grid-signal voltage &g under class‘ I}
eondition, o

(et )mtBaten+{Fe)

B
(Bt 22 Jeas 7
=eat . 1630y

Hence |'e==g,,.[ ot ;’ ] . {1631y

provided that ( e,,g!—%))&

Step 3. Development of a linear equivalent circuit for the
fundamental component of plate current and voltage. The plate
voltage e, 1 smnusowdal because the tank crewt 1 tuned
to the input ginuscidal signal voltage e,. Ieunce the quantity

e‘"‘""f:‘] is also sinusordal, srrespective of the phase angles of the
two quantities e, and e‘:} . Current 1, will then be zero during the
1 o ot e "6 positive
! ' shows the
A : at maxl-
- L veform of
. nly cosine

. . : +ota) plate
. . - at the origm. TFurther

jate at the fundamental
. circuit s o resistance of
walue K A1t Lt se vy -« plate voltage E..ia then
iven b
given b Epy=—Tp . Ba
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~"Fig. 16:5. Waveforms of grid voltage ¢, plate current 4 and plate voltage
ey in  cluss B tuned amplifier,

Harmonic components of plate voltage are negligibly small and

“hence the subseript 1 may be dropped and E,; may simply be written

.as E,. Thus

y

E,=~I, . R, ...(16'32a)
- From Eqn. (16'32¢), we see that e, becomes maximum nega-
tive when 1, is maximum positive or when ¢4 is maximum positive.
“The ey is 130 degrees out of phase with the plate voltage e,. Wave-
. form of ey is shown in Fig. 16°5,
Let I, be the maximum value of plate current 4,.

Then ip==TIp,, cos ot for positive half cycle of e,
" . -..{16:33)
and i,==0 for negative half cycle of ¢, «.(16°34)
The average value of plate current 4, is given by,
Ia‘\,'—: él;j?’“ ?:b rl(mt)
1 2=
= ?r_j() 1y, cos f d{wf) ...{16°35)
or I;,s='!-m" ...{16°36)
T

This value of average plale current is the same as that
-obtained in the case of class B untuned power amplifier.

From Fourier analysis, the value of amplitude of.the funda-
zmental component of plate current is given by,

1 {2
Ipym=—- JO 1y €08 ol d(wt)

2 (=2 .
=T’{J0 Ty c0s® ot d(mt} ---(16'37}
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peore
7,
or Tpym= 22" i
“The grid signal veltagoe e, and a.c. valtaze ¢, are given by,
ex=FE,,, cos wl (1537)
ep=—~Eyn cus .f {1640}

where E,,, and E, arc the amplitudes of grid siznal volisze asd ae.
plate voltage respectively. ) )

Substituting the values of iy, ¢, and ¢, from Equations (15331,
(16:39) and (16 40) into Eqn. (16°31) we get,

B,
=12 Gn [E,E-Tf J (1641
But from Eqn. (16-32a),
E,
It {1642

Substituting the value Jy from Faqun. (16°33) and valus of £,
feom Bqn. (16-42) into Eqn. (16:41} vields, -
pm=v20a | Ea="2 %]
V2 Iy ra=v/2 [ Ep—In R
or Ly P2rhRl=w Ep
B 3
or In=357F; - (1643}
Hence the average plate current iy i given by,

Iyy= _I{-’i from Eqn, {16°36)

ne»;f"" from Bqn (16 38)

a2
=»""{_f P since Tpm=1"2 1,
=

From Eqn. (16 43} we get,

2‘\/3 ll-Eag'_ .
T T (1648

Eynationy (16-43) anrd {16 44} express tho findamental ez
nent of plate eurrent and the average value of plate current iz +=7%
of grid mgnal voltage By auk the tnhe 2l circurt p:lmm_?lt:‘tf
these currenta are proportional to grid-signal voltage 2=
.Smee I, is proportionalto £y the eireuit behaves gs a f:‘r': i
and maydbe represented by tho nieremental equirses el
Thg. 16°6. 3, This eircuit differ< from that of claes At

Tpe=
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in that its internal impedance is 2rp instead of r,,, The equivalent:
circuit is valid only for fundamental frequency terms.

G =27p

.

2
O}—-—————-——O
ok KLk l t

Fig. 16:6. Tncremental equivalent circuit of class B tuned amplifier.
Step 4. Use of incremenlal equivalent circuit to derive expression:

Jfor vallage gain, power oulpul, plate circuil efficiency and plate dissipn-
tion in terms of voltages and circuit praramelers.

From a.c. cquivalent circuit of Fig. 166,

= R,
E,==pE,. "5 AR, . (16°45)
E 4 : ‘
and hence A= P P .
! Ey  or, R, I ...(16°46)
The d.c. power input to the plate cireuit Py is given by,
24/2

Pb_,?-:Ew . ]1,3:—-" Ebb I:Ul -..(16'4:7)'

S
The a.c. power output Pac is given by, :
Pop=1%,, . Ry - o “...(16°48)

N The plate dissipation P, is given by,
24/2 ’
Py=Py—Pu= 2Y2 By LymI2  Ry...(16:40)

T
The plate cireuit efliciency 7, is given by,
P“C ¥4 IPI B R‘

P e .
TP W2 By, -
=22 By . v (16:50)
ks § r
or — . P __mQ. 9
=L T, 8% L1651y

where I,,, is the ampli
" _voltage.pm mp 1tude. of fundamental component of the

. From Eqn. (16:51), we obzerve that t i
has t};c same expression for plate circuit efizx]ccie(;zggsrsa]sg 011,111:1:3 (})amphﬁe(ll"
P}xsh:pull z}mphf‘ier. In cuch case, fora prescril;edhls; ; I]Intunc
circuit efficiency increases linearly with the a.c. plate v lbth ot atag
tu%e Ly at fundamental frequency i.c. ic i;wgc;xscq r])m:;gela’mpg--
gEn -gignal voltage and in the Jimit approaches 7859/ 1s the o ‘.)y‘.” 1 l,

»m approaches the plate supply voltage B,,. In ;;a‘ctice q&?\?\ltf
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Elue to vax:ious }imitations, this full theoretieal plate eircuit efficiency
18 not realized in practice.
Step 5. Defer nination of operating ditions schich utilize the
fube best. ~ As the grid signal voltage amplitude Eyy, increases, the a o,
plate voltage £, increases and o Iimiting condition is reached when,
€ oz min {1652
If Epm is 'further increased, €, wox CXceeds €y, and grid be-
comes positive with respect to plate. The equation (16:31) and the
equiralent ciceuit of Fig 166 no longer hald good then  Sucl o
condition is called the overexeited condition nnd yesults in grid
drawing o larger fraction of cathode current. Further sccondary
electrons from plate are attracted by the grid. The plate eurrent
then reduces with the increase of gnd signal voltage, The a.c. power
output P, then no longer mereases as the square of Ky, and excessive
grid driving power is required. With the increase of Ejy in thia
overexcited condition, power amphfication tends to decreaso and
harmonics in the plate current 1, mcreases n magmtude. Duo.to
these limitations, € pqe i9 Never made to excecd €3 myn. 10 practice
€r max is hept Jess than £ €5 mipe
Under the imiting condition of €; maz=€s mn»
Eet Eom=EuEum (165%)

E,
But Ep=— ““

3 2,
- and Ep=pEpu. 2"‘_::&

from Eqn. (16745)
Hence from Eqn. (16 53},
£, R
3 _,-—P”-°—+A\/2E,,;=EM~\/2 FE"‘_‘.Tr,,‘—;—!RT
En 1y i"1+1~’1 _ .=
o B a3 sy, 009
where the symbol E,, is used instead of Ly to indicate this
optimum value of Fa.
For a prescribed plate supply voltage Ep and prescribed value
of resonant circuit resistance Ry, the optumum power ﬁutp\ltr 18
obtained when E,x is adjusted to the value £y, mven by Eqn. (16 54).
For this optimum value of Eg,, from Eqn. {16°43) we get,
A e 1655
L=75 Tk ln 41655}
and from Eqn. (16°44), average value of plate current is given by,
I )23 - (1656]

=7 & Feink,

batituting the value of X, and 7, from Equations (16'56)
and (18(?55;2;; “Equs. (16°47) through (1650} we get for op ""tzm
operating condition, Lo
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) u-H1)E? o
Pbs‘“‘Ebb . Ibs—":.‘ ”27‘(;1(21“"1}51}?7 ...(-16 5()
\ 1 (e 1P R .
Pog=I%y .« Re= 5- . Bl +1§R,}‘T ...(16'58)
2 (B+1E
and Pom=Pu=Fee= = (5, ORR

1 (LH1PE Ry =

~ S @t et DR 1659

For fa” given tube, parameters @, ¢, and r, are fixed. By is
limited by the maximum value of plate voltage e¢,. ¢, ymex under
optimum condition is approximately equal to 2 Ky €4, is limited
by the tube considerations such as insulation and cathode bombard-
ment. The value of By, is then one-half of this limiting value of
2 maz Again’ plate dissipation P, is limited by the construction of
the tube. " Thus the quantities 1, 7, P, and Ky, are fixed for the
given tube. Tor the optimum conditions, we may, therefore, express
R{in terms of these quantities (., 7, P, and Fy,. This expression
may be obtained by rearranging Egn. (16'59). We then get the

quadratic equation, ‘

R+ iry Fw (-g»...%_>]1?;

RS TP, \=®

+[ 4 7,2 __Ezm, Lty ]
(+1P Py w(p+1)

Solution of Eqn. (16:60) gives the value of R, which under the
condition €, yaz=€p min provides maximum power output for pres-
cribed values of u, 7, Eyy and P, :

=0 ... (16:60)

Step 6. Use of optimum value of resonant circuit vesistance R,

to oblain expressions for Iy, Tysy Poos Pusy Py and plate circuit efficiency

- qp. Optimum value of By as determined from Eqn. (16'60) may be
substituted in Eqn. (16'55) to "yield the corresponding value of I,,.
 This value of I;, may then be substituted in Eqns. (16'47) through
* (16:50) to get values of Py, P,., P, and 7, Thus the substitution of
the value of 7, from Eqn. (16'55) into Eqn. (1630) gives the value
of plate circnit efficiency as, - ‘ . S

S N TR S (7 2V -/ T
22 7 Iy, V2T 2,4 (utT) R,
-t T
T 4 R 2r,?
TRFI
. R
= 785 Mﬂ"‘é’r" % e (1661)
Ryt =2 ‘
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&jrom Eqn. (1661) we gonelude that for optimum operating
condition of €, nar==€, yun, the plate circuit efliciency depends only on
Ry and tube parameters  The plate cirenit efficiency may be made
to approach the theoretical maximum value of 78'.’1%'11.\' making

