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Preface

This is a handbook for students and practicing engineers in the elec-
tronic field and is intended to provide adequate technical discussions,
design data, and basic design procedures for the solution of many design
problems. It has been the authors’ opinion that handbooks often have
limited value since the presentation is frequently so concise that the
material presented has little value unless the reader has had previous
experience with the subject. Consequently, an attempt has been made
to overcome this limitation by making the text as lucid as possible and by
including design examples which illustrate the application of the material
to specific design problems.

The “Electronic Designers’ Handbook” contains over 1,100 figures,
1,400 equations, and 140 examples. In many cases it is believed that
significant contributions have been made in the form of new design data
and/or design techniques. Also, the degree to which frequently used
circuits and practices have been integrated into the material should con-
tribute appreciably to the value of the handbook. Specific examples
of material which are of special interest include fundamentals of statistical
and probability theory (Sec. 23), graphical methods as an aid in the deter-
mination of inverse Laplace transforms (Seec. 23), a comparatively com-
plete treatment of the design of low-power iron-core transformers and
chokes (Sec. 14), design data for the optimum number of RC and LC
ladder types of filter sections (Sec. 15), graphical presentation of the
amplitude and phase characteristics of RC parallel-T and RC bridged-T
circuits (Sec. 168), graphical performance data for constant-k and m-derived
filter sections having dissipation (Sec. 16), extensive coverage and analysis
of both voltage and power amplifier fundamentals (Secs. 3 and 4), a
detailed discussion of receivers and associated subjects such as noise
figure and characteristics of different mixer types (Sec. 7), an extensive
presentation of feedback fundamentals and the principal methods of
stability analysis (Secs. 18 and 19), the analysis of complex waveforms
(Sec. 22), ete.

As is the case with all handbooks of this type, it has been necessary to
omit a large amount of valuable design material. The electronic field
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vi PREFACE

has become so vast and is growing at such a rate that the authors of such
publications can only include the material which they believe has the
broadest application and then, with the publisher, attempt to attain a
publication date before the material becomes either obsolescent or
seriously limited in scope. For example, in the case of the “Electronic
Designers’ Handbook,” we regret that we did not have sufficient time to
include certain digital computer techniques, magnetic memory circuits,
and a much broader treatment of transistor applications.

It is believed that the ‘ Electronic Designers’ Handbook” should find
extensive use as a text even though the equation derivations are not
always given. Before publication, this material was used as a text for
undergraduate students, graduate students, and practicing engineers with
very gratifying results. With reference to these classes, the assignments
which included the derivation of equations often proved to be especially
educational. In general, the material is intended to be self-explanatory
and, considering the practical design examples, should be of value in
teaching the student to take a practical approach to design problems.

To those who have contributed in the preparation of this handbook we
are especially grateful. Specifically, we wish to single out the names of
Messrs. Nathan Patrusky, Ray W. Sanders, Robert T. Johnson, Robert
E. Hull, and Warren E. Wilke who enthusiastically participated in all
aspects of this effort and who generously donated much of their time and
made many significant contributions, suggestions, and constructive
criticisms. We are equally appreciative of the many valuable suggestions
and criticisms made by D. C. Arnold, S. Benson, Miss G. R. Brown,
P. M. Brown, C. W. Chandler, D. J. Green, M. L. Ingalsbe, T. J. Johnson,
E. S. Klotz, J. J. Nesler, G. M. Salamonovich, and A. G. Woolfries.

We also wish to express thanks to Mrs. Lois Van Allen, Miss Liana
Pucelli, and Miss Barbara McArdell for their aid in typing and preparing
many of the original figures. In addition, we shall be forever grateful
for the indirect but real contribution made by our families and friends
who patiently awaited the completion of this handbook.

It is our sincere hope that we have successfully prepared a combination
handbook and text which will be of value to our fellow engineers.

RoBErT W. LANDEE
Donovan C. Davis
ALBERT P. ALBRECHT
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TasLE 1.1. DEciBEL TaBLE

Gain Loss Gain Loss
Db
‘;‘::' Power ‘;og]:' Power \;:;1:- Poufer \:ng:- Power
N ratio s ratio L ratio ; ratio
ratio ratio ratio ratio

0 1.00 | 1.00 {1.00 ;1.00 6.0 2.00 3.98 0.501 0.251

0.111.01)1.02|0.989]0.977 6.5 2.11 4.47 0.473 0.224

0.2(1.02|1.05|0.977)|0.955 7.0 2.24 5.01 0.447 0.200

0.3 1.04 | 1.07 |0.966)0.933 7.5 2.37 5.62 0.422 0.178

0.4)1.05{1.10[0.955|0.812 8.0 2.51 6.31 0.398 0.158

0.5|1.06 | 1.12 {0.944]0.891 8.5 2.66 7.08 0.376 0.141

0.6}1.07|1.150.933;0.871 9.0 2.82 7.94 0.355 0.126

0.7]1.08|1.17 |0.923|0.851 9.5 2.99 8.01 0.335 0.112

0.8|1.10 { 1.20 {0.912{0,832|| 10.0 3.16 10.00 0.318 0.100

0.9]1.111.23 |0.902{0.813| 12.0 3.98 15.8 0.251 0.063

1.0 1.12 | 1.26 [0.891{0.794| 14.0 5.01 25.1 0.200 0.040

1.1] 1,14 | 1.29 | 0.881|0.776 16.0 6.31 39.8 0.158 0.025

1.2|1.15|1.32 |[0.871/0.759|| 18.0 7.94 63.1 0.126 0.016

1.8|1.16 | 1.35 | 0.861|0.741| 20.0 10.00 100.0 0.100 0.010
1.4 1.17 | 1.38 |[0.851({0.724} 25.0 17.8 3.16 X 10 | 0.056 3.16 X 102
1.5 1.19 | 1.41 {0.8410.708} 30.0 31.6 103 | 0.032 108
1.6 1.20 { 1.45 [0.8320.602} 35.0 56.2 3.16 X 103 | 0.018 3.16 X 1074
1.7 1.22 | 1.48 [ 0.822]0.676( 40.0 100.0 10¢ | 0.010 10—+
1.8/ 1.23 | 1.51 {0.813}0.661} 45.0 178.0 3.16 X 10¢ | 0,006 3.16 X 10-®
1.9 1.24 | 1.55 {0.804|0.646( 50.0 316 108 | 0.003 106
2.011.26 | 1.58 |0.7940.6311 55.0 562 13.16 X 10% | 0.002 3.16 X 107
2.2(1.29 | 1.66 |0.776|0.603| 60.0 1,000 108 | 0.001 10—
2.411.8211.74 (0.759{0.575}% 65.0 1,780 | 3.16 X 10¢ | 0.0006 3.16 X 1077
2.6 1.35| 1.82 |0.741|0.550f 70.0 3,160 107 | 0.0003 10-7
2.8(1.3811.91 0.7240.525) 75.0 5,620 | 3.16 X 107 | 0.0002 3.18 X 1078
3.0]1.41(2.000.708)0.501) 80.0 10,000 108 | 0.0001 10-#
3.211.,45 12,09 [0.692}0.479} 85.0 17,800 | 3.16 X 108 | 0.00006 3.16 X 10~
3.411.48|2.19 |0.676]|0.457) 90.0 31,600 10% | 0.00003 10~
3.61.51 | 2.2010.661,0.436] 95.0 56,200 3.16 X 10° | 0.00002 3.16 X 1010
3.8 1,551 2.40 [ 0.646(0.417]100.0 100,000 101¢ | 0.00001 10-10
4.0 1.5812.51]0.631}0.398)105.0 178,000 | 3.16 X 1010 | 0.000008 3.16 X 1011
4.211.62 | 2,63 (0.617/0.380]110.0 316,000 101t | 0.000003 101
4.4)11.66 | 2.75)0.603,0.363)115.0 562,000 3.16 X 1011 | 0.000002 3.16 X 10™12
4.6 | 1.70 | 2.88 |0.589|0.347 120.0| 1,000,000 1012 | 0.000001 10-12
4.811.7413.02)0.575|0.331]130.0] 3.18 X 10° 1018 [ 3.16 X 107 10-13
5.0/1.78|3.16 (0.562{0.316]1 140.0 107 1014 10-7 10-1
5.5|1.88 | 3.55 {0.531]0.282}1150.0] 3.18 X 107 1015 | 3.18 X 10— 10-18

-2



GENERAL DESIGN DATA

TasLe 1.2. RELATIONS BETWEEN UNITS

Quantity Relation
Capacitance.......... 1 farad = 10-9 abfarad
= 0 X 101! statfarads
Inductance........... 1 henry = 10° abhenrys
= 1.11 X 10~!2 stathenry
Resistance. .. .. 1 chm = 10° abohms

1.11 X 1072 gtatohm

Emf................. 1 volt = 108 abvolts

= 3.33 X 1072 statvolt
Current.............. 1 ampere = 107! abampere

= 3 X 10* statamperes
Charge............... 1 coulomb = 107! abcoulomb

= 3 X 107 statcoulombs
Energy............... 1 joule = 107 ergs
Power................ 1 watt = 107 ergs/second

14 46 horsepower

LIt
Energy stored in an inductor = iy joules

N . cy?
Energy stored in & capacitor = ry joules

where L ig in henrys, C is in farads, I is in amperes, and V is in volts.

TasrLE 1.3. WinpiNG Data For RanpoM-wounp Coins

1-3

Turns per square inch Turns per aquare inch
B. &8. ., B. & 8. 5
gauge | Simgle Single | Double | gauge | Sinele Single | Double
enamel or | Double enamel or | Double
. cotton- | cotton- . cotton- | cotton-
single formvar single formvar
covered | covered covered | covered
formvar formvar
8 56 25 2,580 2,380 1,890 1,360
9 70 . 26 3,250 2,970 2,280 1,600
10 88 85 82 75 27 4,060 3,670 2,720 1,840
11 111 107 104 95 28 5,140 4,520 3,250 2,130
12 139 134 129 117 29 6,380 5,540 3,810 2,420
13 173 168 160 143
14 217 210 199 175 30 8,150 7,060 4,520 | 2,780
31 10,100 8,780 5,290 | 3,140
15 272 262 246 214 32 12,600 10,800 8,080 3,490
16 341 328 305 261 33 16,000 13,500 7,060 3,900
17 428 409 375 316 34 20,000 16,900 8,150 4,340
18 536 511 463 383
19 669 638 568 461 35 24,700 | 21,200 9,310 | 4,780
36 31,400 26,400 | 11,700 5,620
20 832 794 694 552 37 39,600 32,600 | 13,150 6,080
21 1,040 989 847 658 38 49,100 41,200 | 14,800 6,600
22 1,300 1,240 1,030 808 39 62, 500 53,900 | 16,900 7.180
23 1,640 1,530 1,250 951 40 77,600 65,800 | 18,800 | 7,711
24 2,100 1,910 1,510 1,120




TaBLE 1.4. RC TransrEr Funcrions

Network Transfer function Approx. amp. response (w onlog scale)
¢ o=
(4 [
© " — 5 i . :' 608/0CT
#1 R s+ 08 {
where 7 = RC ]
o— —0 T, v
2 2 o—————— -
4] Co 8 + $ .
o—i¢ e - o |$#+Bs+D (s + TL) (s + %) \{\\taaﬁ/acr
a b | |
RiC1 + R:C; + R.C; o8y | 1z08/0cr
R, R, =
#2 ] 2 where B RiR:CiCa : {
1 1 !
o —0 D= Rlec'ng /! % 4
[
88 88
sa+Bs’+Ds+E_(s+1)(s+1)(s+1) oL —————— —
o o m A3
¢ e cs ' T Ty T. “t~eo80cr
o———{ where 08 | \:\;\
R.R.C,Cs + R\R:C\C5 + R?Ragzgac'f‘CRlengsC o ‘\f\z\| 12 08/0CT
_ + BiR,C.Cs + R1R.C105 [ i
#3 A1 fz R3 B = BiRaR:C, 0205 b ™16 o/0cr
D = BiCi + RiCs + RiCy + RiCs + RaCs P
> —° R\B:l25C,C,C, " } :
1
- 7
E RiR:R,C,C:Cy é 7o 72' “

71
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]
s + =
Ry ¢ 2;“ oL ________
T ik o
i - where T, = R:C o8 = M608/0cT
T = RIRQC | :
7z *T R+ R, i i _
L L
A’(db) = 20 log1o 1—2—% % %
o — 1 2
i i ——
Ry ¢ 1 /———
O—AMMY ‘{’ s 4+ T‘ / ||
.5 fs where B = Bt R os| 608/0cT |
T = (R] + Rz)C :
o - A'(db) = 20 logue E;%_Z—Rz ; .
T
B (8 + 7.
" s+ i
T A’__I>/
Rs
where B = ]
R == Rl + Ra { I
*o ‘ Te = RC o8 { |
T, = Ry(R: + Ry)C :
A, *“Ri+R: +Rs ] 1 —
s R % 7
o

A,(db) = 20 lOglo m
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TasLe 1.4. RC TransFer Funcrions (Continued)

Network Transfer function Approx. amp. response {won log
o- _]_ B (s + #)
I 1 O
A s+ P
" where B = RiRs + R,R, : I
*7 RiR; + B:iRs + RsRs o8 sos/oir |
To = (B1 + Ry)C i
ﬁg T, = (Rle + RlRa + Rst)C !
i R, + B; A v @
7 7
o 0 A4'(db) = 20 long—li_i“—R~3 (4 b
608/0CT
V4 0 —— _li._._.
o MW J_ o 1 _—IT\I\
1 |
#8 ¢ s + 7 08 l
T where T' = RC ;
[o, _ O
7 7]
7
1 1
Ry R 3 = . 608/0CT,
s+ Bs+D ( —1-) < i) — N\ 1208/0cr
0——'WV\N—I—'VV\NVT s + 7 s + T, 0 &
#9 T o ,[Cz where B = BiCy + RyCy + BiC -; g’gz(j— R\C, % }
121 g ]
1 @ / !
O . ! = SL 1
° D R]RQC[C: Ta Ty
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1 1

RS () () ()