2,
e }1—_;]- - Baut then the output power is smalt  Henee in prac-

tice for be-t utilization of tube, B, iv selected in accordance with
Eqn. (16 61) rather than for maximum plate cirewt efficiency. The
plate cireuit efficiency then 13 usually much lower than the maximum
value of 78 3 per cent.
TUNED CLASS C AMPLIFIERS

A class € amplifier is an amplifier operated with neganve grid
bras far beyond the cutoff value <0 that with zero sgnal, plate
current is zero. With the appleation of grid signal voltage of
reasonable magnitude, plate current for o period apprecinbly fess
than half the a e, eycle,  Since the plate current flows m the form of
pulses, harmonic terms of appreciable magmtude are present in the
plate current  To climinate these harmonic terma from the plato
voltage, the plate load is invariably a tuned orenit.  Such class ¢
amplifiers have relatively high plate circurt effictency and ave used
primarily for the production  of large amount of pover atn single
radio frequency as is neeessary m radio transmitters Fig. 167
shows the waveforms of mid voltage, plate voltage and plate current
ina tuned dlass ¢ amplifier assummg smusoidal grid sagnal voltage,

Ihe 16T Waneforms of gud voltage, plate voltaze and
N plate current in b el C atphfier )
At the resonant frequeney, the tuned circnit offers {n pure

resivtance load Ry= (}}{ and henee the ace. plate vnltxlgo Epis

180 degrees out of phase with the gnd  voltage .
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: yoi't'age is approximately equal to —%’3 . For any grid bias voltagel

grea.ter than By , the operation is class C. The plate current then

flows in the form of pulses for intervals appreciably less than half
the ‘cycle. The plate current i, contains all harmonics of the
fundamental bub since the high-Q resonant circuit is tuned to the
fundamental, the response of the tuned circuit at all harmonies
is [negligibly small. "The a.c. plate voltage at harmonios of the
resonant frequency is, therefore, negligibly small. Such an ampli-
fier has an extremely large plate circuit efficiency since the d.c.
plate current is small compared with the a.c. plate current at the
fundamental frequency. In practice ecfficiency of the order of
70-80 9, is obtainable with suitable design. But such class C
amplifiers cannot be used for amplification of amplitude modulated
signal since in an amplitude modulated voltage, the amplitude may
. vary considerably and may become very small during the modulation
- 'minimum. Such a small amplitude may be insufficient to drive
" current through the class C amplifier tube. The output voltage
waveform then differs from the input signal waveform. Hence in
R.F. transmitters, class C amplifiers with their high plate circuit
efficiency are used only for the purpose of power amplification of the
R.F. carrier voltage before modulation has been done. The amplitude
modulated carrier is then amplified in R.F. linear amplifiers which
are R.F. class B amplifiers biased to what is called the ‘“projected
" cutoff bias™.

ANALYSIS OF CLASS G AMPLIFIERS

A few approximate methods of analysis are available and are
used whenever the data of the tube characteristics are incomplete or
" when the results are desired with the least possible computations.

However for better results, analysis is made in accordance with one
» of the following two methods : (4) Analysis assuming lincar tube
characteristics and (B) semigraphical analysis.

{4) Analysis assuming linear tube characteristics.
This method is an extension of the method given in the last article
for class B amplifier. This method, however, becomes quite involved
since E,. is no longer a single value which provides zero plate current
for zero excitation. It becomes one of the circuit parameters.
Further, the assumption of lincar tube characteristics is not fully
justified in class C' amplifiers. Again it is required to make use of
design charts. Thus this method has the disadvantages of being
(1) complicated and (i) approximate but has the advantage that it
gives ‘explicit solution for the optimum operating conditions and
hence may be used in design directly. Detailed study of only the
semi-graphical method is taken up here. -
. (B) Semigraphical Analysis applicable to class B and C
. amplifiers. This analysis makes use of the actual static charac-
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Aeristics of the tube, Tho wrrnetomn cne fag e 8ocs ot
-waveform of the plate - . . ‘
the average componel .. o . . ..
-component of plate current Jyy. The<e valnes are subsequently u-ed
to caleulate power output, plate circuit cfficiency ete.

In the case of tuned class C amplifiers, the grid signal  voltage

Egy and plate voltage £, are both sinusoidal while the plate eurrent

4, is not sinusoidal, Hence the path of operating point is not linear

on either the mutual charaeteristies (i,-r, characteristies) or plate

«characteristics (i,-2, characteristics). But since both the instantancons
plate voltage e, and the instantaneons grid voltage ¢,, nre sinusoj-

«lal, have the same frequeney and have phace difference of 180
-degrrees, one plotted agam«t the other on a  rectangular coordinate
graph gives a straight line. The path of operation on the e,-¢, or
«onstant current  characteristics 14 then a straight line.

One-half of the linear path of operation in the —constant-current
scurves is shown i Fig. 165, Gnd’ voltage waveform is shown os
‘

|

e
Clg cocws comszer ot
epk=igmeosct, " € max

&

Q

fee o Ecc
=] ___EGvoer —Taplp

@—

é

Frz. 168, Path of operation on the ee-ry characteristic curvesin
; elass B and € smplaers.

i Tati 3 1 Similarly plat
.sinueoidal variation about the steady valte Eec. s pl
335«;;‘0 curve is another sinugoidal variation about the steady . ¥4
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By At ol équal to zero, grid voltage is maximum and plate yoltage-
¢, is minimum. These voltages e and e, nan (etermine the

- of operation as show . 16°8. angle
point A on the path of operation as shown in Fig 16'8. At angle

2

determine the point B on the Yincar path of operation. A .st.r.mgl}t»
line is drawn passing through the origin and point B. This linc s

— ) . -
ol = —-- radians, e,=F,, and ¢,=1,, and hence voltages E. and FEy.

the locus of constant ratio E,-p/Eculn/f:”—zﬁ_"'/'l; - Another straight line
a1 Y R ek

is drawn passing through the origin and point 4. This line is the
locus of constant ratio €, ,in/€e mar- 'The following eight variables.
present themselves : Ebb.- Ernv -Ew Enk: ey min.’ec LilliFed E(‘&‘/Ecutaff €e may
and €, win. A study of the geometry of the figure reveals that the
coordinates of points 4 and B are determined by any two pairs of
- independent variables out of the total of cight variables listed above.

The path of operation AB pertaining to the first and F_ou?th.
quarters of the applied grid voltage is shown in Tig. 16°8. During
the second and third quarter cyeles, the path of operation is nothing
but, further projection of AB through B and is of length equal to AB.
But during these second and third quarters, ¢, is negative and the
plate current 7, is zero for class B and class C operations. This
portion of the path of operation is, therefore. of little conscquence
and omitted. At any instant, the distance along the linear path of
operation between the operating P and point B varies as the cosine
of the phase angle of the applicd signal voltage:

Fig. 16'0 shows the constant-current characteristics for a tube..

The path of operation of Fig. 168 is also shown superposed on these:
constant current curves, Then the plate cuwrrent and grid current.
at different instants in the applied grid voltage eyele may be found
by interpolation hetween these curves. Obviously maximum plate-

" -current 4y wap is obtained at the point P; corresponding to «tf equal
to zero. The value of 7, 4, therefore, constitutes another coordinate-
for determining the terminus A on the path of operation. This.

. quantity %, me, may, therefore, be added to the previous list of eight
~ariables.

The points 4 and B in Tig. 16°9 are selected from the following:
sets of values : i

. - C :
A2ty pae=250 md, LM 3

Corma
_B . ) E('c
. E,,;,:-iOO \'Olfﬂ, ST =9
5 cutoff

Table 16~I shows systematically the amplifier performance as:
obtained from Fig. 169.

The fine quantitics given at the top of”
the Table are determined by the geometry of the figure when gny‘
f_our of tl_le nine varjables are specified. Next, the length I of the:
line 4B is measured and recorded in Table 16-I. The half cveles
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Ofoxieration is divided into n equal parts, et G, be the v

¢ : . .
ot~ espressed in degrecs, b being an integer. 0 i< enterc

w
»
2 e
5 pa T
g 5o t’bU’ Vi
< 100
& ipms0ma
(CUTUFF BE)
—
12 .
Eevtors

Fig. 16 9. Path of operativn superposd on the constant eurrent
characteristica,

the second row, cos Opis entered in the third row. Typieally n 1=
chosen to be 18 so that 0,=10L degrecs.  As the valze of n1s in-
creased, say to 24 or 36, the accuracy i~ correspondingly increased.
Fourth row gives I tos 0. Thee distances I cos 0, are marked along
the line AB from terminus 8. This proce<s determmes the points on
the line 4B that correspond to the particular angle 0, m the first
quarter eycle. The valucs of plate current 4, (0,} and the gnd cur-
rent i, (8;) are obtamed by mterpolation between the corresponding
constant.-current curves. These values arc entcred in rows 5 and 6
of the Table. All the necessary informations from the diagram in
Fig. 169 have now been completely obtamed.

The valués of plate current 4, (0,) and grid eurrent i, (0;) a<
obtained from Table 16-T are plotted ayainst the angle 6, as known
in Fig. 1610, The plate current 1, becomes zero when G equals the
cutoff angle 6; and 13 shown 1 Fiz. 167 and Fig 16 10, This angle
0, is entered in the last column in Table 16-1, " Let cutoff l.m(q’ hne |
cross the path of operation A point O, Then cos "*=11.4 an
hence entoff angle 0, may he obtamed by fillmg in the entries in the
Iast column corresponding to rows 4, 3 and 2 in ecquence. Obsionsly
from Fig. 167, angle 0, 13 cqual to oneJnlf of the total angle of
conduction in a cycle of the apphed siymal voltage. The waveform
of grid current i, may be obtamed i a similar manner.
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TABLE 16-1
Analysis of class B and class G amplifiers.
() Eypeerens (#1) Eoperenns (i) Bpeeeres
. e, i .
(i) Eypecenns (v) =22 e (V) € mazeeeees
€; mazx
(vii) ey mineo--.e  (Vid1) F»—‘f—- (i) 1p magessees
Deutoff
I=length of line AB=10 cm. (say), 5=18,
E=an integer, 0,=angle of cutoff.
| ! b al e
1Lg .0 I 1 T2 3 4 5 | y6 7 8 9
. ' i PryURe i ‘
s WY e s e Sy -
20 o 0°! 10°| 200 30°| 40°: sgo 1' 6o° | 70°| 80° | 90° '
: ! ! i
P S A el — T T T
»_-3{ ccs 0 11-0%0-935 0940 0-866)0'76650-643 0-500 | 0-342 { 0-174 | 0-000
— _ A R _
o leos § ; ‘i ! N E
4 { inom: ;10985 1940 1866 | 766 [643 (500 1342 |1-74 |0-000
—_— P , f ( !
\ R —
C5 | Ay (0) ! | ;
f._'"“ ——— e e }»~~ o e
- { i —
60 i (0) I N
! | i ! } i
R N N S !
| ! v i | ! —
71 1y (0z) E i
% cos 0
_,§. —_— |
8 ; ey (0z) 1 B
S S U R S S S
) e, (OL)= 2 LM
9 iE’cc‘f‘"—’a(OI:))
Kl O N L A 3
b (0p)- ' .
~1°l e (0z) l C
; l

_ - - . The necessity of plotting the plate and
. avoided by employing the alternative method

in finding their Fourier components.

. Thus the pl

‘the following Fourier series :—

ven hereunder.

{

grid curcents may be
d of analysis consisting
This method of analysis is
ate current ¢, may be represented by
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i

—

%

!

|
|
|

Fig. 16:10, Waseform of plate current 1, obtamed from Fis, 169
(shown Ly solid Jme) und nts  approumate sepresentation
{~hown by dotted lme)

T
i
]

—
<G 50 80 13 &0 50 10

22
——0t

0y =10k 171 OEGREES ——>

=Dyt [lppm cos Ot =Ty, cos 20t - . ] . (1662)

. This sertes contams only the <osine terms since the waveform

-?f 1518 an cven function  The average value 4y, of the plate current
1, is given by,

-
Jou= 2{: jo iy d{cl) . {16 63)

But the plate current wave 1s ) mmetrical about the t,-axis at
the origin, so that, we may wnte,

Iy= fj‘ ) (1661)
TJdo

The mtegral in Eqn (16 64) i~ nothmyg It the area under the
curve of Fig. 1610 As a first approammation, the arca under the
curve may be equated to the area under the dotted step-function
curve, which may be obtaned by summmg ap the areas under the
individual steps

The height of the first step 134, () aml ats wedth 15 -;).( :‘ )

radians so that its area 1~ ,—" (0} Similarty the height of sceomd,

third cte. steps ure 14(0,) and the wuith of ench step exeept the last

is -~ radians, 5o that therr areas are " 15(00) where & 1s n positive
1

integer. ‘The width of the Last step may vary but not much ecror
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is eaused by approximating it to 7; since the area of this step is

quite small.
Hence Iy is approximately given by,

1 T . T, .
Jys= '::[-:";2'7‘[’"1};(0) '1"2‘“7;‘71, (01:)] -.(16 65)

L=1,2,3...

o | ]bs:}%_[i@é@.*_ zfz,,(ek)] ...(16°66)

k=1,23...

Values of 7,(0) and 7,(0,) may be found from row 5 of Table
16-T and hence average values I, of plate current may be calenlated.

The average value of grid current may similarly be found from
the data in row 6 of Table 16-1.

_ The amplitude of the fundamental component is given by,

2 - .
]7)11)1:"}:“.[ 1y, {of) cos ot d (o) ...(36°67)

. 0
But 1, (wt) as well as cog (©f) are symmetrical about the current

axis at the origin and hence Eqn. (16°67) may be put as,

o f= )
Tpi= — j iy (o) cos (et) d(wl) . (1668}
m n

: Approxmate method of summation may be applied to the-
integral in Eqn. (16°68} as well, so that,

20 =,
Iﬁ?lm‘: ;[?’-7;/% (0) cos8 (0)

+ Z;;-;ib (6;) cos (6,:)] .(16:69)

=1,2,3...

j

2
or Imm":“"‘E" -’ib (0) cos (0)

n

]

L

+ N4, (0 cos (e,;):] . (15770}

:=1,2,3...

The terms o£ Eqn. (16°70) may be obtained from row 7 of"
‘T?ble 19-1. Row 7 gives the product of 1,{0;) ofi row 3 and cos (6:)

. ofrow 3.

The average grid driving power is given by,

1f2=,
PCM.=-§‘_-_L (et} e{eat) d(est) .. {16°71) -
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i Smcp _both fe(ot) and e {wt) are symmetrical about the ordinate
axis at origin, P, may be put as,

pm=é_["'.',(‘.,n efel) diot) - A16°52)
~R

The values of i.(wf) are obtamed from row 6 in the Table.
The values of e(wf) may be found from row 9 of the table.  Alter-
natively e(t) may be obtained by adding to the biss £, to the
voltage e,(of) obtamed from row 8. The values of voltave e, {od}
in row 8 are obtamed by multiplying the value of cos (¢4) in row 3
to the amplitude of grid signal voltage. The grid.driving pover is
obtained by the usual summation and may e expressed as :

= 1= 3{0) ed0)
Pear= :[ n 2

«.(16°73)
or P ,17[“‘(0)5'3(9)
-f—Zi, (03} ee (0) ] L1679
41,23

The row 10 in the Table gives the product of the quantities m
row 6 and row O and summation may be performed to evaluate P,
from Eqgn. (16 74).
The a.c. power output to the tuned load 1s given by,
Po=FEpIn --(16°73)
The ratio of £y to I, is the input rewstance of the tuned load
and is selected to satisfy the assumed operating conditions
The d.c. power input to the plate cirenit from the plate <upply
source is given by,
Py=Ep.Jus (1670)
Hence the plate circuit efficiency of the amphfier 1~ obtamed
from the expression,
= Poe _Epdn 1617
17 Py Ewdae (1677
The plate dissipation P, is the difference of the d.o power
from the plate supply source and the a.c power output and her=
‘s given by,
B PumPu=En Iu—Eply e



CHAPTER XVIL
OSCILLATORS

Oscillator may be defined as an electronic device for producing
independently alternating voltage or current from a d.c. voltage-

- source.

In so fav as the function of converting d.c. power into alter--
nating power is concerned, oscillator function similar to a vacuum

*. tube amplifier. In either case, d.c. power is supplied from the plate

supply.source and there results an alternating power across the out-
put terminals. In amplifiers, however, the frequency, waveform and

"magnitude of the generated alternating power is governed by the-

controlling a.c. voltage from an external source applied to the control
grid of the amplifier tube. In oscillators on the other hand, frequency,
wiaveshape and magnitude of the a.c. voltage generated depends only

. on thé tube and associated circuit and no external controlling voltage-

is required.

Thus an oscillator essentially couverts d.c. power into a.c..
power. This function is inverse of the function of a rectifier which
converts a.c. power into d.c. power. Because of this function of

converting d.c. power into a.c. power, an oscillator may rightly be
referred to as an inverter.

- The function of generating alternating voltage or current may

.. be performed by a number of other devices. A device commonly
. used for such a purpose is an alternator which is an electromechanical

.. device. But an oscillator has a number of advantages over alterna-
- tors.” These are :— T

(?) Generation of alternating voltages or currents over a.
very wide frequency range.

_ (@) TFreedom from harmonies in one type of oscillators called
: the sinusoidal oscillators and richness of harmonies in
other type of oscillators called the elaxation oscillator.

(¢it) Constaney of frequency with time,

(iv) Simple way in which the frequency of oscillation may
e be varied.

R (v) Portability and low cost. . ' - S

On account of these advantages, oscillators are used in all cases
except where large amount of power at a low and constant frequency
is required such as a.c. mains power. Oscillators using vacuum tubes

‘. Jare used for a variety of purposes such as (i) in Radio Transmitter

.and Receivers (i) in Television (i4/) in Radar (i) for measurement

" pm;p'cis’es ) for high frequency induction heating ete.
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Requirements of an Oscillator

Every osciflator eoneists of the followinz constituent parta : (i}
Internal amplifier (ii) Feedback network or Negative resistince
property and {iif) Amplitnde Lmiting device.

(i} Internal amplifier. An o<illator is e<cntially an amplifier
with infinite voltaze pain. An amplifier forms, therefore, an e--en.
tial part of any amplifier. The voltaze gain of this amplifier i~ made
infinite by proper feedback or by inclusion of s suitable newative

*resistance devien

(ii} Feedback device or negative resistance property. For
underetandiny the nezative re<stance property clearly, let us consider
an L-R-C serics aremt. Let a corrent § flow through this  cireuit.
Then,

L :2 +rir fiarmo - (171)
2 di i Y

or :,: +R d: + % =0 o (172}
or - (173)

where A is a con-tant and z is the bie of natural loganthm,

If the compeents L B ani € pertam to the complete osillar
tor, than fur oscuilations to be m~x.ur._cd, te for the devic to
generate pover €6 total resstance 2 in the dGreuif <hould be zero
‘of necative. A peeitive resistance 19 a lossy element, s e, results in
disﬂir}nt:nn of pover, A negative recictance must thrrefore resultin .

eneration of power. In Eqn (17 3), current i vl therefore, bumld
5 with time if B2 is negative and will die down sith time if R1s
pgsi(ivm If I is zcro, amplitude of current & will remain constant

In a phy-ical ercwt, £ 14 a poatise quantity and hone o
negative recstance 15 required to nentralize it An owcdlatorm -
w}:ic!x a nesative resistance 13 produced by the ampbtier tube or by
other means, to neatralize the postive reritance of the weallating
ciremt, is known es a negative reeistance o~cillator

Let us next cons.der an oscillator in which psative feedback
has been provided. The voltage gamn A; of this amplifier 19
given by,

A= 2 e (179
P 1—AL
where A is the complex voltage gan of the iternal amplifier
and @ i« the complex fuedbach ratio. o

Tn order that this amphfier may work as an oscxllafc Y.

voltage gain must Le infine, te.
1-A%=

or AG=1+j0
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Such an oscillator is called o “Feedback Oscillator.”

Fig. 17'1 (a) shows such a feedback oscillator in Block diagram
form while Fig. 171 (b)) shows the corresponding equivalent
«circuit.

P

INTERNAL IP; ¢ y E
1 egk | avpuirer | Epg : P P

; A—> 3 9k amEgk
0 — -
3 FEEDBACK b
NET WORK 5
B -£ FEEDBACK
Egk | NeTwoRK
{«} Block diagram (0} Incremental Eqguivalent Cirenit

Fig, 17.1. Block diagram and incremontal equivalent eircuit of a
feedback oscillator.

If we look from the plate and cathode of the amplifier tube
towards the £ network, then @ network appears as a load. Let its
Ampedance be Z. \

' N _ —u&

Then A= - e (17°7)
~and henee from Eqn. (17°6),
_1_ rZ .
=ATT Oz v {17°8)
- [ LR e
or == {I+ I e (1T

Ban. (17'9) is called the Barkhausen eriterion for the mainten-
.ance of oscillations. Hqu. (17'9) involves four quantities namelv
B, . gm and Z,  Out of these, ¢, and @ depend upon the tube and
its condition of operation. Quantities B and Z depend upon the B
-cireuit only. Hence in order to obtain oscillations, these four quanti-
ties ave so matehed that W, (17°9) iy satisfied, :
© An alternative expression for the condition for sustained oscilla-
tions involving the transfer impedance of the coupling network is
possible.  The transfer impedance denoted by Zgy is defined as the
-ratio of the output potential to the input current.  With reference
to Fig. 171 (b),

= E,
ZT -_ ~-—I-D—
For oscillations to take place,
E
(GN E;.+ ?:‘ )ZT =_"E9k - (17°10)

. (g o E
or Ym Ly kEgm"" f)z"" ok
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Bat E,=AE,, where A i« the voltaze main of the intempal
axeplifier.