608/0cT

A A 83 where 12 08/0CT
B = R\R:R;C:C,C, 0f — j 1808/0CT
l I R\R,C:C: 4+ R1R.C1C; + R1R;C\Cs + R3R:C.C, }
10 4] 22 Cy D = + R1R:C,Cs 08 | }
T ’[\ ! RiRaR:C:C<Cs Lo
o ! ! —— E = RiCy 4 ReC; + RiC:y 4 R\Cs + RyCs + RyCs } ! :
R\R:R3C1CaC, Z A ! !
F= 1 2] ) b
BERCi0oC, g
Z
=
=}
»
Ay 1 Of——— e —— =
71N p 608/0cT g
" ] Ry\R,C 08 Q
#11 ¢ R, = 1lve |
]\ 2 where T "t : j
/(db) = _B: >
o— : A (db) 20 lOglo Rl + R’ ; > E
—0 L
Ay 1 0
Rols + 5 6o5/0cTy
T i
R, 1
wie ? R + B (5 + ) S |
a |
Tc where T, = (B, + R2)C { :
o ‘ —0 To = BoC 7’7 ¢ 7% -
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TasLE 1.4. RC TraNsFER Funcrions (Continued)

Network Transfer function Approx. amp. response (w on log scale)

1 1
B(s* + Ds + E) _B(”i)(”ﬂ

@ FFs +6) (8+Ti-)(8+%) -
where ‘ ’ 0 — — J20B/0CT — — ——
B = R2R4 : :
T RiR; + RiR; + R1R« + R:R; + R:R. 08 { : i |
_ R:Ci + R.Co _ 1 i |y ASSUMING
- R2R40102 E= RzR4ClCz |' : L =l-ﬂ>rﬂ>rc>rd
- RiC: + RiCy + R:Cy + R:Ca2 + RC, Az 71 71 7/_ 3
CiCo(BaRy + BiRs + Eis + RaRs + RaRY) o % ¢
1
G = Ci1Cy(R1Rs + RiRs + RiRy + R:R;: + R:R.)
A R;R (s + i) ob——————_—-————
AN , 5 2 T, 608/0cT
A
(R3Rs + RiRs + RiR:) (s + TL) —-———\:\\’_
R a T
#14 Ry - (R\R; + RiRs + R.R3)C 08 ,I |
where T, R+ B, ! ;
T‘ Ty = RyC { ;
o— ! -0 1 7 1
3 73

A'(db) = 20 logre E“i"k‘.

8-T
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1
" Ry (8 + q’v‘b) ) S S
1 , so6/0cT
(Rs + Ry) (s+-T—> i .
Ry(R: + R:)C i
#15 A Sk S M2 i
Rp (4 where T, o 08 ! |I
7, = R:R:C : g
Ry *T R:+ Ry ] |
, _ R, + R, A 4 1
o e A'(db) = 20 logy, gy sy o 7 i)
8 _ s
/?/ Ce B(st +Ds + E) ( L)( l) o
— A J¢ o Bet+z)tT,
where B = R,C, 2% : ll
#16 == Fa D = RiCy + R.C: + R.C, | l
R\R,C1C, i :
O o _ 1 A w
E = pR.CiCs T T
‘ R s _ s
4 4 B(s + Ds + E) ( 1 1
o— Bi{s + T_,.) (s + T;)
where B = R;C;
#17 Rs (23 b= BiCy + RoCs + RsC, Same as for #16
T o R\R:C,C,
O— . -0 1
E = RR.CiCh

NDISEd TVIIANITD

viva



TasLE 1.4, RC Transrer Funcrions (Continued)

Network Transfer function Approx. amp. response (w on log scale)
s _ s
[ 17 2 n
i | TP () (o)
where B = R,C: Same as for #16
#18 Ry a‘:fa D= R[Cl + RzCz + R102
RiR,CiC,y
1
o— -
E = RleClCz
1 1
S“+Bs+D_(8+7’-b)(s+7’:) y
T+ Es + F 1 608/0cT
# s? 4+ Es + (3 -+ 7—,"-) (8 + Tl,;) 0 ___7____\_.____
_ BiR:Cy + ReR:Cy + BiRsCy Vs
o L_'e__l where B = RiR.EC.Cs _"[\Y_:/I:'—“‘
R _ R+ R, P
#19 C{ D R1R2R30102 % " : : ;
B = RiR;Cy + RiR:Cy + ReRiCs + RuRsCh ] | f I
CZ/D Ry R\R3R;:C\C, l : I J
o= —0 g =Bt R+ Ry Y @
R\R,R:CC, e B Tt T4
Ry + R,

A’(db) = 20 logmm

01-T
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1 1
§+Bm+D_(“+E)G+7a
st+Es+D 1 1

(”T—..)(”T;)

_ B0y + R,Ce
where B = “RR.C.Cs
1
D = pr.cic,
E = R:Cy + R:C: + R:\C,
Rle(hC,

08

608/0cT

N

!
| |
' I
[ i
i |
{ ]
i i

1 [

S p—————
<
S fm————
<

b

1 1
. s*+Bs+D_(s+Tb)(s+ﬁ)
! s+ Es+D 1 1
16 (+7m)(+m)
o A A, r ° R.\Cy + R:C
L\N'WI'\'\ilv— where B = m;ixll‘izCIC’: ! Same as for #20
#21 1
¢ -
T‘z D = RE.CiC,
O E = R101 + R102 + R2C1
B RlR2ClC2
1 1
# s’+Bs+D_(s+T;)(s+Tc)
! * 4+ Es+D 1 1
—W— " r) (+73)
Cr s (s ¥ Ta) (s * Tq
( ] R,Cy 4+ R2Ch
K )} where B = “RR.CCe Same as for #20
#22 # 1
g D = grCiCh
° E = RiCs + R:Cy + R,C;
- RIRZCIC2
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TasLE 1.5. RC TRANSFER IMPEDANCES FOR USE AS INPUT aND FEEDBACK

(See Fig. 3.81)

IMPEDANCES IN OPERATIONAL AMPLIFIERS™*

See explanatory note at end of table on page 1-16.

Inverse relations

Transfer impedance function Network Relations
4 —f A=R BE=4
A JV A=R R=4A
e "‘E::}' T=RC c=1
[
”&fr“&“ A=2R k=4
A1 +T) ¢ RC 47
1 =7 =3
a R2 A=Ri+Rs Ri= A9
' T = RC Re=A(1~0)
0= B C= T
A(1+saT Ri+ R, T A1 —9)
14T
o<1 i . A=R B = AAa
_Exz}. T=(Bi+R)C Be=7—
(g R _Ta-96)
Ll Ay C=—7
2R:1R, A
R A=t h B=si—%
BC _4
‘ :n:.: l;:c :a:.:1 = B=3
L __ _4T(1 —8)
4 2R+ R: ¢= A
Ry R) A=2R R = ;—1
14T MW
P A [
4 (v ¢ - (8B |m-gdls
2
Pt po 20 coiTa=9
= 2R; + R, - A
. n A=2R R=§
R T2 —8)
c; Egj T=3C+C) =
: g 20 P ()
T+ C: ? A
B=0 Bi= T_‘Lg‘_—_T_“
Ry
B _ DT+ Ts — T
44:::}_ Ty = (B: + R)C: Re = g =T
s * TiTh = RiR:CiCr =18
_ B(Ty — To)(T: ~ Th)
1 [(l + 8T + oTy) T+ Tr = RiC1 4 R:Ce + RiC: Co = T F =Ty
B 1 42T T
i< Ti< Ty B=C+0C: m=ﬁﬁ
] C\C, (TTa+ TaTs — TaT)2
m o=t i+ Cz) B = BT«(Th — T)(Ta — Th)
1Ty = RiR:CiCe o BT

Rz G2

T+ T = RiC1 + RoC2 + RIC:

= Tl + Tl — Ty
B(Ty — T)(T:~ Th)

e = T, Ty — il

* Reprinted from F. R. Bradley and R. McCoy, Driftless D-C Amplifier, Electronics, pp. 144-148, April, 1952.
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TaBLE 1.5. RC TranSFER IMPEDANCES FOR USE As INPUT anD FEEDBACK
IMPEDANCES IN OPERATIONAL AMPLIFIERS (Continued)

Transfer impedance function Network Relations Inverse relations
"
n B=( R = BT
R = RCs By = (Ty — T)(Te —~ T1)
AW BT:
o T17Ts = RiR:C\Ca =B
Q1+ aTo)(1 + Ty = BTE
UB B i e ] T1+ Ts = RiC1 -+ ReCa + ReC1 Cy T =TT = T
Ti<Ts<Ts TiTs
R cé__ B=C1 R = BT,
Ic T2 = RyC: Re = T1T2Ty
2 B(Ty— T(Ti — TD
Rz 1Ty = RiR:CiC: Ch=
- T1+4 Ty = RiC1 + B:C: + RiCe C: = By — I(T: — Ty
Ty
B=0C By= (‘\/Tl VT
1 Ry Ry C
L (14 4T + oT5) -w«-I-\wn? \/_Tm
sB T IC; T1T2 = RiR:C\Cs R: = 5
B+/T1Ts
Ty + T2 = RiC1 + ReC: + RiCh Cl=——
 (WTi— T
C:=B
B0, ('V Ti— \/Tt 2
1+ T +8T2) G C2 Ry
3l /T "“{:L"“" TiTs = RBiCICa Ri= —”%“T’
Y
T T Tit Pom RC+RCot RiC: | Co= —D Y TTE
(\/ Ti — /Ta)t
C:==B
Be C10s R= TT: — Th)
[ (14 sT3)(1 + 8T T + sT2) 1 ¢ c‘l_ Cy+20: 2BT»
B #T: g 3n 1= RG: o =220
< Te—T
1 2
! = R(C1 +203) ¢, =Bl
(4
R R, A= 2R R = g
:} RiCy AT
. 1+ +’an; ) E;g— 1% Ti= 35 = 2RC RBa=gp
8T ™
! fe Ty = RiCa Cr = i
4
Ry 4RgCz o=
1 i B=C¢C C=B
8B
= T
1 a B=(C B=+
-5 (1 +8T) B
:B —ofi— T =RC C=B
c T
- =2 =
(1 + T R L B 2 R 4B
3B T = 2RC C=2B
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TasLE 1.5. RC TransreErR IMPEDANCES FOR USE As INPUT anp FEEDBACK
IMPEDANCES IN OPERATIONAL AMPLIFIERS (Continued)

Transfer impedance function Network Relations Inverse relations
- _T(1—9)
a B=C R= =5
'H::} T=R(c3+c,) Ci=B
1 _ 2 Bo
1 14T [+ ] Cp =2
8—§(1+GBT Ci+C: =10
<1 T
¢ Be=C+0C: R=B_~_——(l—0)
.{ :‘:}. T = RC» Ci = B8
C1
R = = —_—
'= e Ce = B(1 — 6)
B=C1+C: Bi= BT——E(;;':TT: ;)
1 /(1 +8T)(1 +3T5) Wik T = RiCh R = DT = T
B (—1+aT7"" o B(Ty—1Ty)
Ty = (R R ( 12) _B(Tz—Tl)
ThW<T:<Ts R G2 = @t Ry Ci+4-C: G= Ti—T
Ts = R:C: Co = 2%71—;!_:1,!:2—)
_E_.,"s.,l A=h Ri= AZ%
1+
4 (-———) c‘}"c 1 = 2RiC Rem4
14T+ 82T T [ r _E£ ~?_7L2
Ty A
¢ A=2R B =;!
4 (———-——l L ) Rﬁj«l Ty = 2RC: 4T
1+ aTi + 82Tu T (A :n ! Cl:T
]
) 7, = BO Co =Tt
*T e T
_ _2RiRy Ri= ATs2
TR+ R 1= AT = Ta(Ts — To)}
Ty = Ri(R:C1 + 2R:Cy) Ry = ATs?
'SR+ R =TT — T
R1R:C1C 4Ty — T(Ty ~ T)}
R R, =— _—
e Tt = B0 T 2R,C: Gi= ity
_RG _IT,
== G =77
A=2R Ri= g
C.
1+ aTh _ _ ATW(T: —T))
4 (1”‘_+ e BleTz) T = Bl + R B = e — 1t — T
. (Complex) il O 1, = BB+ 2RICICy 0, = T2 — Tu(Ty — o))
2794\ roots ™ ? T TR F 2R:C: VST AT,
s> T ) T|=(Rz+%)01 Cz=§l—;;’
4= 9R B= ;1
2 Ty = R(C2 + 2C5) C = 22T — TW(Th — To)}
. ! AT,
72 = BOEC+CD 0, = 2T = T)
&T o0 ! AT
n=2eit o 0= T
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TaBLE 1.5. RC TrANSFER IMPEDANCEs FoR Use as INPuT AND FREDBACK
IMPEDANCES IN OpPERATIONAL AMPLIFIERS (Continued)

Transfer impedance funetion Network Relations Inverse relations
_ AT
Rz A=E L 4TiTy — To(T, — T3)]
T = 20C1 + R:C: Re=A
7= RiRCi{C1 + 2C) € = AT Ty — T5(Ty — Ta))
LIPS *= T2RC T RiCs AT,
= Ty = 2RiCh Cy = T — T e )
~ ATz
T, A=E B = g = T = )
4 (W-_) CL2RCs + RaCy) _
1+ 8T+ a2T\T: gt Th= BT e e Ri=4A
Complex of _ _RBLO _ 2T,
T > roots " T = %G T Rl G=
T' <T Ty= 2R:C:Cs Cr= ATV T 1T — To(Th — Ty))
2C1 + Ca ATT: — Ty
ATy
A=k R = Serir, — T — 1w
T = Ri(2R2 + Rs)C Re= AT:
'T TRt R (T — To)
! _ RRC _
x € T2~ﬁ*1+R; Ra=4
_ 2RRC _ 2Ty
hen+h €=,
A =R+ R, Ri=4 Tzz;,f‘)
A R A
A1+ sT)(1 4 8T2) "c, s ]:, ( RiRs ) c P Z_‘
"< LIJ R+ R T2
= RC C= __Z_TZ’_
AT — Ty
B=20C __ Te
T 4B(1—0)
1-._:?_9,. T=RC: (29__%) 2B(1— 6)
G 2.G G Cr=—5—
R 2C; o
0= 7 C;=RB
- 2C: + C1
Ci2 T42
Ba= Y R=-—10 _
] 2 4B(1 — ¢
1 1+ 567 — il C1 + C2 23( )
sB\ 14T Cy T = RC, Cl=—~
R
201 43(1 -8
<1 = = e =Y
b=t 6 G I
To2
P B= (R TE)C B=ssa—9
T = R,C R = Z_q
R, Ry 2B
0= 2R, = 2B
" Ri+Re T e
A=Ri+R Ri= 5—(7,"’—'@
-
YEETS N o - R o AT =T
(1 + eT)(1 + sTy) Ts—Th
To= BB N oy g o DT - T
<< ] o €1+ Gy 1= AT~ T
_ _T(Ts— Ty
= By G=Im -1
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TasLe 1.5. RC TransFER IMPEDANCES FOR UsE As INPUT AND FEEDBACK
IMPEDANCES IN OPERATIONAL AMPLIFIERS (Continued)