Hence Tu Z—I’lﬁ 1+ : ﬁf:-q-;"
- IS -
ar smZr{ 135 )=t —(17°102)
—1 ’
or Fu=— Y ~{1310Y)
AN
z{1+ =)
Eruations (I"."l(\a! aed (IT'IO’A are the altermative forres of
Barkk eriterion for ned oscillations.

Sinee & and A are bo‘h in gen*r:d eomplex grantities, Equ.
(178} ray te split wp into hro parts :

Thus 5] /_ozm —_——m—rg 8 17ID)
Henee |21 =T1}T --{17°122)
and LB=f~¢ | i) $/3

Eqn. (17121) denotes the maonitede equilibrium while Eqa.
(137-122} denotes the phaee zrzle equilibritm.
R In most of the mne wave o:illators, beedback petwork iz a
taned cireuit, Its impedanes Z 2t the frv;con:.;.- of oslationisa
pure resistance equal to R ay. Teen § alo beoumes a real number
and phase diference is umyk = radians, The toned ewenit then
serves two functions : (3} providing the feedback retwork 2pd load
xmpeda.nee znd () pmvdxr' the freq eney deterrs networkThe
ined by the indutive ard capacitive

eloments af the tuned n.'f" L.

Amplitade Limiting Device. As =oom a5 the oscillater is
switched on, owillations baild vp gradoally and tke ampltade in-
creases.  Duzinz this entice process overall rewetan-e of the ascillater
is m”ntxre, When t‘w r*px.n'!r: of aseaflat on hax hadt ep ean-

, ket ® 7 %t Lones the voltaze mam A of
the internal amplifier pet rc-dnce«l 0 that the A% bro mes exactly
unity. In terrms of rerative reesiizes propents of o dlators, we
may fy that the ampiuade of eemriatirm Ladds up =aeh tane
that the net remstanes of the osaliatnr eroan beo,mes 2o s, the
wezative tesistanre of the tube Las reduzed 1o 2 valze 25 1o jnst equal
the poritive resistance of the acocated nad et Tris forms the
aatomatic amplitele fimiting devire,  That the cun o or traznseon.
duetance 9. of an electron tnbe reduces with the invrecse of azpli-
tude of the sirnal i= evident from the studs of 1he mutea! character-
iztie of an electron tube.

Classification of Oscillators
Ozcillators may be classifed in two ways -
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(1) Clnssification depending upon the method of produc-
ing Oscillntions,  According to this method of classification,
Oneillntora may be classified as (7) negative resistance _ osecillators and
(1) feadbrek oscillators, .

A nepative resistance oscillator is one in which a negative
voristanuo is inseried by the amplifier tube or otherwise, to neutralise -
tho positive resistance of the oscillating circuit. A typical cxample
in the dynatron oscillator which uses a tetrode operated over the
vogtion of plato charnoteristic offering negative plate resistance, i.e.
producing reduction in plate current with increase of plate voltage.

In a feedback oscillator, on the other hand, a portion of the
output voltage is  fedback to the input of internal amplifier to pro-
vide positive feedback. The constants are so chosen that the
Barkhausen criterion of AB=1 is satisfied. The gain of the amplifier
is then infinite ¢.c. the amplifier produces output without any input.
Tho amplifier thus becomes an oscillator. .



Ta T 3w P B

am the portion of the tube characteristio used,  Factors Z aut'3 are
“xternal to the tube and are independent of the operating conditions
of the tnbe. .
A study of the mutual characteristies reveals that trauscon-
ductance g,, ie. the slopo of iy, ,curve is not constant over wide
range of grid voltage vanations. This variable nature of g., appenars
to be n very undesirable property but in fact, this very variable nature
wf g, i essenttal for successful operation of an oscillator. fu any
uscitlator, for given values of ¢, Z and §, oscilfations build vp untit
«tf, roaches such a value as to satisfy Xqn. (17°9) under which “condie
tinn constant amplitude oscillations result.  If g, dodsnot aven
M Al s e T (M Mo dha fedhank voltago
. tions will
given by
" . . . . 1 sustain.
. . up.
Tag. 172 shows o transfer characteristic which is considerably
aonbmear A eyele of Seedback voltage 1s also shown. Pyand Py

I

lb l
% max

R

TRANSFER
CHARACTERISTIC

€ min

\ CYCLE OF FEEDBACK
VOLTAGE

g, 112 D i of aversg@ Zo-
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are the extreme points on the iransfer characteristic ‘pertaining to
%he input voltage at the grid. Let’'§, indicate the slope of the
atraight line joining points P, and P, Thqn T 18 tl}c average trans-
conductance over the region of operation. S )
. - II. “?' . . . . . . . - M . . .
Then gma,m‘i?’.,.i’..’!ll’l ( 17 13)/
€e mar € min L.
Then the modified form of the Barkhausen eriterion hecomes,
1 1 1717 <1 for deeaying oscillations "
Ty *

- Im & p ;¢ ; . —_——
g " ¢ =1 for sustained oscillations -

- Ay .
Im 2z [I—i—:?:l J'>1fdr growing oscillations,
S : L1714y
. It is possible to obtain an, approximate relation between the
¢ransconductance ¢, and the average transconductance 7, asdefined
above. Assumption made is that thie *transfer characteristic is
linear as shown in Fig. 17'3. Cldss C condition of opcration is.
illustrated. C ' !

I : :
| Then g,,,:ﬁi S w(1718)
whereas g,,,-.:—fl’l’ﬂ—'«'—a - ...(17‘1'6)

e maz—1Hco

where E, is the cutoff grid voltage. S

‘:-711 __Ce max &y

Hence T Rk
- Cy | {17 17)
IDEALIZED
TRANSFER CHARAC T -~
/' ,/ ‘ ) ‘
B !
Y { 2 7 i 4 7 Rt
| Cemt I T
[ © < : 5=% %
: ‘ \ ; ? ]
18 i
' . i
e Egm———3Egm
¥ A |
{3 ;
: i&’ffgﬂ! €05 wt |
Fig. 173. Tdenlized linear ‘transfer chamcterish;d of oscfiftlti;; ‘tube usol:

for determination of relation between g,, and -
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. Let 0 Le the angle of plate current flow, Then expression (17°17)
may be \rnt(c}\ interms of U, To do so we fint write expression for
plate current i, a< below, :

15550 [ Eeab by was~Fye FE g 005 ] for iy 50 1T IN]
But i, becomes zero at

tf= 2’-.
s 0 ;
Henee, —E,y 1temp=Eye [l-cm o It
~Eentler, s U

ar oo et w17 20
2 By !

Combining Eqn. (17-20) and (17°17) we get,
;m <t % . T

Tl is proportional to g,,.

"Amplitude and Freguency 'Relations. In Eqn., {Yith
<quantities f§ and Z are both complex quantitics.  For osalations ta
be sustained, real and mmaginary parts on the left hand side of
Eqn. {17°9) nust cqual rewpeetnvely real and imaginagy et on the
right hand mde.  Thus Eqn. (17 9) gets spitted into iso’ cquations,
These two equations then give, for any particular oseillator cireuity
reguirements of amplitnde and frequency i

Fixed-bias operation of an oscillator, Let us assume that
Jieavy fixed bias beyond the cutofl ¥alue 1s applied as shown in Fur.

TRANSHR T '
(H/U«’A[T[A’ISTIC\ j

Fig. 14, Fraed biaz of cratien of fi
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171, Let there arise a small voltage e,;; due to a transient pheno-
meaon, The value of F,, is smaller than that required in Eqn. (17°9)
for sustained oscillations. The result is that the oscillations die out.
Next if the signal is increased to ey, the corresponding value of
average transconductance J,,, may be large enough to result in grow-
ing oscillations. The amplitude of oscillation will then increase
until the condition of sustained oscillation has reached. Evidently
such a circuit is not self-oscillating since in the infant stage of osci-
flations 7, is so small as to cause decay of oscillations,  In fact if
the oscillator is biased near to or beyvond cutofl, the circuit ix never
scifistarting. However, once the oscillations are started by injecting
_ a beavy sigpal at grid, they are sustained and their amplitude is

relatively large. The efficiency is then considerably increased and
such an operation is extremely uszeful in high power oscillators.

Celf-startizg cscillaticn with grid resistor-grid capacitor
biasing circuit. Fig. 175 shows; the use of grid resistor-grid con-

C
+ “9 - K
| “
\WV\"‘ /
R : TRANSEER
CHARACTERISTIC
* a
e | |
DBAC
| CURCUIT A . B
” /Q'i ? € —
GRID < : : — 2 6: .
SIGNAL /‘Q: 1 REGION OF
&::1 GROWING
J | OSEILLATIONS-
==
1 t - H
4 ‘ F] M
i REGION OF
T, sustamiep
i . OSCILLATIONS
!
1) Ry-Cy binsed oxeillotor. {1} Growth of oscillations.

Fig. 195, Self-starting ozcillstions in en oscillator with nC,
biasing circait. ’
d?n_s'cr combination of biasing the oscillator tube. This method of
biasing results in self-starting oscillations. As soon as the circuit js
switched on, the grid-bias i ing poin .
j o, > grid-blas is zero and the operating point is at P,.
The value 9{ 9r is large resuliing in growing oscillations. During
the fi ;&t positive half of the generated voltage, the orid runs positive
and t ie r;)ml?mg grid current charges the condenser in the polarity
shown. During the negative half oycle of grid voltage, grid current
does not flow and the condenser discharges through B, The time
constant B,~C, is so chosen that an almost steady bias iz maintained.
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This negative bias dusplares the point of operation ta the left of the
point P, The amplitude of oscillation inerearns eontinuoudly with
each h@l}‘ c_'vc!e of oscillation.  Afer the hias inrreases gradually until
an equilibrium condition is reached between the amphitude of aweilla
tion and resulting grid E.. Unwler thiz equilibriom covlition, the
charge placed across the condenver by the prid carrent jurt equals the
charge removed from the conden-er ta /2, dunnz the interval of none
fluw of grid corrent. The bias and amplitule of oxcillition then
become steady. The value of 7. under this eondition is then juet
equal to that required for sustained oseillatione, The bire ohtamed
in this manner §s at or beyond catoff

'I‘hc_gimq_con:mng £, . €, mnst be chowen carefully. If the time-

. “t= s After s

izh, The

‘.- Thus the
az. After

the oscillations have stopped, conder #lawly but snupnsly,

discharges through R, and biss reduces.  When condenser has dus-
charged sufliciently oscillation alternates with the period of rest.
The phenomenon is termed as “motor-baating™. The period of
motor-boating depends upon the penod of nun-ocillation and henee
depends upon the time constant £, ¢, ‘The repetition frequency is
of the erder of l’,lE . Hener to ehmmate motar-boatinz. the timo
M ad g
constant B, C, should be sustably reduced
SINE WAVE OSCILLATORS

() Tuned plate oscillstors
(i) Tuned grid oseillators
(i1} Tuned grid-tuned plate oaeillators
(ir) Hartley oscillators
¢r) Colpitts o<cillators.
Tuned Plate Oscillator

¢ diagram of tuned plate ov-ilatom
»

Cires
'
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Tig. 176 shows the circuit diagram of the tuned plate oscilla-
tor. In this oscillator, a parallel tuned cirenit or anti-resonant
circuit is connected directly in the plate cireuit. Another coil indue-
tively coupled to the coil of the tuned circuit provides the grid -
excitation, Basically the circuit is a class C amplifier with arrange-
ment, for providing the grid excitation from the tuned circuit itsclf.
Due to this similarity with tuncd class C amplifier, the analysis for’
class C amplifier applies in this case also.

Expressions for frequency of oscillation and 7,, for sus-
tained oscillations, There are two methods by which we may
derive the cxpressions for frequency of oscillation and average
transconduetance §,, under condition of sustained oseillation. These

are (A4) using Barkhausen criterion and () using Vander Bijl
solution. )

(A) Method using Barkhausen Criterion :—The assump- -
tions made are that (z) grid current is negligible and (i7) condenser -
is loss free, - : g ‘ .

s

Then the voltage indpécd in the secondary is given by, o
'cﬂld=j0) J‘I" il=zrn il e Lt . [N (17‘-22‘) ,..
—where Z,=jo I} . , B

The transfer impedance is given by,

Ly = "‘.Eal: :zm iy

e e
Bub e Ze=inZy L are
o ) 1 H K w . . ' .
4+ . where Zcz-..im._d z})nd Z;‘.-‘:Jtol}.‘ | o -~ e
| —Z,. 1 ~Z,Z . ;
chce z A m 't = 1111 ¢, or
B
Tz »
- Vo'tage gain of the internal amplifier is given by, =
L L Ty
A=z v (17°26)
.z, :
h . PN Jhui ,
where 717, e (17°27)

Substituting the values of A ‘and Zyp in Eqn. (17°14) whi
. Y . g 0 . which
gives the modified vorsion of Barkhausen criterion for susiained

osc'illat‘ionn,
Z.Z, " —Z
—_— —— BT R
‘7"‘[ 2z, ]‘_ 1+ r,,+Z]“"1

: . Zn.Z. [ ZZ '
or e I : =
Ym Zy+-Z,. 1~ Z, Z‘c'*‘rat(zz‘f‘zc) ]—-1 .
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or InZnZ, —, -t
IR L
O o Zn Z,=~(Z,+Z)+ Z:g,_ e (1725)
A
a 1 L. »r i
or Togir~= R4j (‘°L~6”)(7)+*(’,r: g 07

In Eqn. (1729) equating real part on the left hand side to tho
real part on the right hand side,

i L o
I =R+ o - (1730)

uRC
w1,
X Equation (17-31) fives the value of 7, for sustained oxeillations
in o tuned plate oscillator  E §,, 15 Jess than thia value, o<cillations
dic out and if §,, is more than thrs value, the osc.llations continue to
build up and then with R,—C, bias the pownt of operation shifts unti
such a position is reached when T has the desired valne,
Again equating the imaginary parts m Equ (17-29),

or Tm=

. {17°31)

1 r 790
. ol— o~ o r =0 ] v (17°32)
) 1y R -
2= -~ o (1733
or © e\ I+ ry ) 733)
Resonant frequency 15 given by,
o1
v N7
Hence o=ty H_—IE e (17°34)
T
R -
or uiem,[: l—,‘-,l, 5 ] . (17-33)

i Ifry»R, then arvoy, -
i ightly
S 17°34) shows that the frequency of oscillation e 14 slizhtly
g’reau-};q?h:fn’ tht-,2 resonant _frequency eq. A change in the value of
R will cause a change m the frcgutlency ;ﬂ; o:cxl]lntmn, Ic:rnl!lf» c}:.:;pc
<ci s g m on
in the frequency of o-cillation is not dearable and 3
i i i 3 the ocillstor.  An amphfi
this, the load ie not puc directly on e s Lt
is placed between the oscillater and the Joul.
?:;:Exellelj ﬂ‘:e"ﬁiﬂ'u amplifier and does not draw 'I;tanr *lﬂ:g,x?icr::
oscillator. 1t may further be seen that the tubo pl m’r:l- nificas
role in determmmng the frequency of oscnl}lnn;m. The
cirenit components almost completely control the frequ -

(B) Vander Bijl Solutien :—With rcfcrcncc‘ s
gram of Fig. 17°6,
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eaz.-=M%~ e (17°36)
fib o=y o (1T3T)
and R. f,+L—f%’-:3- i dl .. (17°38)

The a.¢. equivalent circuit of the plate cireuit of the oseillator

is drawn in Fig. 177, .
From Fig. 177,

T » FRTIS R S
Fegk ¢ e (17°39)
* R ~ From Bqus. (1736),
N (17°87) and (17:39), we get,
N o ar G g O

Fig. 177, A.C. equivalent circuit - dt ar
of tuned plate oscillator 4 Riytr (ic+i;) (17.40)
) 7y s

of Fig. 17°6
From Bqn. (1738) by
differentiation we get, ‘

o _p dis g
T “Ba e
: i &, :
or QCMRC *‘EI-Z‘-*‘ LC W" sen (17 4:1}

Substituting the valne of i, from Eqn. (1741) into Eqn.
(17-40) we get,
d2 1 di;
107, o +[ LA4-CR ry—p M}dg- |
F{R+1p) =0 L (174

For oscillations to be sustained, the coefficient of o in Eqn.

‘ d,
(1742} must be zero.
7> Hence L+CR rp=p M
, wCR .
g,,,._T;Mf——:L— {1743}
Since the osecillator operates with a bias beyond cutoff, average
lv;nhle of gm must be considered. Hence in Eqn. (17°43) we replace gy,
Y Jme
Co- wCR

Thus ] m:‘{;ﬂf:j}_ . . (1744)

or

Equ. (17°44) is the same as Eqn. (17'31) obtained by -applica-
tion of Barkhausen criterion.

Putting the coefficient of »((%5 in Eqn. (17'42) to be zero, we get,

& T =0 «-(17°45)
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Solving Lan. (17:45) we get,

R - 3
P /\/1+ & {1746}
Ty s

Ean, (17-46) ix th o - e, .
tion of Barkhansen :rit'(-ct?;::‘.w as Eqn. (17:34) ebtained 1y applica.

Tuned Grid Oscillator
I:lg..l’Z’R N!!f'm‘s‘ llnf\t’x.r(ilitlf!in:mm of a taned gril escllator,
iR o o

and provides the necessary feedback from the plate cireuit to the

grid ciremt,

VWV

-Lj":‘bt

Fig, 178, Ciremt of tunod gril oeiliator,

An analysis similar to that presented for the tuned plat
oscillator shows that the frequency of oscillation of the tuned gri

oscillator is,
- -1
[ 4 IL = -
amo e ()T s

R .
i '““’“"’(“’27;) sl 1746
Further the averago transconductance i is given by,
wRCL )
I =08 af wf 1749

Tuned Grid-taned Plate Oscillator (TGTP Oscillator)
STt - es s (ingram of o tuned gnd-tuned  plate
: there arc two parallel tuned circuits
ather n the plate cirevit.  Usnally
* == o= wmaseand hetween the cols Ly and Ly, The
by the gnid-to-plate capacitance Cyy.
ficrent, even a phyeteal condenser
Vo3 Stea” Tha freauency

may be connected bet
of oscillacion is slightly below the resonant frequency of tne wuned
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circuit on the plate side. The plate tuned circuit then offers an
inductive load. This inductive Joad in the plate circuit along with
grid-to-plate capacitancé Oy, results in a negative value of the
effective conductance between the grid and the cathode. This

L+

T =%
)

Tig. 17°9. Circuit of tuned grid-tuned plate oscillator.
negative conductance may be interpreted as power supply source to
the parallel tuned circuit in series with the grid and thereby it makes
possible sustained osecillations. )

The input admittance ¥; between grid and cathode of the
oscillator tube is given'by, :

Yi=jo Cpytjo Cop 1—4,~j4)  ..(1750)
where 4, and 4; are the real and imaginary ‘parts of the complex
voltage gain of the internal amplifier of the feedbaek oscillator.

But Yi=Gi+i B; ~ (17'51)
‘where @; and B; are respectively the input conductance and the
Imput susceptance.

If the effective lo‘ad“imped.anggz in the plate cireuit is given by,

!

Lo Z=R,+j%, T a172)
‘the complex voltage gain A is given by, P
=B .
A"'f,,+zl =. ,—HA-,.- «..{17°53)
. R,4-1X
or A + A — ,.._.l_,i.'.’.__}___
SR A A =) 8 :
= BBy R + X
‘ (rot+ RBP4 (X))2
" e 1754
; ‘ Tyt B)HH(X)2 . )
Hence © Gy==—pe C —‘-——«Aj—‘ggiw—« . .
. hy Lrd (rp+R[)2+(Xl)2 ) -.~(17 55)

s » - '
This negative conductance &; causes the necessary oscillations.

Hartley Oscillator

. 'Fig. 1710 (a) shows the circuit of Hartley oseill \ this
-oscillator, the tuned ecircuit extends from grids’;o plcatgtm"l.‘heIguxfi}:;g
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coil had two parts.  Coil I, appears betwoen prid a

2 o 2 zrid and eath il
the coil 1_4, appears between cathode and plite Th?t;?gﬁ"wc,grlx{:
de{\wr C is comnected between grid and plate terminals @ .:ml I
Coils L, and &, need no* bave mutual coupling. ) ’

BLOCYING CoNDEVSER

¢
|
A

Fiz. 1710 (). Circmt of Hartley Oxcillator.

In practice the tank cirewit may be made as shown below.
Both G and P tops may be variable,
K id

Cpr
~Tr

Fig 1710 3).  Alternative practical form of tumed eirauit
of Hartley oxcillator,

Condenser € is kept variable whenever variable fiequency ]’
oscillator is reguired. By the armngement of Fig. 1710 (b_),lhn
impedance of the tank circnit may be matehed to tho tube impe-
-dance. The grid deive may be vaped by top at a.