Transfer impedance function Network Relations Inverse relations
_ AT
n 4=F B=m=ma—T
"‘kg it = RiC: Re=A
o T1Ta = RiR:0\Ce C= (Ta — T — Ty
oy AT
T1+ Ta == RiC1 + RyCz -+ ByC1 Co = %I-TT,—‘
'
ATs?
A=Rith S ey X oy A
1+ Ts A - RiR: - ATy~ T)(T2—Th)
4 [m) 1 Ry R+ R,) e kx ?? TN =Th
1 Ts
Ti< Ta< Ty A * 1Ty = RiR:CiC C1 = it
(T1 724 T2Ts — TiTh)2
T1 + Ty = RBiCr + R:C: 4+ R:Cy Ce= AT T = T (T =)
A=h Ri=4
”, _ AT = T)(T: — T1)
- = Ro(C1 4 C2) R = TiF T, = T
T1Ty = RiR:CiC2 C= TL‘—'—%”
<G
2 _ - T\TT1 4Ty — T:)
Ti + T3 = RiC1 4 R:Cz 4 RaCh C2 AT =TT =Ty
Ry _ AT
a n A=2R1+K Rl_T1+T|
14 2T, U _ AT o
4| e =R Sy /Y DT¢ PR T )
T: XT3 G C2 _ R:R: - ™+ T)
e Ti= (g om) @+ 00| 0= "7
_ _ T+ Ty
=R Cy = it
_ _ AT,
A=Ri+ER Rl_—_—T1+Tl
1+ T, ” a - _ AT
(1473 + aT.)] w T = RiCh R = T
T1ENh<ZT R.R; T+ T
;c' TR (2C1 + C2) Cl—-—-———-A
= R Co= (leTa) T2+__ )

Note: In order that the operational amplifier generate a specific f(s), make Zs/Z; equal to f(s) where

Zys and Z: are each in a form corresponding to a function in the left-hand column.

Relationships

between the network values, gain and time constants can be established from the adjacent columns.
In the case of either an input or a feedback impedance, the right-hand terminal of the network must be
connected to the junction between Z: and Zy.
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0.001
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FOR VALUES 0F‘— LESS THAN 00/, 4

F=00254 A

N
N\
N\
=N\

p

4 L=Fnéd
LA WHERE L 1S IN MICROHENRIES

n 15 THE NUMBER OF TURNS
d 1S THE DIAMETER OF THE Cb/[ 7O THE
V4 CENTER OF THE WINDING IN INCHES
LIS THE LENGTH OF THE COIL IN INCHES,
/ 1E, THE NUMBER OF TURNS TIMES THE
4 SPACING BETWEEN THE CENTERS OF
ADJACENT TURNS

T

[ 1111 HIL [P er
10
'e

i
Fiq. 1.1. Inductance of a single-layer air-core coil.

,,045 L. m
b =7 Tha
T P2
rf,', “rh

WHERE T= OUTPUI' RISE TIME IN SECONDS BETWEEN 10 AND 90 PERCENT

POINTS FOR A STEP FUNCTION INPUT
1= CUTOFF FREQUENCY IN CYCLES PER SECOND

T=TIME DELAY PER SECTION IN SECONDS
2= CHARACTERISTIC IMPEDANCE OF DELAY LINE IN OHMS

PROCEDURE:

RELATIVE TIME DELAY, T,

1. CHOOSE THE VALUE OF m FOR THE DESIRED DELAY VS. FREQUENCY
CHARACTERISTIC

2. CALCULATE THE REQUIRED VALUES OF L AND C FOR THE DESIRED
IMPEDANCE, DELAY AND RISE TIME g

3. DETERMINE THE COIL FORM FACTOR T FROM FIG.1.3 FOR THE
REQUIRED VALUE OF m

4. OBTAIN THE COIL WINDING DATA FROM FiG. 1.1 FOR THE DESIRED
TOTAL INDUCTANCE L AND FORM FACTOR Zd

100

10
m=30 06
//.0
127
08 \ ]
\ [V}
20
24\ /.
°° \ ™~ ‘ / f
2.0
\ . // /0
/v; I \\ 7 1] I 10
A
04
10 /—)
P
//
0.2 L2¢
NOTE: IF m IS MADE LESS THAN 1,E.G., WHEN TERMINATING
SECTIONS WITH m=06 ARE USED, REFER TO FiG. 16116
FOR DESIGN DATA | | | |
0 L L (-
0 0.2 0.4 06 ‘08 0

RELATIVE FREQUENCY, 7,

Fia. 1.2. Design data for delay-line sections.
1-17
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22
R EEEEN L 1 M
1= LENGTH OF COIL= NUMBER OF TURNS P
20— " WULTIPLIED BY THE CENTER-TO-CENTER WIRE SPACING P
| d=DIMETER OF COIL TO WIRE CENTER
& v
o |IB
5 4
Q
=
=z 16
&
=t
-
T /r/
o p
Vr
12
/J//
10
[eX} 1.0 10
FORM FACTOR lﬁ'

Fre. 1.3. Form factor d/I for inductors to be used in delay-line sections having a derivation
factor m greater than unity.

V
A

0
—i—‘—ﬂ

o
0\
Z8
\

)/

s
]
1.0 \\
08 — ; = \\
06 — i a4
| ! N
04 |— & 1,4 ,,:le' '\’\Q_\
%‘ a0 L=y, i
oo L L LU L
003 0.l 10

COEFFICIENT OF COUPLING 4
F1a. 1.4. Coefficient of coupling between sections of a tapped single-layer coil.
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oal e RNEL ST NNANWE
bid ke - ™ ;\ \ | |
bl ol N
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0.00t 0.01 0l
COEFFICIENT OF COUPLING #

0.6

F1G. 1.5. Coefficient of coupling between two-layer wound coaxial coils having a ratio. 4’
of winding lengths equal to 0.1.

6 T
4 \\Q)L QL Q&g 0'[4’\_; l s :_c:\o
=< ) M SN2 \
2 %\‘\ \J\-\\ ‘\N \N‘:\\
220 [ LTI \\
10 ) K\ K“\ \> \N\ \\& N
c 08 = St = \‘\‘ \\%\\\\{{\
06 ’: _L o~ ~- o \ \% y
O SRS
- L1/412P—15» —T N \ \\ i
0.2 —‘%' B=Z—: c=§ N \\ \ \
o LI [1]]
oo 00l o

COEFFICIENT OF COUPLING 4

Fia. 1.6. Coefficient of coupling between two-layer wound coaxial coils having a ratio A
of winding lengths equal to 0.15.

06
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COEFFICIENT OF COUPLING 4

F1g. 1.7. Coefficient of coupling between two-layer wound coaxial coils having a ratio 4
of winding lengths equal to 0.2.
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I 111 I 1 1T 110
aXg
SRS AT
-/5 >\ - - N
2t \\‘ ji\\\ ~J N \\:\\\
&0 \J N h\\
\{\QN\\‘ \\t\*\%:\\\
10 K r““\ [ V \x
E . S_ SN, \
¢ 08 BN AYAY\Y
NSNS
06 : -75 NN
04 - N < NN N\ | |
| bl T NN \
lz _IJ < N -
vl 4l 8kt ot SN
£ 3
oL L LI
5001 001 o.l 06

COEFFICIENT OF COUPLING #

Fi1g. 1.8. Coefficient of coupling between two-layer wound coaxial coils having a ratio A
of winding lengths equal to 0.3.



GENERAL DESIGN DATA 1-21

6 g R T IO
IS T
‘0 g AL

75 \\\ N ~ ‘E\‘OQQ\ )

2 bx TS OONORRR,
N N
_ N N N
.y N

10 &\ P, \;\\\P\\\\\
06 - M NN

/

/
7

il SN
N

04 - N ||
L kplpen T x\\

gk b N\
o2l 45 677 =7 NN
L
0.001 0.01 0.l Q.6
COEFFICIENT OF COUPLING #

Fia. 1.9. Coefficient of coupling between two-layer wound coaxial coils having a ratio 4
of winding lengths equal to 0.5.

AN
L~

[¢)

6 S l_k;l!
BEsE
o] NIRRT
7 e N N
\%\:\\\ Q\\W\\:EES\\
10 s ~\\ \\\ ™ L \\\\ X,
c 08 DA S o
= ~ ~ SR
0al [INE: NN \ul
I'II'I ZZL'IJ — \\ ‘\\; \\ \\ L
b gade ol NN
021"y iz q
NN

A

0.00I 0.0 Ot 0.6
COEFFICIENT OF COUPLING &

Fiag. 1.10. Coefficient of coupling between two-layer wound coaxial coils having a ratio 4

of winding lengths equal to 0.7.



1-22 ELECTRONIC DESIGNERS’ HANDBOOK

6
PP TTT
. —wkokw RS
N \/\o
s \ N <N
2&\\\\ ~\§\\\E§ :\
. N NN
A \\:\St\
10 I ~~“>> NCNRN
¢ 08 N S M AN
06 |- 4 — N \& \N
B mm A N \
oa | N e AN AN Y
C dket AL \§ N\
" k ’ N
2%y L 7 N \\\ ]
NEnEl 1l
0.001 001 ol 06

COEFFICIENT OF COUPLING 4

Fia. 1.11. Coefficient of coupling between two-layer wound coaxial coils having a ratio 4
of winding lengths equal to 1.0.

|

1Ty

Yy
aaal

AN
VARVARY

INPUT WAVEFORMS DIFFERENTIATED WAVEFORMS INTEGRATED WAVEFORMS
Fi1g. 1.12. Differentiated and integrated waveforms.




Section 2

Vacuum Tubes and Transistors

2.1 Electron Motion........... .. .. ... ... ... ... 2-2
22 Electron Emission............... ... ..t 2-6
23. Diodes..... ... ... .. . 2-12
2.4, Triode Tubes.......... .. ... .. .. ... ... .. . . . 2-17
2.5. Tetrode Tubes....... ... ... ... ... . .. .. .. .. ... .. ... ... 2-29
2.6. Pentode Tubes........ ... ... .. ... ... ... ... . ... ... ... 2-35
2.7. Cathode-ray Tubes.............. ... ... ... .. ... 2-39
2.8, GasTubes........ ... ... .. . . 2-49
2.9, Transistors............ ... .. .. ... ......... e 2-57

2-1



2.1. Electron Motion. The motion of an electron in a vacuum is determined by the
forces acting upon the electron and its masgs. These forces are the resultant of electric
and /or magnetic fields surrounding the electron and the electrostatic charge of the
electron. The physical characteristics of the electron are:

Mass of electron = M, = 9,11 X 10731 kg
Charge ofl electron = ¢ = —1.60 X 1071 coulomb
Apparent diameter = D = 3.8 X 10715 m

2.1a. Motion of Electrons in a Uniform Electric Field. An electron is accelerated
in accordance with the relation

F =Ma (2.1)

where F = force acting upon electron, newtons (1 newton = 10% dynes)
M. = mass of electron, kg
a = acceleration of electron, m/sec?
The force acting upon the electron in an electric field is

F =ge 2.2)
where F = force, newtons

electric field = negative electric gradient, volts/m = — AV

& As

e = charge of electron, coulombs
AV = change in potential in distance As
The electric field € is positive in the direction from a positive potential to a negative
potential. The acceleration of the electron in an electric field is given by

&e
@ =3 m/sec? (2.3)

In a uniform field, i.e., a region where & is constant, the velocity v of the electron at
any time ¢ after starting from rest at { = 0 is

<
il

¢ 8el
/; adt = ., m /sec
—1.76 X 1048t m/sec (2.4)

The distance traveled by the electron at time ¢ starting from rest at { = 0 is

8e

§ = _/:vdt = 144 meters
= —0.88 X 101g¢? meters (2.5)

When the electron has an initial velocity v, parallel to the electric field, Eqs. (2.4)
2-2
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and (2.5) are modified to include the effect of initial velocity as follows:

&et
v =9 + v+ m /sec
e

= vy — 1.76 X 1011g¢ m/sec (2.6)
or Y = \/_,‘2;/6 + v? m/sec 2.7
Eet?
s = vt + o7 = vot — 0.88 X 101g¢: meters 2.8)
2M
where V = —8s = total potential through which electron is accelerated

The total kinetic energy KE of an electron accelerated through a change in potential
of V volts regardless of the uniformity of the field is

KE = 14Ma? = —Ve + L4 Mupe? joules (2.9)
= —Ve + (KE), joules (2.9a)

where vy = initial velocity of eleetron

(KE), = initial kinetic energy
The energy of an electron is commonly expressed in electron-volts. An electron
which has accelerated through a potential of one volt has increased its kinetic energy
by one electron-volt. One electron-volt is equal to 1.60 X 1071 joule. Thus, for
an electron Eq. (2.9) can be written as

KE =V + (KE), electron-volts (2.95)

When the electron has an initial velocity vo which is not parallel to the electric
field &, the velocity can be resolved into a component of velocity v, parallel to the
field and a component of velocity v, normal to the field. The parallel component of
velocity v, is changed by the field & and the initial value is substituted for v, in Eqgs.
(2.6), (2.7), and (2.8). The normal component of velocity v, is unaffected by the
field 8. Electron motion in this type of field is further discussed in Sec. 2.7d.

The above equations for electron motion are accurate for electron velocities suffi-
ciently less than the velocity of light so that relativity effects can be neglected. These
effects must be considered for electrons accelerated through more than about 30,000
volts,!