) Frequency of oscillation. The e equivalent circuit of
Hartley oscillator is shown in Fig. 171

Lefus first assume the frequeney of oscillation to be the same
“a8 the resonant frequeney. Then Xu-l-X,}:—‘Xf. At resanance, the
impedance Z,, between the points X and Fisa pure n-sxsxugf_p. The
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Fig. 17-11, Incremental equivalent eirenit of Hartley osci:llator.
wector diagram of the voltages and currents is  then as shown in
Fig. 17712,

Egk
I
90°
“Ekp
Y

VFig. 1712, Vector dingram of Hartley Oscillator assuming the
frequeney of cscillation to be equal to resonant freqguency,

Sincs Z., is resistive, By, must be in phase with pk,. Sinco
‘both », and Zj., ave resistive, plate current I, must be in phase with
Ey.  Also as C predominates over I, I; leads Eg,. TFurther the
voltage B\, leads I; by 90° as shown. The feedback . voltage | P
which constitutes the grid 1o cathode voltage E. is equgl and
_opposite to E,;,.  We sce that this voltage Eg and input voltago
E,; ave not the same since they are not in phase. Hence we con-
clade that Hartley oscillator will not oscillate at the vesomant
“frequency of the tuned cirenit. ‘

For oscxlla?lon to be sustained, feedback voltage Eg, must be
the same as the input voltage E,.. Ey must then come in phase
with E;..  Current I must lead Ey by o mueh Jarger angle 7.¢. €
must predominate too much over L;. To achieve this X, should be
decreased and X, should be increased. This can b}e“ done b
-decreasing the frequency of oscillation below the resonant frequenc o{'
the tank circuit. Z,, will then be inductive and hence Z, alb(rm‘
with r, makes I, lag behind Eg,. The vector diagram isL:hen ng
shown in Fig. 17°13.
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Let us first assume that the frequency of oscillation be the
resonant frequency. Z;, is then a pure resistance. I, isin phase
with the voltage pE,. Further since inductance L predox'nmatcs
C,, current I; lags behind By, Fig. 1715 shows the vector diagram.
Voltage By, lags behind current I, by 90°. Feedback voltage E,, is
opposite to Eyy and is, therefore, not in phase 'W}th the input voltage
E,.. Hence the oscillations will not be sustained. The frequency
of operation of a Colpitts oscillator is, therefore, not the same as the
resonant frequency of the tuned cireuit.

Erp
- Ekp
90°
I

£9k

Tig. 17'15. Vector diagram of Colpitts oscillator under the assumption
that the frequency of operation is tho same . as
the resonant frequency.
For oscillations to take place, current X; must lag behind E,.
by & much larger value i.e. L must predominate over C; by a larger
smount. Hence X;; must be increased and - X, must be reduced.

B ¥igi 1716, Vector dingram of Colpitts oscillator with sustained
N . . oscillations. .
ThiS' can be athieved by increasing the frequency of operation abovs
- the resonant frequgncy of the tuned circuit. The vector diagram
of;, the oscillatorttién is as shown in Tig. 17°16. :

T Ziy 18T NOWTedPacitive.  Hence -current. I, leads the voltage
Euk-" Let Zyp=1,,+5X1p. Eyp lags behind E,.. Current 1, laéf:rs
behgndlEk?, by 90° and for a suitable frequency of operation Ep, is
180 aut of phase with Ey. . The feedback voltage E,, is opposite to
E;, and hence is in phase with the input voltage E,. !
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foe.. LR=E, - - (175
LR=I, (R+ o)  (1TEY)
LR=(I+1,) WT'H R e (1938}
and E ,:.ﬂniltt’ﬂ LR - (17°30)

Substituting the values ol’l Tyond X X i 7
€17°57) (17°58) into Rqn. {17-59) we pot, from Bquations (1768,

pm LA - (4T
E, oo + ;uc' oG HEe
31 +-I -+ .
bt +h g, v (1760)
FromEqn. m-m),x,=%— - I -
From Eqn. (17-57),1,:%( By 3,,.10‘ —*5;;4-—,%‘;5
1.1 .
=E, [7{ +'J—aﬁf] e (17°62)
and =L+ *}:%;L
1, 1
=Ea[ g+ ok
1
+jaCR 1: Juun }]
3+
E" Ju( R {17 ﬁs\
r B e ’

Sub-tituting the \alum of I, I, and ], from Eqns. (1761},
(h 62) and (17°63) into Eqn. (17-60) we get,
1 E,

ﬂ_E:x

3 1 1 1 J‘_’(‘P
el Ee e JrplEe +? el i
=1t GeCTTTTT

. 6 _ B j
=1-j -t 7;:@71
PV T Py .
o*'CR* )’ SCR ,_,1, 7
-.{17G4)
~where B is the feedback ratio.



620 ‘ PROBLEMS IN ELECTRONICS

Lot A be the voltage gain of the internal amplifier and may be
expressed a8 ) _ .
A=A4,+j 4y e (17 65{
where 4, is the real component of voltage gain and 4, is the
‘jmaginary component of voltage gain.

But for the given circuit, assuming the effect of phase shift
‘network:on R, to be negligible,

—u R ‘ :
A=t E . (17°66)
_ oy o (00
Obvious! A=0 and 4,= LT e (YT°67Y
c WOA Y N : S = "{'m‘*‘Rl . .
ZiE‘or .oscillations to be sus’o.a.ined:, Af=1 or -%3-* =A.

s - 5 e 6 1, .
x..I‘_{e’:nce i—- l*fmfj +][mﬁ—zﬁJ=Ar oo (17°68)
'Equutix:xg imaginary parts in Tqn. (17-68) e got,

1 6 o
OB GOk =0 : e (1769

[
fond

or WT=-sxE Cvz“

.-or angular frequency

i

1
W= -'\v/“GARZ;’\ wee (1770)
Equ. (17'70) may be put as, X,=+/6R o (1770a)

where X, is the reactance of ¢ and is equal to—%r
)

. Frequency flcjs)= 256'{/16}20 (17'71)"

-

Substituting W

5
“[ =3 |=—2 v (1T72)
. Hence y, 7, and R, should be so chosen that 4 .
Eqn. (17:67) should be —29, at 4, as given by

- "These phase shift oscillators are used as
oscillators because the variation of resistances R
in the phase-suift network is troublesome,

constant frequency
and capacitances
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; Wien Bridge Oscillator

v ‘Yien-llﬁd:e awillalor iy really a twowtaze amplifi.s, in which
2 fraction of the output vohaze i feedback ta the tnpart torminals,
N 0-"*1(1_1‘.10111 are produced if the feedbuck voltaze En is equalin
magnitade and phase with the voltage initially a~rmel a2 tie inpat
of the fivet etaze, Fir, 1720 shows the circuit diszram,  The o
1lator is trrmed g Wien Bridze Qeeillator boeawse of the larity of
1he frequency determining emrenit with the hasie Wien Bridze,

J}

R‘% I *““[ j

k2] Rgzé 1A ¢ = £
(2T Y B
I

Fiz, 1320, Cireuit dzazram of Ween B dze Osfllator,
At has been fonnd that the following rilation must bold good.
I {1733}
By (1’ +.! ;
Py, TAT ot/

where A is the complex voltaze gain of the amplifier

E; is the input voltaze to the fir<t stage

snd  E,, is the feedback voltaze,

Obviously Ep, must be equal to E; for oxcillations to be sustamn-
#d. Mence separating the real and imazmary parts in Eqo. (17°73)

we get,
1 -
- A (1774)
4 EENG N XX oS
R € 775
and A=l+ L,: +—‘;: 1735

If C,=Cy=C and R,=R,=R, then
J= “;ll’(,' and A=3 . {13°76)

gt i S 1 to N
€, and C, are variable air condensery which bave maximum
minimn‘m :‘GP::ci(anvc ratio of about .1 Hzrm:n-:clfg!fxlng;
with Eqn. {17°50), the frequency vanation in the range Aty
poseible in this occillator. This_ratin is much h‘r:r_rci’}‘n;wm ith
$he mazimum frequency ratio of appreximately 3:1im
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a sinzlo dial. Thus if frequency f, 35 fized at 400 ke's and /, is
- variable from 3S0 ke!s to 400 kc}:, the nudio frequenes vol{:’sgu
availablo at the output will have a frequency that may ba varied
from 20 kefs down to L ¢fs, Teat frequency o-cillvtor ks addhition
advantases of good waveform, comstaut autput fevel, lizhtnews and

[ , For Hent perfc , however, the beat frequency
osailiator must be designed with special reference to the follawing
considerations :

(i) Prevention of interaction between the r.f. oscillators.
The interaction between the two r.f, oseillators canws them to il
cqch other into synchronism when they have small frequeney
difference.  Interaction ruay aleo result” in distortion of the outpat
wave into an almost saw.-tooth wave at frequency difference slizhtly
greater than that at which pulling takes ptace.” Intersction may bo
reduced to neghgible praportions by proper shieldinz, rorrect layoud
of component parts and by nwe of KO or LC filters in the pawer
Aupply leads. 1t many also be reduced by using such coupling means
from R.F. oscillators to detectors which prevent interaction eg. the
use of balanced modulator, nse of buffer amplificr between r.f,
oscillators and detector, use of mixing bridge ete.” Use of a balanced
modulator is shown is Fig. 17°23.

TIXED
FREGUENCY %
OKCULATOR T,

VARIABL
FRE (/}’I‘I(Y
OSCILATOR,

Faz. 17.22, Uso of Balanted Modulstor in Beat Fraqneney OQueillstor.

ii) Elimination of ¥ jcs and other undesired
frequencies. In order to affect this st 1 mmply required to remove
the harmonies from the output of one of the tyo R F. oscillators
and the detector. In that case all undeered frequencies he far

beyond the sudio range.
(i33) Xmprovement of frequency stabitity. In Deat

BHLANCED MIDUATER

- 5 cely ta be pror,
Frequency osolator the frequency stabibity is hhels
o . 1‘}-~-—~‘" amall maes nface change M any RF_‘:‘:'}E’_}‘; ,

: .ot . L P
‘st bo very stable. tude of a.f. outpes

(iv} Variation of oatput !cve!.” ‘17:,;;"’51\‘1':,‘4: (@ dm.?:‘
voltage may vary duo to oneof >~ e -
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change of the amplitude of the variable frequency oscillator voltage
over the tuning range (b) due to improper r.f. filter action in the
output of the detector and (¢) due to frequency distortion in the a.f.
amplifier. Due attention must be paid to these considerations,

Crystal Oscillator

In conventional Radio Frequency Oscillators wusing tuned
circuit, the frequency stability is usually poor because of variations
in temperature, humidity, tube and circuit constants ete. For
certain applications notably in Radio Broadcast and Telephone
Transmitters, it is required that the frequency of oscillation of
Master Oscillator be extremely stable. Frequency of an oscillator
may be made very stable by replacing the usual resonant circuit by
a mechanically vibrating piezo-eleotric quartz crystal and utilizing
its piezo-electric effect. Such crystal oscillators constitute the
Master Oscillator of Radio Transmitters and are also used in recep-
tion of signal from transmibter stations operating at standard known
Trequencies.

In its natural form a guartz crystal has a hexagonal cross.
section and pointed ends as shown in Fig, 1723,

Three sets of axes completely define the properties of such a
crystal. The axis joining the two pointed ends of the crystal is
called the Z-axis or “‘optical axis”. Tig. 1723 (b) shows a section
of the erystal at right angles to the Z-axis. With reference to the
section’ shown in Fig. 17°23, the .three axes XX, X'X’ and X"X"

* . passing through the corners of the hexagon are known as the X-axis

- or “Electrical axes”, The three axes YY, Y'Y’ and Y"Y” which are

-,.- ‘perpendicular to the faces of the crystal are called the Y-axes or
- “‘Mechanical-axes”. .

'

{o) Quartz crystal in natural

{b) Section of quartz erystal
form.

o perpendicular to Z-axis,
Fig, 17-23. Three eets of axes in piezo-slectric quartz crystal, g
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Piezo-clectric effect. In a quartz crystal, if an #lestriz
atress is appled in the direction of an Xeaxis or electrizal ax:s, &
mechanical stress js produced in the direction of the Yoaxis whirh is
perpendicular to the X.axis, Conversely if A mecharical etprsis
applied along a Y.axis, clectric charges will appear on the fares ef
the crystal perpendicular to the Xeaxis which is at rizbt arzfes to
the Y.axis concerned.  This phenomenon s called the “pimotloctrie
effeet’ and has been utilized in crystal oscillator.

. On appheation of an alternating voltage alonz an X-axie, tho
| ‘stresses produced alro alternate i e, the erystal vibrates
at the frequency of apphed alternating voltage. If, however, the
frequene °~ Y T IR o Lo
of mect . LN Ve
vibratio, .t . o
number . e . . "
depend upon the size and shape of the crystal, orentation of the
crystal plate eut from the natural crystal, the type of o-ciliations
concerned and wupon eix elastic constants of the crystal.  Further
the frequency of resonance 15 a function of the ambient temps rature.
The temperature cocfficient of frequeney s e frequency v.riatwm n
cycles per second per degree change mn ambient tempertnre o bs
calenlated from the erystal orientation sl tomperstun coathooms
of the elastic constants of the ery sal
Common Crystal Cuts. Usuis crooi’- e <t from the
natural quartz erystal, m the form of tinn poye- oty cLumbaror
cireular shape and almost uniform thickness  T1nere wn of course,
a largo number of shapes of crystal plates pos-ble Minutarly thero
are a large number of omentations of crystalsiv the position of
crystal plate cut from the patural quartz cry-tal  The ommon
erystal cuts are : (i} AT eut (1) X-cut or Cunie cut and () Yecut or
30° ent.
The AT cut crystal 15 commonly nscl bor generatun of fre-
quencies in the frequency rang of 31 ke 5ty about 10 Mo/s, AT

D PP

NETURAL SHAPEOF
AT CUT CRYSTAL

DIsSFLAE
rosmaY

(a) Orientation of AT cut crystal ®.
Fig 1724 Onentstion and shear vibrations
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cut crystal plate is cut from a plane rotated about an X-axis so that
the angle 0 made with Z-axis is approximately 355 degrees as .shown
in Pig. 1724 (a). On application of voltage across the flat sides of
such a crystal-plate, shear vibrations take place causing displacement
as shown in Fig. 17-24 (b).

The AT cut crystal has the following important advantages °
(#) zero temperature coefficient at a temperature determined by the-
value of angle 0, (i) high piezo-electric effect and (iif) simple fre-
quency spectrum. )

The X-cut or Curie cut crystal is taken out of a face perpendi-
oular to the X-axis as shown in Fig. 17°25 (a).

The Y-cut or 30° cut crystal is taken out of a face perpendi-
oular to a Y-axis as shown in Fig. 17°25 (b). The Y-cut crystal has a.
number of resonant frequencies.

(a) Oriontation of X-cut crystal (0) Orientation of Y-cut ¢
Jon « . M. - stal.
Fig. 17-25. Orientation of X-cut and Y-cut crystals, rystal

Equivalent electrical circuit of a quartz crystal.

a MOUNTING a
a - ELECTRODES O -
/ [ ¥
LEADS SS--crYsTAL Tct R
O O TC
4 (71
{a) Quartz erystal with mounting (b) Equivalent electrical circuit
electrodes, '

Fig. 1726, Equivslont electrienl cirenit of a quartz crystal with
mounting plates,

. Physically the crystal plate cut from the natural

48 mounted between two ?nounting plates and two %31:12:11: ’ a:?fszl'

- mnected to the two mounting plates. Fig. 1726 (a) shows the orystal

. and the mounting plates. Tig. 1726 () shows the equivalent
electrical circuit of the crystal mounted between. electrodes. In.

Fig. 17°26 (b), O, represents the electrostatic capacitance between.
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¢ s .
ntr:ﬂ::}zfacl'enlrc“nltr%le:“n:;c:cxnttlm‘ l(;gyst!nlixj ot vibrating, Scrics ole.
tional ehrotoristy epres eleetrical 'cqmv.\lcnt of the vibm.
o ; Tistics of the quartz.  Here indurtance L represents
clf(L ?c((m" cf\\n\'l\k‘nt of the crystal mass in vibration, € i« the
cit‘i)rucf‘l leqm\?lcnt of the effeetive mechanical complianre {rhaetis
me)ln t \?{C.l‘_\‘stnl. R represents the electrical equivalent of the
fnirii:\ g’urxc“qu::::“"st {n f:he analysis of an electrical ciremt con.
1 it g v N1
comiveiont clectric?l c?n:uic,m erystal jteelf may be replaced Ly its
Crystal oscillator civeuit. Tna erystal oscillator, T
erystal is put instend of resonant cireuit 3\l|ich (lcl(rmi:rﬂ tg:}rg
quency of eacillation, Fig. 17 27 (@) shows the circuit of the crystal
oscillator using Maller circuit,  Fig, 17°27 (b) pives the cquivalent
olectrical ciccuit of oscillator. A study of equivalent eiteuit of
Fig. 17°27 (8) shows that the cireuit of the eryatal occillator s equi.
valent to a tuned grid-tuned plate oseiflator. To gencrate o~cilfations,
the tuned circuit in the plate side is tuned to o frequency higher

i
iE'DUII/A[[NI ELECTREAL
LR OF CRYSTAL

{a) Cryatal oscillator using Mille (%) Equivalent elnctrical cireuit of
eirout. eryetal,
Fig 1729, A ccmmon crputel oscillator cireuit and 8 equivalent
electrical eiremit.

than the resonant frequency of the crystal. The rractance of the
plate circuit at crystal resonant frequency 1+ then inductive, The
amplitudo of oscillation i3 determined by the inductive reactance
of the plate circeuit and by the grid-to-plate tuba capaedtance.

The frequency of oscillation of erystal oscillator lies in the
rango of about 50 kefs to 15 Mefs. The frequeney of resonance for
any crystal at o given temperature depends upon the elastic constants
of the erystal, oricntation of the ery<tal and the suwe of the erystal,
As the erystal is made more and more thinner the frequency of
resonance inereases. ‘The lowest frequeney lumit anes from the
difficulty of obtaininz large sze quartz crystafs whiie the Ingh o
quency limit Tesults becavse of fragility of the thin ery<tal plate,

Negative Resi Oscill
A negative resistance is said to he present when an inn
L et 4Tt alas g eecnlenf s decreaced applied voltar~
. tions are to_accur, tbem
ayo ralize =il the do5=
the circwt. Tws o3 TOo

. . s -
yive resistance osailfators are comouly weed 1 (7 Dyzma=es Soars

and (i) transitron oscillator,




628 PROBLEMS IN ELECTRONICS

Dynatron Oscillator. This makes use of the portion of the -
plate characteristics of a tetrode which displays negative resistance.
Fig. 17°28 shows the plate characteristics of tetrode for a fixed value

.of screen grid voltage, say 100 volts. As the plate voltage is in-
.creased from zero, the plate current increases as normal. At a plate
voltage e,, reaches about 15 volts secondary emission from the
plate begins, Screen grid voltage is then much higher than the
plate voltage and hence secondary electrons get colleoted by the
sereen grid. The number of secondary electrons so lost by the plate
may exceed the number of primary electrons so that the net plate
.eurrent actually decreases with the increase of plate voltage account-
ing for the negative resistance property in the region a to b of the
-characteristic. Beyond plate voltage e, secondary electrons are -

>

3
& €p,=100 VOLTS
g NEGATIVE o o VOLTS
& RESISTANCE €c1 =2 VOLT;
3 a REGION
W i
g !
- i
= i
L A
€by €b2

PLATE VOLTAGE €—>

Fig. 1728, Negative resistance charactoristic of a tetrode.
-drawn back to the plate because at this potential the electrostatio
-field of the anode is sufficiently large to hold them. This negative
resistance portion ab of the tetrode is used in Dynatron oscillator,
- eireuit of which is given in Fig. 17°29. The plate voltage is kept at
-a suitably low voltage with respect to the screen grid voltage. The
~tuned circuit is adjusted to resonate at the desired frequency of

. oscillation.
{ OuTPUT
+

i3 ’
i+
Ecc
Fig. 1929, Circuit of & dynotron oscillator.

Transitron Oscillator. This oscj '
R Os . illator uses a pentode for
-Obtaining the negative resistance. A pentode exhibi%)s negative
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:;f;sl:}:rge pc;l!z;f;ﬁi]:r_x_!h.c W‘lth.out using N_-gon:!nry crfnj:<iar§. Thus if
the “snppressor gr,

eathode, eiccrrustat

Tons winch would

gcreen grid.  The '
guppressor grid is made slightly less negative, some of the elee
formerly repelled by the sul"pri":sar gn'dgmn)' ;uw‘ get lhmﬁzh tf)r?lx::
anode thereby rcduu‘n‘g th&~ screen grid current,  Thus an increase

of suppressor grid v mernsen tha pamnen o'l pemenes T ag
conctitute & negati - . . s A
current with inerc . L T [
we may raise the . L R s et
tancously by the : . [

geid voltago rize ix much grester then the wfluence of serecn grid
voltage so that there results a net reduction in screen grid current-
'mlh increase in screen grid potential. Ths property of a pentode
is used in the transitron oscillator of Fig, 17 30.

Fiz. 17230, Cirewt of transitron osaullator.

Condenser €, forms the couplng condener It couples the
variation of screen gricd voltage 1o suppressor grd.  Frequency of
osciliation 1s governed by the tuned citeunt 10 the xereen grid cireust.