Application of the fundamental laws of electron motion is illustrated by the follow-
ing example.

Example 2.1

An electron is emitted from a cathode with 10 electron-volts of energy and a velocity
normal to the cathode surface. Another electrode parallel to the cathode and spaced 10 cm
away has a potential of +1,000 volts with respect to the cathode. Find the kinetic energy
of the electron as it strikes the anode. Determine the time required for the electron to
reach the anode, assuming the field between the cathode and anode is uniform.

Solution

1. Determine the kinetic energy of the electron as it strikes the anode.
From Eq. (2.9b)

KE =V + (KE),
1,000 4+ 10 = 1,010 electron-volts

1.616 X 10716 joule

0y

1 For a discussion of electron velocity and relativity effects, see Karl A. Spangenberg,
“Vacuum Tubes,’’ pp. 103—-107, McGraw-Hill Book Company, Inc., New York, 1948.
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2. Determine the initial velocity ve.

From Eq. (2.9)
vs = \/2(KE>0

Mc
_ \/2 X 10 X 1.6 X 1071
B 9.11 X 10—

= 1.87 X 10¢ m/sec

3. Determine the final velocity ».
From Eq. (2.9)

B \/2 X 1,010 X 1.6 X 1071
?= 9.11 X 10~9
1.88 X 107 m/sec

4. Determine the time required for the electron to reach the anode.

From Eq. (2.6)

_ M.(v — v

B &e

9.11 X 10731 (1.88 X 107 — 1.87 X 109
(—109(—1.6 X 10719)

9.64 X 107 sec

i

2.1b. Motion of Electrons in a Uniform Magnetic Field. The force exerted upon an
electron in motion in a uniform magnetic field is given by

F = |Bev sin 6| (2.10)

where F = force, newtons
B = magnetic flux density, webers/m? (1 weber/m? = 10* gauss)
e = charge of electron, coulombs
v = velocity of electron, m/sec
6 = angle between direction of magnetic flux and direction of electron velocity
The magnetic field exerts a force upon the electron only if the electron has a com-
ponent of velocity normal to the direction
of the magnetic field. The force F upon
F the electron has a direction which is nor-
mal to the directions of both the magnetic
field and the electron velocity. This is
—7 illustrated in Fig. 2.1. Since the force
e exerted upon the electron by the magnetic
// field is normal to the velocity of the elec-
/veosg  trom, the magnitude of the electron velocity
7 is unchanged by the magnetic field. How-
ever, the force F causes the direction of the
electron velocity to change, the force F
always remaining normal to the magnetic
field and to the electron velocity.
For the case where the electron velocity is entirely normal to a uniform magnetic
field, the force exerted upon the electron by the magnetic field causes the electron tc
move in a circular path as shown in Fig. 2.24. The radius R of the electron path is

I

F1a. 2.1. Force exerted upon an electron
of velocity » in a uniform magnetic field.

M
eB

R = ‘ ) meters (2.11)
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where B = radius, m
M, = mass of electron, kg

v = velocity of electron normal to magnetic field, m/sec

¢ = charge of electron, coulombs

B = magnetic flux density, webers/m?
At this radius of curvature the centripetal force Bev is equal to the centrifugal force
My2/R.

The period of one revolution of the electron in its circular path is

M,

T =2 B

sec 2.12)

If an electron also has a component of velocity parallel to the magnetic field, the
electron will traverse a spiral path of constant radius R and pitch P where

R =

l Yo sm B! meters (2.13)

P =2

' M & c"s 9‘ meters (2.14)

where # = angle between velocity vector v and magnetic field vector B
This is illustrated in Fig. 2.2b.

8,
{2} THE PATH OF AN ELECTRON HAVING AN {5} THE PATH OF AN ELECTRON HAVING A COMPONENT
INITIAL VELOCITY ¥ NORMAL TO THE OF INITIAL VELOCITY  PARALLEL TO THE MAGNETIC
#GPNA%Ec FIELD. DIRECTION OF 8 QUT FIELD. OIRECTION OF 8 OUT OF PAGE

Fia. 2.2. Paths of electrons in a uniform magnetic field.

The use of the equations for the motion of an electron in a uniform magnetic field
is illustrated by the following example.

Example 2.2

An electron is injected into a uniform magnetic field of 0.1 weber/m? with an initial
velocity of 104 m/sec. The initial direction of the electron is 30° from the direction of the
magnetic field. Find the radius and the pitch of the spiral electron path.

Solution

1. Determine the radius of the electron path from Eq. (2.13).

R=1M,vsin9

_ 911 X 10731 X 104 X 0.5
1.60 X 1071? X 0.1
= 2.85 X 1077 meter
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2. Determine the pitch of the electron path from Eq. (2.14).

P = 121rM,,v cos 0’

eB
2r X 9.11 X 107% X 10¢ X 0.866
1.60 X 1071° X 0.1
= 3.1 X 107¢ meter

2.1c. Motion of Electrons in Combined Uniform Electric and Magnetic Fields. Tha
motion of an electron in combined electric and magnetic fields can be determined
by the solution of Eq. (2.1) for the combined electrostatic and magnetic forces,
Several special cases yield comparatively simple results which are of interest.

CASE I. § PARALLEL TO B, vy PARALLEL TO & AND B, For this case the electron
motion is unaffected by the presence of the magnetic field. The electron velocity
is given by Eq. (2.6) for an initial velocity of ve and by Eq. (2.4) if v, is zero.

CASE II. & NORMAL To B, vy = 0. For this condition the electron will travel a
cycloidal path as described inEFig. 2.3.

CASE III. & NORMAL TO B, vo NORMAL TO & AND B. For the direction of the §, B,
and v, vectors as indicated in Fig, 2.4, the magnetic field will exert a downward force

A
8
PATH OF
-€ ELECTRON
\ -8 8
w=-8/48
—kr

Fia. 2.3. Path of an electron having zero Fia. 2.4. Direction and magnitude of initial
initial velocity in perpendicular magnetic electron velocity necessary for the electric
and electric fields. and magnetic field forces to cancel.

on the electron while the electric field will exert an upward force on the electron. If
these forces are equal, the path of the electron and its velocity will remain unchanged.
This condition is satisfied when the electron has an initial velocity given by

vy = —&/B m/sec (2.15)

where & = — potential gradient, volts/m
B = magnetic-flux density, webers/m?

2.2. Electron Emission. In a conductor, certain of the valence electrons of each
atom are displaced from their normal position by the molecular arrangement of the
atoms. The forces restraining these displaced electrons are relatively small, and,
as a consequence, these electrons can move freely throughout the conductor. These
electrons are known as free electrons, and current flow in a conductor consists of the
movement of these free electrons within the conductor. The thermal energy of the
conductor causes the free electrons as well as the atoms and molecules of the material
to be in constant motion in the conductor. As the absolute temperature of the con-
ductor is increased, the velocity, and hence the kinetic energy, of the electrons is
increased.

2.2a. Work Function. When a free electron in a conductor, as a result of thermal
agitation, acquires a velocity of such a direction and magnitude as to cause it to pass
through the surface of the conductor, the conductor is left with a net positive charge
on its surface. The attractive force between the positive conductor and the negative
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elcetron will return the electron to the conductor unless it possesses sufficient initial
veloeity to overcome this attractive force. The kinetic energy which the electron
must possess in-order to escape from the surface of a conductor is called the work
function W. The work function is normally given in electron volts. Table 2.1
contains the values of the work function W of several conductors.

At room temperatures the kinetic energy of the free electrons in a conductqr due to
thermal agitation is insufficient to allow any appreciable number of electrons to
escape from the surface of the conductor. However, electrons will be emitted in
larger numbers from the surface of the conductor if the energy level of the free elec-
trons is raised by additional energy from another source such as incident light, X rays,
high-velocity particles striking the surface, or by increased temperature of the
conductor.

TaBLE 2.1. ApPROXIMATE WORK FuNcTiON OF SEVERAL CONDUCTORS

w A
Metal electron volts | amp/cm?deg?

Barium.................... 2.52 60
Carbon.................... 4.7 60.2
Caleium.................... 3.2 60.2
Copper..................... 4.1 65
Molybdenum............... 4.4 60.2
Nickel..................... 5.03 26.8
Oxide-coated nickel.......... 1.0-2.0 0.01
Platinum................... 6.0 32
Tantalum.................. 4.06 37.2
Thorium................... 3.35 37
Tungsten................... 4.52 60.2
Thorium on tungsten........ 2.63 60.2

2.2b. Thermionic Emission. Thermionic emission is the emission of electrons from
the surface of a conductor because of the increased energy level of the free electrons
in the conductor caused by increasing the temperature of the conductor. The rate
of emission of electrons from the surface of any material is related to the absolute
temperature and the work function of the material by Eq. (2.16).

J = 1,0004 T2eW/kT (2.16)

where J = electron current, ma/em? of emitter surface
= constant dependent upon type of emitter (see Table 2.1)
= work function of emitter, electron-volts
absolute temperature, °K
Boltzman’s universal gas constant = 1.380 X 10~23 joules/°K
= electron charge = 1.60 X 10-!? coulomb
e = 2.718

Equation (2.16) is valid provided that the emitter is in a vacuum and that another
electrode is present in the vacuum which has a potential sufficiently positive with
respect to the emitting surface to collect all of the emitted electrons.

A measure of the efficiency of a thermionic emitter is given by

]

@&'Sgh
|

J
Ne = 1__-, (2.17)
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where 7. = emission efficiency, ma/watt
J = emission current, ma/cm?
P = heating power applied to emitter, watts/cm?

2.2c. Types of Emitters. Thermionic emission of electrons is quite small in any
material at temperatures below about 1000°K. A satisfactory emitter must provide
high emission efficiency together with long life. The requirements of high operating
temperature, high emission efficiency and /or life limit the number of practical emitters
to a few substances. They are tungsten, thoriated tungsten, and oxide-coated nickel
or nickel alloy.

Tungsten. Although the work function of tungsten is quite high compared to
other metallic emitters (see Table 2.1), tungsten has a higher melting point than any
other metal (3643°K) and can be operated at sufficiently high temperatures to obtain
a very large emission per square centimeter of emitter before evaporation of the metal
becomes a serious factor in limiting the life of the emitter. Tungsten emitters are
normally operated at temperatures between 2400 and 2600°K. Tungsten is com-
monly used as an emitter only in high-power tubes where the anode voltage is above
3,500 volts. In tubes of this type, the emitter is subject to bombardment by positive
ions resulting from the ionization of any residual gas molecules in the tube. These
positive ions have extremely high energy because of the high anode voltage. This
bombardment has no appreciable effect on the life of a pure tungsten emitter, but
greatly reduces the life of other emitters.

Thoriated Tungsten. A monatomic layer of thorium deposited on the surface of
tungsten produces a thermionic emitter which has a work function considerably
less than that of either pure thorium or pure tungsten alone (see Table 2.1). This
oceurs because thorium is eleetropositive with respect to tungsten and an intense
electric field is present at the boundary between the two metals. Therefore a tho-
riated-tungsten emitter will emit several thousand times ags many electrons per unit
surface area as pure tungsten operating at the same temperature. In order to form
the monatomic layer of thorium on the surface of the tungsten, the emitter containing
thorium oxide is carbonized and then heated to 2600 to 2800°K for 1 or 2 min to ecause
the carbon to reduce some of the thorium oxide to thorium. It is then operated at
about 2100°K for 15 to 30 min to allow some of the thorium to diffuse through the
tungsten to the surface. The thorium which is evaporated from the surface of the
emitter is continually replaced by diffusion of thorium from the interior of the tungsten
to the surface.

In order to minimize evaporation of thorium from the surface of the emitter and to
reduce the effects of positive-ion bombardment, a surface layer of tungsten carbide is
placed over the thin thorium layer. This is accomplished by heating the emitter
in an atmosphere of hydrocarbon vapor. This outer carbonized surface allows the
emitter to be operated at considerably higher temperature than could otherwise be
done without excessive thorium evaporation. The normal operating temperature for
such an emitter is about 1900°K.

Owxide-coated Emitters. In the oxide-coated emitter, a core of nickel or nickel alloy
is covered with a combination of barium and strontium carbonates. When this
emitter is activated, it has a work function of only 0.5 to 1.5, which provides very
high emission currents at temperatures of 1000 to 1150°K. The activation process
consists of heating the emitter to about 1500°K under vacuum, which reduces the
carbonates to oxides and liberates carbon dioxide which must be removed. The
carbon dioxide can be removed by vacuum pumping, but more often a metal ‘“getter”’
is vaporized within the tube to combine chemically with the carbon dioxide. The
emitter is then heated to about 1150°K, and a positive potential of about 100 volts
is applied to the anode through a high resistance. Under this condition, particles
of pure barium and strontium are produced which diffuse to the surface, and the
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electron emission builds up to a steady value. Although the exact mechanism of
emission is not completely understood, it is generally believed that the emission
current is supplied directly by the free metal which has diffused to the surface or by
semiconductor action made possible by the presence of the free metal at the cathode
surface. Oxide-coated emitters are normally operated at 1000 to 1100°K.

Because oxide-coated emitters provide a higher emission current per watt of heating
power, they are used whenever possible. However, positive-ion bombardment
severely damages the emitter surface, and for this reason oxide-coated emitters are
only used in tubes having anode voltages less than about 1,000 volts except in special
cases,

Oxide-coated cathodes are capable of emitting very large quantities of electrons
for periods of several microseconds. For this reason, they are used exclusively in
high-power pulse magnetrons where the average current may be only 10 ma while
the peak current may be as high as 10 to 20 amp. Table 2.2 gives a comparison of
the three types of thermionic emitters.

VACUUM TUBES AND TRANSISTORS
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{2) TYPICAL FILAMENT CATHODES (5) TYPICAL INDIRECTLY HEATED CATHODES
F1a. 2.5. Examples of cathode construction.

The foregoing discussion on emission is valid only if all the emitted electrons are
collected by another electrode of sufficiently high positive voltage to prevent the
formation of any space charge within the tube (see Secs. 2.3a and 2.3b).

2.2d. Vacuum-tube Cathode. The emitter in a vacuum tube is known as the cathode.
The cathodes used in vacuum tubes are of two types: filament cathodes and indirectly
heated cathodes. Typical configurations of filament cathodes are shown in Fig. 2.5a.
The filament is heated by passing a current through it. Tungsten and thoriated-
tungsten cathodes are always of the filament type, as are some oxide-coated cathodes.
Most oxide-coated cathodes, however, are of the indirectly heated type. Several
types of indirectly heated cathode construction are shown in Fig. 2.5b. The cathode

TaBLE 2.2. COMPARISON OF THE PROPERTIEs OF CoMMONLY UsEp EMITTERS

Normal .. <.

eratin Emission Emigsion

Emitters op g efficiency, current,

temperature, 2

oK ma/watt ma/cm
Tungsten filament. .................. 2400-2600 2-10 100-1000
Thoriated tungsten filament........... 1900 50-100 700-3000
Oxide-coated filaments................ 1000-1100 200-1000 400-3000
Oxide-coated indirectly heated cathodes; 1000-1100 10-200 1000-3000
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consists of a metal cylinder, usually nickel, which is coated with oxides as described
in Sec. 2.2¢c. Inside the cylinder is placed a heating filament which is electrically
insulated from the cathode cylinder.

The filament cathode has the disadvantage that if it is heated with alternating
current, the resultant electric field and alternating voltage drop across the filament
produce variations in the tube plate current. Also, in a circuit using several tubes,
the tubes must all be operated at the same cathode potential or separate filament
sources must be employed. In the indirectly heated cathode tubes, the cathode has a
unipotential surface and the fields produced by the heater are shielded by the metal
cylinder. Most indirectly heated cathodes have adequate electrical insulation
between the cathode cylinder and the heater to allow 100 volts or more difference in
potential between the cathode cylinder and the heater. This is sufficient in most
applications to allow all tubes in a circuit to be operated from a common heater source.

The filament-type cathode has the advantages of fast warmup time (for small
receiving tubes approximately 1 to 2 sec compared to about 10 sec for indirectly
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Fig. 2.6. Secondary-emission characteristics of various metals. (Electronics.)

heated cathodes) and higher emission efficiency because of the lower heat loss in the
filament cathode due to its small mass.

2.2e. Secondary Emission. Secondary emission is the release of electrons from
the surface of a material which is bombarded by electrons. Both metals and insulators
exhibit secondary emission. The ratio of the average number of secondary elec-
trons to the number of primary electrons striking the surface of a material is dependent
upon the velocity of the primary electrons and the type of material. This ratio is
given in Fig. 2.6 for a number of common materials ag a function of the energy of the
primary electrons expressed in electron volts. The average velocities of the secondary
electrons will always be less than the average velocity of the primary electrons. A
typical velocity distribution of secondary electrons is shown in Fig. 2.7. The small
percentage of secondary electrons which have nearly the same velocity as the primary
electrons are not really secondary electrons but primary electrons which have been
elastically reflected from atoms near the surface of the plate. The ratio of secondary
to primary electrons increases appreciably as the angle of incidence of the primary

electrons is increased from the normal.
" Certain compounds, notably alkali halides on a base of the alkali metal and alkali
oxides on various metal bases, are capable of emitting a high ratio of secondary to

primary electrons. The secondary-emission characteristics of several of the alkali
oxides are shown in Fig. 2.8.
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2.8. Diodes. A diode consists of an evacuated envelope containing an emitter
called the cathode and one other electrode called the anode or plate which is separated
a short distance from the emitter.

2.3a. Space Charge. When the plate of a diode is connected to a voltage source
which is positive with respect to the cathode, the electrons emitted by the cathode wit
travel to the plate because of the force exerted on the electrons by the electric field
existing between the cathode and plate (see Sec. 2.1a). However, because of their
negative charge, the electrons in the space between the cathode and plate exert an
opposing force on the electrons on the surface of the cathode. For a given cathode-
plate potential, the space current flowing from eathode to plate will increase until the
electric-field force at the cathode surface due to the plate potential is slightly exceeded
by the opposing force created by the electrons already in transit between the cathode
and plate. In this equilibrium condition the space current is constant because, on
the time average, only enough electrons leave the cathode to compensate for those
that strike the plate. The charge of all the electrons in transit between cathode
and plate is known as the space charge,
and under the above condition the diode
current is said to be space-charge-limited.

The resultant potential gradient at the
cathode surface is slightly negative when
the diode current is space-charge-limited
because of the initial velocities of the
emitted electrons. Since the average
velocity of emitted electrons is greater
than zero, electrons will be emitted even
when the resultant field at the cathode
surface is zero, thus increasing the space
current and producing a negative poten-
tial gradient at the cathode surface.
- Equilibrium is reached when the result-
ant force of the negative potential gradi-

CATHODE R anope oDt is §uﬁicient to returr} to the cath9d'e
F1a. 2.9, Potential and potential gradient in a'll emltte.d electrons which ha.ve' an -
a parallel-plane diode whose ecurrent is tial velocity below the value which just
space-charge-limited. allows the space charge creating the force

to sustain itself, ie., the number of
emitted electrons having an initial velocity sufficient to overcome the negative force
adjacent to the cathode is just enough to maintain the space current at a constant
value. The potential distribution and potential gradient of a parallel-plane diode are
shown in Fig. 2.9.

2.3b. Child's Law. When the current in a diode is space-charge-limited, the
current is independent of the temperature of the emitter provided that the tempera-
ture is high enough to supply more than the necessary space current. The excess
electrons emitted because of any higher emitter temperature are all returned to the
cathode by the negative potential gradient near the cathode surface. However, if the
plate voltage is increased, the space current will also increase until & new equilibrium
condition is reached. The relation between the plate voltage and space current in a
diode was first established by Child and is known as Child’s law.! If the following
assumptions are made, the relation is given by Eq. (2.18).

1. The thermionic emission from the cathode is great enough so that the space
current is limited by space charge only.

2. The cathode and plate are parallel plane surfaces whose areas are large compared
to their spacing.

1 C. B. Child, Phys. Rev., vol. 32, p. 492, May, 1911.
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3. The cathode and anode are equipotential surfaces.
4, The electrons emitted from the cathode have zero emission veloeity.
5. The electrons emitted from the cathode have no collisions with gas molecules
between electrodes.
Under these conditions,
E%

Jy = 2.33 X 10°¢ i (2.18)

where J, = space current density, amp/cm?
E, = plate voltage, volts
d = spacing between cathode and plate, cm

2.8c. Temperature-limited and Space-charge-limited Diode Current. From the
previous sections it is evident that two conditions of operation can exist in a diode:
one, when the diode plate voltage is sufficiently high and the cathode temperature
sufficiently low so that the current between cathode and anode is determined pri-
marily by the cathode temperature; and the other, when the cathode temperature
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F1a. 2.10. Diode plate current as a function  Fia. 2.11. Diode plate current as a function
of plate voltage for various cathode temper- of cathode temperature for various plate
atures. voltages.

is sufficiently high and the plate voltage sufficiently low so that the current between
cathode and anode is determined primarily by the plate voltage. The first condition
is known as lemperaiure safuration and is shown in Fig. 2.10. When the emitting
surface is subject to an appreciable positive-voltage gradient, the space current con-
tinues to rise with plate voltage beyond the point where temperature saturation
oceurs because the work function of the emitter is effectively reduced by the electro-
static field present at the cathode surface. This is known as the Schottky effect.
The decrease in work function as the field is increased can be taken into account by
modifying Eq. (2.16) by the appropriate factor. Thus,

4.4V =8
Je=Jve T (2.19)
where Jg= emission current density taking potential gradient at cathode into
account
J» = emission current density given by Eq. (2.16)
& = —potential gradient at emitter surface, volts/cm

T = absolute temperature, °K
The second condition is known as voltage saturation and is shown in Fig. 2.11. The
diode current is limited by space-charge effects as described in Secs. 2.3a and 2.3b.
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In normal use, a diode is operated under conditions of voltage saturation, where
Child’s law is applicable.

2.3d. Plate Heating. Each electron upon striking the plate of a diode transfers
all of its kinetic energy to thermal energy unless it causes the release of a secondary
electron. The plate of a diode or other vacuum tube must be capable of dissipating
the heat released by the impact of all the electrons forming the tube plate current.
Neglecting the small energy transferred to secondary electrons, the total energy
transformed to heat at the plate in a given time interval assuming a constant plate
voltage is given by
M2

KE =n 2

= —~nVe (2.20)

where V' = plate-cathode potential of the diode

n = total number of electrons received in specified time interval
Power is the rate of expenditure of energy. Therefore the power transferred to the
plate in the form of heat is given by

P=YVI watts (2.21)

where V = plate-cathode voltage, volts

I = plate current, amp = rate of change of charge = ¢ %"
When the plate voltage and plate current vary as a function of time, the average
power dissipated at the plate in the period T is given by

P =2 [Teid 2
"—7’_[0 er di (2.22)

where ¢ = instantaneous plate voltage
i = instantaneous plate current

The maximum power which can be dissipated by the plate of a tube is determined
by the rate at which heat can be removed from the plate and the maximum allowable
plate temperature. The maximum plate temperature is limited by three factors:
amount of gas released from the plate material at high temperatures, allowable maxi-
mum temperature of the glass envelope, and the melting point of the plate material.
Heat is removed from the plate by conduction through the plate supporting structure
and by radiation from the plate.

2.8¢. Edison Effect. If the plate terminal of a diode is connected to the cathode
terminal through an ammeter without any potential applied to the plate, but with the
cathode at its operating temperature, a small current will flow through the ammeter.
This phenomenon was first observed by Edison and is often referred to as Edison
effect. The current exists because the initial velocity of the electrons emitted from
the cathode surface causes a small percentage of the electrons to arrive at the plate.
In order completely to cut off the current between cathode and plate, a negative
voltage of approximately 1 or 2 volts must be applied to the plate.

2.3f. Diode Characteristics. The characteristics of a diode are completely described
by a plot of plate current as a function of plate voltage. This plot is called the
Ey-I, characteristic. A typical receiving-type diode E;-I, characteristic curve is shown
in Fig. 2.12.

The static plate resistance R, of the diode is defined as

_E

*T 1L

R ohms (2.23)

where E, = plate voltage, volts
I, = plate current, amp
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The dynamic plate resistance r, of the diode is defined as the inverse of the slope
of the E,-I, characteristic curve at any

point. Thus, or
dE, AE,
Tp = o= E0 st
7 ah Aly |T=const ohms
(2.24)
where T = cathode temperature f b e e __
In Fig. 2.12, the dynamic plate resist- = i
ance of the diode at a current of 5mais & 1
given by LY P A .:
| 1
. (30-—23) _ bl
G 4y X 107 ~ 500 ohms . ~l e
|
If a diode is placed in a circuit as |I :
shown in Fig. 2.13, the following equation 0 , ) } ! ,
relating the loop voltage and current may 10 20 30 40
be written £y IN VOLTS
Fia. 2.12. Ejy-Iy characteristics of a typical
Eyw = LR, + E, (2.25)  diode.

If an equation is written relating the diode current and voltage as shown graphically
by the E;-I, characteristic curve, this equation and Eq. (2.25) could be solved simul-
taneously to determine FE, and I,. A graphical solution of the two equations is much
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Fia. 2.13. Diode in series with battery and  Fia. 2.14. Construction of the d-c load line
resistor. for a diode.

more easily made, however. The E,-I, curve of the diode in Fig. 2.13 is shown in
Fig. 2.14. This is a plot of the E:-I, equation for the diode. The sum of the voltage
drop E; across the diode and the voltage drop IR, across E, must equal the supply
voltage Ey,. Therefore, if the voltage drop across R, is plotted as a function of the
current through R; on the diode E}-I, characteristic as shown in Fig. 2.14, the value
of current for which Eq. (2.25) is valid is readily determined as the current at point O.
The plot of the voltage drop across the load resistor B, as a function of diode current
1, is called the d-c load line. The point O, which is the solution of the two simul-
taneous equations, is called the quiescent operating point. The slope of the load
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line is —1/R,. The construction of d-¢ load lines is illustrated by the following
example.

Example 2.3

A 5U4-G diode rectifier is connected to a 100-volt supply through a 500-ohm load resistqr
as shown in Fig. 2.15a. Determine the quiescent operating point, the static and dynamic

Q4
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- /
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sva-6 & /
Z 02
= /
= € 173
{2) CIRCUIT OF A 1
5U4 -G DIODE 8 o [l T N
RESISTOR LOAD ! \< 500
/ !
I} L

0 20 40 60 80 100 120
£p IN VOLTS
() DIODE CHARACTERISTIC CURVE AND LOAD LINE
F1a. 2.15. 5U4-G diode rectifier with resistor load.

plate resistance of the diode at the quiescent operating point, and the plate dissipation of
the diode. The Eu-I curve of the 5U4-G is given in Fig. 2.15b.

Solution

1. Construct the load line on the Es-Iy curve.

Since the diode load is 500 ohms, the load line has a slope of —14g¢ and starts at the
supply voltage of +100 volts. The load line is eonstructed in Fig. 2.15b.

2. Determine the quiescent operating point.

The quiescent operating point is the intersection of the E-I, curve and the load line.
Point O in Fig. 2.15b is the operating point.

3. Determine the static diode resistance.

The static resistance, as given by Eq. (2.23), is

37.0
Bs = 0125
= 296 ohms
4. Determine the dynamic plate resistance, rp.
From Eq. (2.24)
- ¢, AE,
7, d o 27
%p i Aly |T=const
40 — 32
= §.140 —o.100 — 200 ohms

5. Determine the plate dissipation of the diode.

F1a. 2.16. Equivalent From Eq. (2.21)

circuit of diode. P 7 X 0.125

=3
= 4.63 watts

2.3g. Diode Equivalent Circuit. The a-c equivalent circuit of a diode is shown in
Fig. 2.16. Tt consists of a resistance 7, in parallel with a capacitor cs. The capaci-
tance ¢q is the capacity between the cathode and plate of the diode. The resistance
7, is the average value of the diode dynamic plate resistance averaged over one cycle

of the applied signal. Thus,
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- 1 f2~
Fp= o /o rpdd (2.26)

where 7, = instantaneous value of dynamic plate resistance as a function of 8

6 = angle of fundamental component of applied signal, radians
When a small a-¢ voltage is superimposed upon a larger d-¢ voltage across the diode,
the diode resistance will be very nearly constant throughout the cycle of the a-c
voltage and equal to the value of r, at the d-¢ operating point.