QOther devices such ay a transistor and thermistors are some-
titnes used to exhibit negative resistance and produce osedlations
thereby.

Stabilization of frequency of feedback oscillatars

The frequency of oscllation m a vacuum tube oscillator may
wary due ta one of the followmg reasona -

(i) Change in valve characterstics.  Variations in interelectroc
capacitances s tube chatactentics are brought about by varmua
in the tamperature and by vagations i the clectrude voltages.

(1) Change 1n cireur! paramster  Inductance and eapartanco

the tuned crreurt may chalige due to Varglion i tempemm e
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(iii) Change in louding of the tuned circuit. A changein
-the coupled load causes a change in the shunt resistance of the tuned
circuit, with the consequent change in frequency.
For oscillations to take place, AB=1. If the frequency varies
. over a small range, then at all the frequencies, the amplitude | 4B |
.and the total phase shift in the feedback loop must have such values
as to satisfy the above mentioned criterion for oscillation. Then the
phase shifc of the 8 network must be such as to keep the total phase
-shift of the circuit substantially constant. The frequency stability
8, of an oscillator is defined by the relation,

db do g
S;-—:ma ~"1~Q-)—:-.=—d—(; ...(ll 7/)
e

where ®, is the mean frequency of ‘the oscillator, and gg—- is the rate

-of change of phase with frequency. More the value of Sy, more
gtable is the system. Ideally S; should be infinite which gives com-
.0 letely frequency stable oscillator.

A number of means are adopted to improve the frequency
-stability of an oscillator. One method consists in use of such
inductors and capacitors as have negligibly small temperature co-
. efficients or use of such inductors and eapacitors that any ‘change in
one parameter is exactly counteracted by an opposite change in the
.other parameter. Another measure includes the use of highly stabi-
lized power supply. ' o

in order to eliminate the changes in frequency due to varia-
tion of load impedance, an isolating or buffer amplifier is used bet- -
ween the oscillator and the load. The buffer amplifier draw negligible
grid current and hence produces no loading of the oscillator. ﬁsually
the buffer amplifier also acts as a frequency multiplier. This system
consisting of Master Oscillator and buffer amplifier is called a

““Master Oscillator Power Amplifier” and is usually abbreviated as
MOPA. :

In addition to the above basic means adopted to reduce
frequency variations, a number of additional measures are adopted
to improve further the frequency stability of oscillators. One is the
use of suqh compensating reactances as result in virtual isolation o
the tuned circuit from the rest of the oscillator. Sometimes a quart:

-orystal is used instead of a tuned circuit to improve frequency
.stability. The crystal used is such as has a very small temperature
coefficient of frequency. Further the erystal -may be put in a2
thermostat chamber to reduce temperature variation. .

Resistance stabilization of frequency. This method is
-commonly used to improve stability of frequency of oscillation of
-an oscillator. The method is due to Horton. It consists in insertion
-of & high resistance R,; in the plate circuit as shown in Fig. 17-31.
“The primary function of this resistance R,, is to make the total
iresistance of the plate circuit so high that changes in the plate
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Tetistance of the tube have neqlizible effeet on the frequency of
woscillation. An additional function performed by this resistance
R, is to provide a convenient means of controling the fecdback
and hence the amplitude of owillation. Terman analysd this method
-of stabilization and found that for best stabilization,” K, must have
,

AAAAAA-

Eﬁst
T+
[ p
K
"
al

Fig. 1731, Resistance stabilization of frequency of
oscillation of an oscillator,

& volue given by the relation,

Ry=2Z,, (p~1}—ry «.(1778)
where Z,, is the impedance of the tuned cifcuit between P and
K looking from the anode ride. This value of R,, however, just
blocks the oscillations, Henco in practice, R 18 kept about 10%
below tho value given by Eqn. (17°78) in the beginning but full
value of R,q is put in as soon as oscillations bave built up. Sinco
this stabilization resistance Ry is put in the plate circuit, this method
of resistanco stabilization ia called the plate stalalization.

In 1940, Tuttlo snzgested tho use of stabilization resistanco in
the cathode lead instead of plato lead as thown in Fig. 1732,
Frequency stability is increaced exceedingly by this means.

Fiz. 1732 Brdgsd-T Oscillater
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oscillator is called the “Bridged-T Oscillator” because of the
shape of the feedback circuit shown in Fig. 17:33.

-
)

Go——T0000" T TO000N oP

Rf

Ko - ——O0K
Fig. 17+33. Foodback networls in Bridged-T oscillator of Fig. 17-32.

In 1943, Shepherd and Wise suggested the use of modified
feedback network shown in Fig. 1734, The oscillator using this
feedback network is called “paralle]l-T oscillator” because of the
gpecific configuration of the feedback network. This oscillator has
excellent frequency stability. It has the additional advantage of

—WW—T— AW )
Go— | F———} oP
Ry
Ko— OK

Fig. 17-34, Feedback network in parallel-T oscillator.
requiring no inductances and hence this oscillator is cheaper but
reliable at the same time,
' Relaxation Oscillator
A relaxation oscillator generates voltages or currents which very
abruptly at one or more times in a cycle of oscillation.

In certain applications, relaxation oscillators have a number of
advantages over sinusoidal oscillators. These are enumerated below :

(i) Number and amplitude of harmonies in the output.

(i) The ease of synchronization of frequency of oscillation by
introduction of small voltages of frequency close to the
oscillator frequency.

(¢37) Possibility of frequency multiplication and division, in a
few types of relaxation oscillators.

(iv) Wide frequency range coverage with a single oscillator.

(v} Compactness, simplicity of construction and comparatively
low cost,.
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laxation oscillators, like the feedback oscillators, have
in (;e'rll':;-e;\e : ’f‘ecdhack Toop. I,n this case, however, the feedback
potential is so chosen that the tube is driven_beyond cutoff. Honco
the output voltage i heavily distorted. The important rclaxation
oscillators are : )

{a) Lineat sweep oscillators or saw-toath oscillators :  These
include neontimebase eireuit, Puckle's Hard Valve Timebase eircuit,
thyratron Timebase and number of other similar sweep circuits.

(b) Multivibrator.

(¢) Blocking oscillator.

In relsxation oscillators, the output wavcfom.\s‘ ,are not

S

MULTIVIBRATOR
Multivibrator is a device which produces extended voltage
waveforms of almost square shape and also voltage pulses occurring
yperiodically. N
Multivibrator may be vsed for one of the fallowing purposes :—
(§) Gencration of pulses occurring pertodically
(ii) Generation of extended waveform.
(#i%) Synchronized generation of pulses or extended waveforms,
{iv) For frequency multiplteation,
(v) For introduction of time delay.

Classification of multipli s. According to one method
of claseification, multivibrators may be classified as,

(A} “Astable™ or “Free-running”™ dlultivibrator—This may
generate pulses and extended waveforms independently without the
necessity of any driving or external synchronizing voltage pulse.

(B) “Aonstable™ or “Single-shot” Multiribrator—This requires
one driving puise for generation of cach cyele of waveform

(C} “Bistable” Multivibrator—This requires two driving pulses
one for each half cycle of the waveform.

Free Running Plate Coupled Multivibrator. It is
essentinlly o two-stage R.C. coupled amplifier i which the output
of the second stnge js feedback to the wmput of the first stage.
Fig. 17°35 chows the circuit diagram.  Such a deviee will oseiilato to
produce periodic voltage wiveforms because each tube introduces a
plmw'slun of 180°. The cirevit is redrawn in Fig. 1736 in the form
that is particularly convenient for traemg  instantanecus voltage
c}mngc:. This cireuit represents a “‘symmetrical multivibrator”
rince both the tubcs.nre similar and the coemponents associated with
each tube are cqual in magnitude and are symmetrically placed.
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Ny

NI el X =
=i P

Ry __l_: §R"2 .
_:.Ebb R
. R . [

T

Fig. 17-36. Rearranged form of free-running plate coupled multivibrator,

" The operation of this multivibrator is as follows? . At any
instant of time only one tube conducts while the othef i$ biased
beyondl cutof. Operation of the multivibrator can be understood
with feference to voltage waveforms shown in Fig. 17°37. Leta
small positive voltage appear at the grid of fube T.,. This voltage
gets ampli =ed by the two tubes and it reappears at the grid of tube
V.. Thisac'tion is instantaneous and cumulative and is repeated
a number of t/mes with the end result that ibe grid potential e, of
T, rises suddenly to zero, while the grid “potential ey of tube T,
suddenly drops to a value far below cutoff. * Hence' valve- T, -draws
a heayy current. s plate valtage drops by an amount E, and
hence gnd voltage € of Iy drops by the same amount E,. Vah-e

- Ty, therefore, gets cut off This condition corresponds to time {; in
waveforms of Fw 17 .

.. At the instant tl. condemcr C, gets charged to voltage E,. But
soon thereafter, it discharges throuUh resistor B and “hence the
potential ¢,; of tube T, n~e> exyonenha]lv toward zero. Afters
time mterval T,ie ai tune 15, the gfid voltage é; Teaches ~the” cu‘oﬁ ’
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636 PROBLEMS IN ELECTRONICS

One cycle of operation corresponds to time interval from {, to
1;. Next cycle of operation is similar to this. Time interval 7', is
. the period of nonconduction of tube V; and period of conduction

of ¥, while time interval 7, is the period of nonconduction of valve -

+ V¥, and period of conduction of V;. ,

Time intervals 7'; and T, depend upon the voltages B, and E,,

.and upon time constants B,,C; and R,,C,. In a symmetrical multi-

vibrator R, =R,,=R,, C;=C;=C and R;,;=R;;=R;. Hence time
_intervals Ty and 7, are equal. The total periodic time T' of the
‘output voltage waveform is given by :—

T=T\+Ty=(RpyCy-+ Ry Cy) loge ’EE“ o (17°79)
co
where_pu%ﬁ' Avolta’ge B~ %ﬁ )
Hence' T=(R,, C;+R,, C,) log, —%Ei’— ...{17"79a)
. Lipy
Hence frequéncy of oscillation
1
- f=7r= — L Z .-+(17°80)
- (Rn1C1+R0202) log, £ e
- - Ebb

In accordance with Eqn. (17'80) the frequency of oscillation )

increases with the reduction. of resistances R,, and R, and capaci-
_tanées C; and Cp.  The output may be derived from any of the
. .circuit elements. Except when the impedance of the load is very
>large, it is desirable to connect to load to the output of an amplifier
which-is coupled to the multivibrator. This avoids direct loading
{ the multivibrator and hence avoids the possibility of frequency
varintion due to loading.

. The voltage drop E, may be found from the tube oharacteris-
tics and the load line for resistance R; as shown in Fig. 17-38.

Fig. 17-38. Graphical construction for determination of voltage B,

[JE»((& = .x's:/"’.‘an < yn fzaand)