At frequencies of about 100 Mec or greater, depending upon the particular diode,
the transit time of the electrons traveling from cathode to plate will become an appreci-
able portion of one cycle of the applied voltage. As a result of this delay, r, will
change, becoming infinite when the transit time is equal to the period of one cycle
of the applied voltage, and the effective capacitance ¢z will increase. At higher fre-
quencies 7, will oscillate between negative and positive values.! Diode tubes are
used as power rectifiers, mixers, and detectors in receivers and in other specialized
applications requiring a nonlinear element,

2.4, Triode Tubes. A triode is & vacuum tube in which a control electrode has
been placed between the cathode and the plate. This electrode is called the grid, or

PLATE PLATE
FID GRID
CATHODE

CATHODE
PLATE PLATE PLATE
@gﬁm 6RID 61D
ATHODE CATHOIZE CATHODE

@ [¥2] ()
F1a. 2.17. Typical triode-tube configurations.

control grid. The potential applied to this grid controls the magnitude of the cathode-
plate current. The grid achieves its control of plate current by controlling the elec-
trostatic field near the cathode. Several configurations of triode tubes are shown
in Fig. 2.17.

2.4a. The Action of the Conirol Grid. In Sec. 2.3a the action of space charge in
controlling the plate current of a diode was explained. The current adjusts itself
to the level where the negative potential gradient near the cathode surface due to
space charge slightly exceeds the positive potential gradient due to the positive plate
voltage. The number of emitted electrons which have initial velocities great enough
to overcome the force of the slightly retarding field at the cathode surface is just
sufficient to maintain the space charge at the equilibrium value.

When a control grid is inserted between the cathode and plate with close spacing
between the cathode and the grid, a relatively small grid-cathode potential can pro-
duce a field at the ecathode surface which will overcome the field due to the plate-
cathode potential. When the grid potential is made negative with respect to the
cathode, fewer of the electrons which are emitted by the cathode have sufficient
initial veloeity to overcome the increased negative potential gradient. As a result,
the space charge increases, causing the space current to decrease until a new equi-
librium condition is reached. If the grid potential is made sufficiently negative, the
space current will be reduced to zero. The value of grid voltage which just reduces the
tube current to zero is called the cutoff voltage E... Above the cutoff voltage the

1 For greater detail on the effects of electron transit time in diodes see X. R. Spangen-
berg, *‘ Vacuum Tubes,”” McGraw-Hill Book Company, Inc., New York, 1948.
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grid is able to vary the plate current between wide limits with small changes in grid
potential. The grid is normally operated at negative potentials with respect to
the cathode in order that the grid may not intercept any appreciable number of
electrons.

2.4b. Amplification Factor. Because of the close spacing between the grid and
cathode, a change in grid voltage has 2 much greater effect upon plate current than
an equal change in plate voltage. The amplification factor g of a vacuum tube is
defined as the ratio of the change in plate current with a change in grid voltage to the
change in plate current for an equal change in plate voltage, i.e.,

_alL/3E, _ 3B,
Y AVFY /A Y A (2.27)
From Eq. (2.18), the total cathode current can be expressed as
I.+ 1, = k(B, + uE.;)3% ) (2.28)

where I, = grid current
I, = plate current
k = constant dependent upon tube configuration
E, = plate voltage
E,. = grid voltage
When the grid potential is negative with respect to the cathode, the grid current will
be zero and Eq. (2.28) reduccs to

Iy = k(B + pE)% (2.29)

When the term on the right side of Eq. (2.29) becomes zero, the plate current is
reduced to zero and remains zero for negative values of (B, + uk,). From Eq. (2.29)
it would appear that the value of bias necessary to reduce the plate current to zero is

E,=—— (2.30)

where E,, is defined as the projected cutoff bias in volts. However, because of the
nonuniformity of the electrostatic field in the tube due to edge effects, and for other
practical considerations, the value of cutoff bias required for a particular plate voltage
is not sharply defined, and Eq. (2.30) gives a value which is less than the actual bias
required.

2.4c. Tube Characteristic Curves. The relationships between plate current, plate
voltage, grid current, and grid voltage in a triode tube are best described by a series
of curves. The most important set of curves for the triode is the plot of plate current
as a function of plate voltage for various values of grid voltage. This is known as the
Ey-I, characteristics, or the plate characteristics of ;the tube, and the curves for a
typical triode are shown in Fig. 2.18. The value of grid current I. is also indicated
on this series of characteristic curves for various values of positive grid voltage. The
reversal in the curvature of the lines of constant grid voltage for positive values of
grid voltage is due to the grid current which flows when the grid is positive, At
zero plate voltage and at positive grid voltage, the total cathode current (except for
Edison effect) flows to the grid. The majority of the electrons accelerated by the
grid initially pass through the space between the grid wires, approach the plate, and
then return to the grid because of its positive potential. As the plate voltage is
increased from zero, the plate current increases rapidly because an increasing propor-
tion of the electrons which were initially accelerated by the positive grid voltage
are now collected by the plate. As the plate voltage becomes much higher than the
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grid voltage, only those electrons initially intercepted by the grid are collected by it,
and all of the electrons passing through the grid spaces are collected by the plate.
Since the total cathode current is also increasing with increasing plate voltage because
of the changing field at the cathode surface, the plate current increases very rapidly
at low plate voltages and then approaches the three-halves power relationship expressed
in Eq. (2.28). When the grid voltage exceeds the plate voltage, any secondary
electrons emitted from the plate are drawn to the grid, thus lowering the net plate
current and increasing the grid current.

From the information contained in the E,-I, curves, other sets of curves which are
sometimes useful can be constructed. One set, the E.-I, curves, shows the relation
between plate current and grid voltage for various values of plate voltage. A plot
of this type is shown in Fig. 2.19. Another plot of the same information which is
used in class C amplifier design (see Sec. 4.4) is the E;-E,, or constant plate current
plot. This is illustrated in Fig. 4.18.
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Fia. 2.18. Ey-I, curves for a typical triode.

The curves in Figs. 2.18 and 2.19 are obtained by making static measurements
on the tube as shown in Fig. 2.20. In making measurements of this type, care must
be exercised to ensure that the average power dissipation ratings of the grid and plate
are not exceeded. Manufacturers’ published tube characteristic curves are generally
obtained by averaging measurements of a large number of tubes.

2.4d. Tube Coefficients. The characteristics of a particular triode are completely
described by the characteristic curves for that tube. After the point of operation
of the tube on the characteristic curves has been established, however, it is possible
to describe quantitatively the characteristics of the tube in a region near the point of
operation by three tube coefficients which are assumed constant in the region of the
point. These tube coefficients are the amplification factor u, the grid-plate trans-
conductance gm, and the plate resistance r,.

Amplification Factor p. The amplification factor u of a triode was discussed in
Sec. 2.4b. It is a ratio describing the relative control of grid voltage and plate voltage
upon plate current and is given by Eq. (2.27). The amplification factor of a tube
can be determined graphically from the Ep-Iy curves of that tube at any operating
point by assuming a small variation AE, in grid voltage and finding the resultant varia-
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F1a. 2.19. E;-I; characteristic curves for a typical triode.
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F16. 2.20. Circuit for measuring tube characteristics.

tion AE, in plate voltage necessary to maintain the plate current constant. The
amplification factor is then given by
AE,

p== AE, |1,=const (2.31)

This is illustrated in Fig. 2.21, where x in the region selected is
_ (175 — 145)
—6 - (-9
=15
The amplification factor of a tube is dependent primarily upon the grid strueture

and the ratio of grid-cathode to plate-cathode spacing. Large grid wires and close
spacing of the grid wires increase the amplification factor because of increased shielding
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between plate and cathode. The amplification factor of triode tubes ranges from
approximately 2 to 300. In the negative grid region, the amplification factor of a tube
would be a constant independent of the grid and plate voltages if the grid and plate
voltages had the same ratio of control of the electrostatic field at all parts of the
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F1a. 2.21. Graphical determination of amplification factor.
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cathode surface. In practice, however, support wires and edge effects cause different
parts of the tube to have different amplification factors, and as a result, the amplifi-
cation factor is not constant for all grid and plate voltages. The amplification factor
of a typical triode is plotted in Fig. 2.22 as a function of grid voltage for a constant
plate current.

Dynamic Plate Resistance r,. The dynamic plate resistance r, of a triode is the
ratio of an incremental change in plate voltage to the resultant change in plate current
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for & constant grid-cathode voltage. Thus,

AE,
= = 2.32
T Al |B,=const ( )

The dynamic plate resistance is determined from the E,-I, characteristic curves as
shown in Fig. 2.23. It is the inverse, or reciprocal, of the slope of the curves of con-
stant grid bias at any operating point. The plate resistance in the region selected
in Fig. 2.23 is given by

11978
™ = 112 — 3.2)10~*
= 5.13K

The static plate resistance R, of the tube is the ratio of the plate voltage to plate
current at the operating point.
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In an ideal tube where the relation between plate current and grid and plate voltages
can be expressed by Eq. (2.29), the dynamic plate resistance is given by

Ty = BT%ETZ% (2.33)
where I, = a-¢ plate current
k = constant dependent upon tube configuration
From Eq. (2.33) it is seen that the dynamic plate resistance of an ideal tube is inde-
pendent of the actual plate and grid voltages and varies inversely as the cube root
of the plate current. In practical tubes, however, r, is not constant as a function of
grid and plate voltages, as shown in Fig. 2.22. Dynamic plate resistance varies
inversely with cathode surface area and directly with cathode-plate spacing, assuming
that as the plate-cathode spacing is changed the grid-cathode spacing is also modified
so as to keep the amplification factor of the tube constant. The dynamic plate
resistance r, is plotted as a function of plate current in Fig. 2.24 for a constant plate
voltage,
Grid-plate Transconductance. The grid-plate transconductance gm of a tube is a
measure of the effectivencss of the grid in controlling plate current when the plate
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voltage is held constant. It is defined as

_ AL
9m = AE,

(2.34)

Ep = const

The transconductance can be graphically determined at any operating point from
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the E-I, characteristic curves ag shown in Fig. 2.25. The g, in the region selected
in Fig. 2.25 is d
(88 —17.5)107
Im =122.0) — (—2.3)
= 4,33 X 1072 mho

The transconductance of a tube can be related to the x and r, of the tube by sub-
stituting Egs. (2.31) and (2.32) into Eq. (2.34). Thus,

-
on = (2.35)

Since in an ideal triode the amplification factor is independent of the tube voltages
and currents, Egs. (2.33) and (2.35) show that the g.. of an ideal triode varies as the
cube root of the plate current. This is approximately true in practical tubes as is
indicated in Fig. 2.24 where g, is plotted as a function of plate current for a fixed
plate voltage.

Since in most tube applications it is desirable to have a high amplification factor
and a low dynamiec plate resistance, the g, of a tube can be used as a measure of the
performance capabilities of the tube.
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2.4e. Load Lines. When an external impedance is connected in series with a
vacuum tube and a voltage source, the voltage across the load impedance and the
current through the load impedance can be determined for any value of grid-cathode
voltage by the simultaneous solution of the voltage-current relationships in the
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vacuum tube and the load impedance. In an ideal triode, this could be done analyti-
cally by the simultaneous solutions of the following equations:

I, = k(B + uEo)% (2.36)
Er = Z1l, (2.37)
E;, + B, = Ey (2.38)

In practical tubes, however, Eq. (2.36) is only approximate, and the solutions are
much more easily obtained graphically by utilizing the E;-I; tube characteristic curves,
which are a graphic representation of Eq. (2.36). The method of construction of
load lines is discussed in detail for single tube amplifiers in Secs. 3.3 and 3.4; load lines
for push-pull amplifiers are discussed in Secs. 4.2a and 4.2b; and the construction of
diode detector load lines is discussed in Sec. 7.7a.

2.4f. Equivalent Circuits for Vacuum Tubes. If the voltage and current variations
in a vacuum tube are small enough so that g, rp, and x can be considered constant
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over the region of operation, the vacuum tube can be represented by an equivalent
circuit containing linear elements. At any olerating point on the Ei-I, curves, a
small change Al in the tube plate current can

be expressed as
. . m
= 9 o, <
Al, = Y AE, + 3E, AE, (2.39) gr
P
From Eqgs. (2.32) and (2.34), this is equivalent < +
to
Al = gn AE, + %—Eb (2.40) 2
b4

+
If the tube is connected in a circuit as shown in @ L4eq) -
Fig. 2.26, the load impedance Zp will have a -
voltage Er developed across it equal to I,Zz.
If the grid-cathode voltage is varied by an
amount AE. of such a polarity as to cause the
plate current to increase by an amount Al, the
voltage drop across the load will increase by an amount AE.. The consequent change
in plate voltage AE, must be equal to —AE}, since the sum of the voltages across the
tube and the load equals the supply voltage. Thus, Eq. (2.40) can be rewritten as

AEL

Fia. 2.27. Constant-voltage form of
equivalent circuit for Fig. 2.26.

Al = g AE, — (2.41)
b4
b €y
or —ip = gm€g + =
Tp
where ¢, = AE,
iy = —Al
e = AE, = —AEL

The direction of i, (see Fig. 2.27) is the agsumed direction of signal current flow in
the plate circuit. Eq. (2.41) can be rearranged as

—pe, = tp(rp + Z1) (2.42)

+

The d-c grid and plate voltages and currents do not enter directly into the small
) are implicit in the values of u, r,, and
1 2 \ I gn existing at the operating point. From

=Y

%4
s of Fig. 2.27 can be constructed. The
I—g,,,eg % 2 tube is replaced by an equivalent volt-
is r, and whose open circuit terminal
voltage is —ue;,. The 180° phase shift
Fia. 2.28. Constant-cur.rent form of equiv- Plate signal voltage is taken into account
alent circuit for Fig. 2.26. by the polarity of the equivalent gen-
rent flow. It should be remembered that —pue, is only an equivalent voltage gen-
erator and does not actually exist. The only a-c voltages actually existing in the
The a-c current 7, in the plate circuit is caused by the control action of the grid, and
. the generator —ue, is an equivalent way of expressing this control action.

signal operation of a vacuum tube as indicated in Eq. (2.42). The d-c conditions
Eq. (2.42) the equivalent plate circuit

age generator whose internal impedance

between the grid signal voltage and the

erator and the assumed direction of cur-

plate circuit are ¢, and AEL. They are equal in magnitude and opposite in polarity.
The circuit of Fig. 2.27 is known as the equivalent constant-voltage form of the
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plate circuit because the equivalent circuit contains a voltage generator —pe, having
zero internal impedance (see Sec. 23.3). A similar equivalent constant-current form
of the plate circuit can be constructed by dividing both sides of Eq. (2.42) by rp and
noting that i, in Eq. (2.42) is the current through Zz. Thus,

—Gm€s = ip (1 + é) (2.43)
Tp

From Eq. (2.43) the equivalent circuit of Fig. 2.28 can be construeted.
2.4g. Vector Diagrams for Vacuum-tube Circuits. By expressing each sinusoidal
signal voltage in the constant-voltage form of the equivalent plate circuit of a tube
as a veetor, a vector diagram can be constructed which shows the relative phase and
magnitude of the various voltages in the
+90° circuit for any load impedance. Examples
for various load impedances are shown in
Fig. 2.29. Similar current vector diagrams

. iR
180° & i LN 2 »0° can be constructed from the constant-cur-
U7 ____){ rent form of the equivalent plate circuit.
—s0° 2.4h. Tube Capacitances. The close spac-
(g} RESISTIVE LOAD ing of the electrodes in a tube and the
1900 close proximity of the leads extending from
the electrodes to the base of the tube
Ipfp /p Xt‘
1
180° % - K [vd ‘;Q'P ]
< oS —¢
-90° Ea— J
{5) CAPACITIVE LOAD | con
+90° e Iy "hk T
180° ~€ % - Y > 0°
p
&y fon ”
~90° zl‘;/r
{¢) INDUCTIVE LOAD &

Fia. 2.29. Voltage vector diagrams of a  Fia, 2.30. Interelectrode capacitances existing
vacuum-tube plate circuit having various  in triode tubes.
load impedances.

cause capacitances to exist between the various electrodes in the tube. The inter-
electrode capacitances that exist in a triode are shown in Fig. 2.30. They are the
capacitance between grid and plate ¢;,, the capacitance between grid and cathode ¢z,
the capacitance between cathode and the plate cp:, and the capacitance between
heater and cathode cx; in a tube having an indirectly heated cathode. Because the
grid-cathode spacing is much smaller than the grid-plate spacing, the grid-cathode
capacitance cy is higher than the grid-plate capacitance ¢,,. Since the grid shields
the cathode from the plate, the cathode-plate capacitance ¢ is somewhat smaller
than either ¢, or c,x. Because of the proximity of the various leads from the elec-
trodes to the base, and because of the various electrode supports within the tube, the
differences in the values of cu, ¢op, and ¢y are not as great as would be expected
from the physical spacing of the electrodes alone. In tubes designed for use at very
high frequencies, the conventional socket arrangement is not used and instead the
tubes have the electrode leads and the external connections located at well-separated
parts of the tube. Typical values of inter-electrode capacitances for octal base
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triodes, miniature base triodes, subminiature triodes, and very high frequency triodes
are given in Table 2.3. The inter-electrode capacitances cgp, cgr, 8nd cpi of the
tube itself are usually specified by the manufacturer of the tube. The value of e
is ordinarily not given, but for receiving-type triodes it will ordinarily be between 20
and 25 uuf.

TasrLe 2.3. TyricAL VALUES OF INTERELECTRODE CAPACITANCES FOR DIFFERENT
Tyres oF TriopE TuBeE CONSTRUCTION

Octal Miniature Subminiature Uhf

base base
Tube type 68N7 12AU7 6111 416A
Coky muf 3.2 1.8 1.9 7.5
Copy pipif 4.0 1.6 1.5 1.25
Coty pupck 3.4 1.3 0.3 0.0095

In circuit analysis, the tube inter-electrode capacitances must be added to the
tube equivalent circuit together with socket capacitances, wiring capacitances,
Miller-effect capacitance, transit-time capacitance, ete. At very high frequencies
the self-inductance of the electrode leads must also be taken into account (see Sec.
7.4h).

2.41. Methods of Grid Bias. In normal operation of vacuum tubes, the grid is
operated at a d-c potential that is negative with respect to the cathode. There are

@—' cv{

T~

e e 4

~&¢ - 3

{0} FIXED-GRID BIAS {5) CATHODE BIAS

Rp= 10 MEG or

{C) CONTACT-BIAS {J) GRID-LEAK BIAS
F1a. 2.31. Various methods of obtaining grid bias in vacuum-tube circuits.

four methods by which this negative grid-cathode voltage, known as grid bias, can
be obtained.

One method is to return the grid to a voltage source which is negative with respect
to the cathode. This iz known as fized grid bias and is illustrated in Fig. 2.31a.
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A second method is to insert a small resistance between the cathode and the point
to which the d-c grid return is made. This is known as cathode bias and is illustrated
in Fig. 2.31b. The cathode resistor is made large enough so that the plate current
through the tube develops the proper value of bias across the cathode resistor. The
cathode resistor must be bypassed by a capacitor which has a negligible reactance at
any signal frequency if there is to be no loss in amplification due to cathode degenera-
tion (see Sec. 3.5b).

A third method of obtaining grid bias is to insert a high resistance, usually about
10 megohms, between grid and cathode. The bias voltage is developed by those
electrons in the tube space charge which strike the grid and return to the cathode
through the external resistance. This is known as contact bias and is shown in Fig.
2.31c. When the external voltages are first applied to the tube, the grid is at the
same potential as the cathode, and some of the emitted electrons will have a high
enough initial velocity and the proper direction to strike the grid. The flow of
these electrons through the external grid resistor causes the grid to become slightly
negative, reducing the number of electrons which have a high enough velocity to
reach the grid and causing an equilibrium condition to be reached when the number
which reach the grid produce a bias which is just sufficient to allow that number to
reach the grid. The value of external grid resistance R. used when contact bias is
utilized is normally between 1 megohm and 10 megohms. Any gas in the tube will
tend to offset the negative bias thus produced because some of the electrons in travel-
ing to the plate will strike the gas molecules with sufficient velocity to knock an
electron from the gas molecule, forming a positive ion. These positive ions will
travel to the negative grid and develop a positive bias across the grid-cathode resistor.
In receiving-type tubes the amount of residual gas within the tube is quite small, and
the negative contact bias predominates (see Sec. 3.8a). The amount of bias that can
be developed by contact bias is usually about one volt with grid resistors of several
megohms or more. For this reason, contact bias is only useful in applications where
the grid-cathode signal amplitude is quite small.

A fourth method of obtaining grid bias which is often used in oscillators and r-f
amplifiers is shown in Fig, 2.31d. This is called grid-leak bias. The positive portion
of the incoming signal initially raises the grid to a potential which is positive with
respect to the cathode, causing grid current to flow which charges the coupling
capacitor C.. The discharge of C. through R. is made very nearly constant by making
the time constant C.R. long compared to the period between the positive peaks of the
input waveform. When R, is made large, sufficient bias will be developed so that
grid current will flow only during the most positive peak of the incoming signal.

2.44. Grid Current and Grid Power Limitations. When the grid of a triode is made
positive with respect to the cathode, grid current will flow. The grid current is a
function of the plate voltage and grid voltage ag indicated by Eq. (2.28). When the
tube is operated in the positive grid voltage region of the E,-I, curves, the grid-cathode
resistance becomes quite low and the grid may consume considerable power from
the source which is driving it. For this reason, the grid is seldom operated at positive
potentials except in power amplifiers and special circuits.

The maximum current which the grid can handle is limited by the ability of the
grid structure to dissipate the heat generated by the electrons which comprise the
grid current striking the grid wires. In small receiving-type tubes, the grid structure
is not designed to handle any appreciable amount of power and the average grid
current must be kept quite low. In large transmitting tubes designed for elass C
oscillator and amplifier applications, the tube grid structures are quite rugged and
capable of dissipating many watts of power,

2.4k. Plate Circuit Power Relations. As stated in Sec. 2.3d, the power that must be
dissipated by the plate of a tube is determined by the energy per unit time released
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by the electrons which strike the plate. The plate power at any instant is then given
by the product of the instantaneous values of plate voltage and plate current. The
_plate voltage supply delivers an amount of power to the vacuum tube and its load
impedance given by the product of the instantaneous values of plate supply voltage
and plate supply current. The average plate supply power P is then

T
Py = %ﬁ) essty dt (2.44)

where e;, = instantaneous value of plate supply voltage

i, = instantaneous value of plate supply current
Ordinarily e, and 4, are constant, or nearly so, and the average plate supply power is
the product of Ey and I,. The sum of the power P, dissipated in the tube and the
power P; delivered to the load equals the plate supply power.
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Fig. 2.32. Thé tetrode tube.

2.6. Tetrode Tubes. The tetrode is a four-element vacuum tube containing, in
addition to the cathode, grid, and plate, a second grid known as the screen grid,
located between the control grid and the plate. The physical construction of the
sereen grid is similar to that of the control grid, being a wire mesh or helix. A typical
configuration of a tetrode is shown in Fig. 2.32a, and the schematic representation of a
tetrode is illustrated in Fig. 2.32b.

The tetrode tube was originally developed to overcome two inherent disadvantages
present in the triode tube caused by the relatively large grid-plate capacity. These
effects are (1) Miller effect, which causes the input capacity of a triode to increase
with the gain of the tube (see Sec. 3.8¢) and (2) the necessity of neutralization of a
tuned triode amplifier to prevent the feedback through the grid-plate capacitance
from causing oscillation. Since the screen grid forms an electrostatic shield between
the grid and plate, the capacity between these two electrodes is reduced considerably,
thus minimizing Miller effect and eliminating the necessity of neutralization in tetrode
tuned amplifiers at low and moderate frequencies. (See Sec. 7.4¢ for a discussion of
the upper frequency limit of unneutralized tuned amplifiers.)

Since the screen grid forms an additional electrostatic shield between the cathode
and the plate, plate voltage has very little effect upon the potential gradient at the
cathode surface and therefore has little effect upon the tube current. The screen
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is normally operated at a positive voltage of 0.25 to 1.0 times the plate voltage. The

potential distribution within a typical tetrode is shown in Fig. 2.33.
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Fia. 2.33. Potential distribution in a typical
tetrode.

2.6a. Tetrode Characteristic Curves.

The screen
intercepts a certain number of the elec-
trons forming the tube current because
of its positive potential. In normal cir-
cuit applications, the screen current will
be between 0.1 and 0.3 times the plate
current.,

The grid-plate transconductance g, of
a triode tube is approximately propor-
tional to the cube root of plate current.
Since the introduction of a screen grid
into a triode reduces the plate current by
approximately 25 per cent, the g.. of a
tetrode is reduced about 10 per cent from
that of an equivalent triode. How-
ever, the electrostatic shielding effect of
the screen grid greatly increases the plate
resistance r, because the plate voltage
has much less effect upon plate current.
Thus, the amplification factor u is greatly
increased over that of an equivalent
triode.

The E,-I, characteristic curves for a typical

tetrode are shown in Fig. 2.34. As the plate voltage is increased from zero there is a
pronounced dip in the plate current for plate voltages slightly less than the screen
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Fi1g. 2.34. E,-I,, characteristic curves of a typical tetrode.

voltage.
from the plate,

These dips in the characteristic curves are the result of secondary emission
At plate voltages above 25 volts the electron velocity is great enough
to cause some secondary emission from the plate surface.

As the plate potential
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is increased, the rate of increase of secondary electron emission from the plate may
exceed the rate of increase of primary plate electrons and, as long as the screen grid
is at a higher potential than the plate, nearly all of the secondary electrons from the
plate will be collected by the screen grid. Thus, there is a region of plate voltage
where, for a constant control grid potential, the plate current decreases as the plate
voltage is increased. The dynamic plate resistance r, of the tube is negative in this
region. The ratio of secondary to primary electrons can, under certain conditions,
exceed unity (see Sec. 2.2¢), causing a reversal in the direction of the net electron
current to the plate unless special treatment is given the plate material to ensure a
low ratio of secondary to primary electrons. As soon as the plate voltage exceeds
the screen voltage, however, the number of secondary electrons which return to the
plate increases rapidly, and for plate voltages only slightly higher than the screen
voltage, nearly all secondary electrons are returned to the plate.

The screen grid also emits secondary electrons because of the velocity of the electrons
which strike it.. However, these secondary electrons contribute very little to the
plate current because their number is proportionally smaller and because they are,
in general, emitted on the control-grid side of the screen grid rather than on the plate
side and are not directly affected by the plate potential. A plot of screen current 7.,
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Fig. 2.35. E;-I,2 characteristic curves for a typical tetrode.

as a function of plate voltage for a typical tetrode is shown in Fig. 2.35. The sum
of the plate and screen currents is almost constant for a given screen-grid voltage
independent of the value of plate voltage. The plate voltage determines the division
of the total cathode current between screen grid and plate for a given screen-grid
voltage.

2.5b. Tetrode Tube Coefficients. In addition to the amplification factor p, trans-
conductance g., and dynamic plate resistance r, relating the electrode voltages and
currents in the triode, the tetrode contains several other tube coefficients. In tetrodes
and pentodes (see Sec. 2.6b) the definitions of the tube coefficients assume that all
voltages and currents in the tube other than those specified are held constant. The
new coefficients are:

1. Dynamic screen-grid resistance

_ 3Ecz

Tog = ol (2.45)
2. Control-grid—screen grid amplification factor
T aEcz
Mer = — GEr (2.46)
3. Control-grid—screen grid transconductance
0Ly (2.47)

gmez = 3k,
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4. Screen-grid—plate amplification factor

AE,
P = - 24
” Eyom (2 48)
5. Screen-grid—plate transconductance
’ alb
m = aEcz (2-49)

The additional relationships existing among these tube coefficients in the tetrode are

B2 = Ime2lag ' (250)
K =gy (2.51)

The equivalent cireuit of a tetrode having cathode, screen, and plate circuit impedances
is somewhat more complex than that of the triode because of the effect of the control-
grid voltage upon screen current and the effect of the screen voltage upon plate
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F1a. 2.36. Equivalent circuits of tetrode tubes.

current. The complete equivalent circuit is shown in Fig. 2.36. For plate voltages
greater than the screen voltage, variations in plate voltage have virtually no effect
upon screen current, so that the equivalent circuit shows that the sereen current 1.,
changes only as a function of the control grid voltages E.. When the external screen
circuit impedance R,, is zero, the screen voltage does not vary with changes in screen
current and the equivalent circuit reduces to that of Fig. 2.36b. If the screen grid is
bypassed to the cathode, the equivalent plate circuit of a tetrode reduces to that
shown in Fig. 2.36¢, which is identical to that of a triode.
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The variations in the u, rp,, and g of a typical tetrode as a function of screen voltage
for the condition of zero screen and cathode circuit impedances are illustrated in
Fig. 2.37.

2.6¢c. The Beam-power Tetrode. The principal disadvantage of the tetrode tube
is the very pronounced dip in the E;-I, characteristics caused by the secondary emission
of electrons from the plate at low plate voltages. Although this disadvantage can
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be overcome by the addition of another grid between the screen and plate (see Sec.
2.6), it can also be eliminated by special design of the tetrode tube.

The special tube design forms the electron paths from cathode to plate into high-
current density beams and utilizes the effects of space charge between the screen
and plate to eliminate the secondary
emission effect. Tubes of this type are
known as beam-power amplifiers, beam-
power tetrodes, and beam-power pen-
todes. The internal structure of such
tubes is illustrated in Fig. 2.38. The
cathode surface is flat, and the screen
and grid helices are wound with the
same pitch. The screen wires are aligned
with those of the grid so that the grid
wires shield the screen from the cathode.
Beam-forming plates located on each side
of the cathode are internally connected
to the cathode and cause the tube current
to form into beams having small width  Fra. 2.38. Internal structure of a typical
and relatively high current density. beam-power tetrode.

The screen-plate distance is increased
over that of a conventional tetrode so that a larger percentage of the electrons com-
prising the tube current are in the region between the screen and the plate at any

instant.

BEAM-CONFINING
ELECTRODE
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The electrons which are between the screen and plate comprise a negative space
charge and create electrostatic fields at the screen plane and at the plate surface.
The density of this space charge is inversely proportional to the plate voltage and
directly proportional to the tube current. The effect of the large space charge thus
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created is twofold; it causes the secondary electrons emitted by the plate to be returned
to the plate, and it causes electrons injected into the screen-plate region to be decel-
erated, thus increasing the space charge. The result of these effects produces the
Ey-I, characteristic curves illustrated in Fig. 2.39. In the region of low plate voltage
and a constant, high injected current, the space charge between the screen and plate
is large enough to reduce the potential to zero at a plane between the screen and plate,
forming a virtual cathode at this plane as shown by line a in Fig. 2.40a. Under these
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conditions the potential gradient at the screen plane is such that only those injected
electrons having sufficient velocity to overcome the force of the negative field will
reach the plate. All other electrons will be returned toward the screen and will
either be collected by the screen or pass through into the negative-space-charge region
near the cathode. A relatively small increase in plate voltage produces a large
increase in plate current. The plate current increases more rapidly than the three-
halves power of plate voltage because the virtual cathode moves toward the plate as
plate potential is increased. This condition is illustrated by the steep slope of the
constant grid voltage curves at low plate voltages in Fig. 2.39.

When the plate voltage is increased to the value where the plate current equals
the injected current, the increase in plate current stops abruptly. All of the injected
current is going to the plate, and a further increase in plate voltage will not increase
the plate current since the shielding action of the screen prevents the plate potential
from changing the cathode current. At this plate potential, the virtual cathode has
just disappeared, as shown by line b in Fig. 2.40a. The space charge in the region
between the virtual cathode and the plate increases with plate current. When the
plate current can no longer increase with plate voltage, the increasing electron velocity
due to the increasing plate voltage decreases the space charge in this region. The
decreased space charge causes less deceleration of the electrons between screen and
plate, which in turn reduces the space charge. This regenerative condition causes
the potential gradient to shift from line b to line ¢ in Fig. 2.40a. Under this condi-
tion, the space charge is still sufficient to return all secondary electrons emitted by
the plate back to the plate. Further increases in plate voltage now have almost no
effect upon plate current. This is the condition existing in theregion of the Ey-I, curves
of Fig. 2.39 where the plate current is nearly independent of plate voltage. The sharp
knee to these curves is the result of the rapid transition between the two states
described above. For higher plate voltages, the potential distribution between
sereen and plate will vary between that of line ¢ in Fig. 2.40a and the curve of Fig.
2.40b as a function of the ratio of plate potential to the screen potential.

At very low plate currents, corresponding to the condition of high negative grid
bias, the space charge between the screen and plate may be insufficient to return all
secondary electrons to the plate, and a dip in the plate current for low values of
plate voltage may occur as shown in Fig. 2.39 for plate currents less than about
35 ma. The potential distribution for this condition contains no minimum, and the
tube operates as a conventional tetrode. This is illustrated in Fig. 2.40c.

Because the screen is well shielded from the cathode, the number of electrons inter-
cepted by the screen is small, resulting in a low ratio of screen to plate current. The
linearity of the E;-I, curves allows large plate swings with low distortion, and this
together with the low ratio of screen to plate current allows the efficiency of the beam-
power tetrode to be high. The beam-power tetrode has largely superseded the con-
ventional tetrode and the triode for small- and medium-power applications.

2.8. Pentode Tubes. The disadvantages of the conventional tetrode can be over-
come by the addition of another grid to the tube as well as by the beam-tetrode type
of tube construction. The additional grid is placed between the screen and plate
and is called a suppressor. Such tubes contain five electrodes and are, therefore,
called pentodes. The suppressor is normally either connected to the cathode or
grounded. The action of the suppressor is to form a region of reduced potential
between the screen and plate, just as the large space charge does in the beam-power
tetrode. The effect of this region of reduced potential is to return secondary emission
electrons from the plate back to the plate, thus eliminating the dip in the E,-I, curves
which is so pronounced in the conventional tetrode. -The suppressor also acts as an
additional electrostatic shield between the cathode and the plate, reducing the effect
of plate voltage upon cathode current even more than in the tetrode. The result
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is & higher dynamic plate resistance 7, and a lower grid-plate capacitance ¢, than in a
tetrode. However, the gn of the pentode is nearly independent of the presence of

the suppressor.
The internal structure of a typical pentode is shown in Fig. 2.41e, and the schematic

representation of a pentode is given in Fig. 2.41b.
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2.6a. Pentode Characleristic Curves. The Ep-I, characteristic curves for a typical
pentode are shown in Fig. 2.42. In the region where the plate current is nearly
independent of plate voltage, the potential distribution between the screen and the
plate is as shown in Fig. 2.43a. The region of reduced potential at the suppressor
plane returns all secondary electrons emitted from the plate back to the plate, and
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although the injected electrons entering the screen-suppressor region are decelerated
somewhat by the retarding field, all electrons pass through the suppressor plane and
reach the plate. As the plate voltage is reduced, the negative potential gradient
between sereen and suppressor becomes greater, and the average potential at the
suppressor plane approaches the actual suppressor voltage. The increased negative
potential gradient causes a reduction in the velocity of electrons entering the screen-
suppressor region, increasing the space charge which further increases the negative
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Fig. 2.43. Potential distribution between screen and plate of a typical pentode.

potential gradient between screen and suppressor. When the plate potential is
reduced somewhat below that of the sereen, this effect causes the formation of a
virtual cathode at the suppressor plane, resulting in a potential at the suppressor
plane which is slightly negative with respect to the cathode and suppressor voltage.
As a result, only those electrons entering the screen-suppressor region with sufficient
velocity to overcome the negative poten-

8 T 2000 18

tial gradient are able to reach the plate, ; =/2§430U5‘

all others being returned to the screen or 6 —-[j:/oo voLTS 8000 16
to the space charge near the cathode.

Under this condition, small changes in 14 7000 3 14
the plate potential greatly affect the //

number of electrons reaching the plate 12

12 6000
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negative potential gradient between sup- ,p\ / /
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where the screen current as a function of 9’”/y
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plate voltage is indicated in dotted lines, 4 ;712000 04
the total cathode current in the pentode . /4 000 02
is almost unaffected by plate potential, / N
the plate potential merely determining 0 A o o
the division of cathode current between K0 -8 6 -4 -2 0

CONTROL GRID VOLTS
Fic. 2.44. E.-I, and E.gm characteristic
curves for a typical pentode.

screen and plate.

In addition to the Ey-I; curves, the Ec-I,
curves and the E g curves of the pentode
tube are useful. These curves are shown in Fig. 2.44 for a typical pentode. Although
the E.-I, curves are determined for a constant plate voltage, the very high dynamic
plate resistance of the pentode makes the E-I, transfer characteristic almost independ-
ent of plate voltage, thus making the E-I, curves very nearly correct for all load
impedances as long as operation is kept to the right of the knee of the E,-I; curves.
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2.6b. Pentode Tube Coefficients. In addition to the tube coefficients of the tetrode
and the triode, the pentode tube contains coeflicients relating the suppressor voltage
to the plate and screen voltages and currents. Ordinarily, the pentode is operated
with the suppressor either connected directly to the cathode or bypassed to it, so
that the coefficients relating the suppressor voltage variations to the other electrode
voltages and currents are eliminated. Under these conditions, the equivalent circuit
of the pentode reduces to that of the tetrode as shown in Fig. 2.36.

In some applications the suppressor of a pentode is used as an auxiliary control
electrode in addition to the control grid. In such instances, the screen is normally

bypassed to the cathode and the suppressor is operated

at potentials negative with respect to the cathode, so that

the suppressor current is negligible. For these conditions,
# the equivalent circuit is as shown in Fig, 2.45.

When the suppressor voltage is such that the potential
distribution between screen and plate is as shown in Fig.
2.43a, small variations in suppressor voltage produce no
change in plate current since all the electrons passing
through the screen have sufficient velocity to overcome
the negative potential gradient existing between the screen
and the suppressor. The suppressor to plate transcon-
ductance is zero for this condition. However, if the sup-
pressor voltage is reduced until the average potential at the

Fio. 2.45. Equivalent SUPpressor pl.ane is slightly negative, only those‘ electrons
plate circuit of pentode having sufficient velocity to overcome the negative poten-
having screen bypassed tial gradient will pass through the suppressor plane and
to cathode and sup- reach the plate. Small variations in suppressor voltage
ﬁ;:f;oZonatcr'glmélefsmg:."' will now result in large variations in plate current. The

action of the suppressor and the plate and the space
charge is completely analogous to the action of the grid, plate, and space charge in
a triode (see Sec. 2.4). The suppressor coefficients are given by

al,

Gmes = 5 E., (2.52)
et = — aagl (2.53)
go = 22 (2.54)
W= gg: (2.55)

where gmes = suppressor to plate transconductance
ues = suppressor to plate amplification factor
g:,: suppressor to screen transconductance
p'’ = suppressor to screen amplification factor

Since the suppressor voltage controls the division of current between screen and plate,

gmes and g, are related approximately by

I

1

Gmes = —Grm (2.56)

Because some of the electrons which return toward the screen after being stopped
by the negative potential at the suppressor plane pass between the screen wires and
add to the space charge near the cathode, the total space current is reduced, and the
screen current does not increase by an amount exactly equal to the decrease in plate
current.
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2.6c. Variable-u Pentodes. In the conventional pentode, the control-grid wire
spacing is uniform, and, neglecting edge effects, all portions of the control grid reach
cutoff at the same grid potential.

The result is a relatively sharp cutoff of the plate current as a function of grid
voltage as shown in Fig. 2.44. However, if the spacing between the grid wires is
varied, different parts of the grid plane reach cutoff at different values of grid bias
so that there will be no sharply defined cutoff. This is illustrated in Fig. 2.46. Tubes
of this type are known as variable-p pentodes or remote-cutoff pentodes.  They
find application in r-f and i-f amplifiers where it is desired to minimize the distortion
of large signals with the application of AGC to the amplifier stages (see Sec. 7.4c).

A similar remote-cutoff characteristic can be obtained in a pentode by operating
the screen through a large dropping resistor from the plate supply with the screen
bypassed to the cathode. As the grid bias is made more negative, the screen current
is reduced, decreasing the drop across the screen resistor and increasing the screen
voltage. The increased screen voltage increases the value of negative grid bias
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F1a. 2.46. Characteristics of a typical remote-cutoff pentode.
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necessary to cut off the plate current. The cutoff voltage is extended to a value
determined by u.: and the screen supply voltage.

2.7. Cathode-ray Tubes. A cathode-ray tube is a special type of vacuum tube in
which a portion of the glass envelope is coated with a material which fluoresces when
bombarded by a beam of electrons. The tube also containg & source of electrons, a
mesans of focusing the electrons into a beam, and a means of deflecting the electron
beam so that it strikes different portions of the fluorescent screen. Because the
electron beam is virtually inertialess, the cathode-ray tube provides a means of
visually displaying electrical signals which occur too rapidly to be displayed on any
mechanical recorder or meter.

A typieal cathode-ray tube using electrostatic deflection is shown in Fig. 2.47.
It consists of a cathode, an intensity-control grid, focusing electrodes, accelerating
electrode, deflection electrodes, fluorescent screen, and collector electrode. Focusing
and deflection of the electron beam can also be accomplished by the use of magnetic
fields.

2.70. The Electron Gun. The purpose of the electron gun in a cathode-ray tube
is to produce at the screen a focused beam of electrons of the proper density, The
electron gun consists of a cathode, control grid, accelerating anode, and focusing
anodes or a focusing magnetic field. ) :
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The cathode of a cathode-ray tube is of the indirectly heated type and is usually
made in the shape of & cylinder having a cap over one end. The heater for the cathode
is placed inside the cylinder, and the emissive oxide coating is placed only on the
outside surface of the end cap. The control grid is another cylinder slightly larger
than the cathode cylinder having an end cap which has an aperture at its center as
shown in Fig. 2.47. Opposite the aperture in the control grid is the accelerating
electrode, or second grid, which also contains one or more apertures. The accelerating
electrode is made positive with respect to the cathode by approximately 1,000 to
2,000 volts, and the control grid is made slightly negative with respect to the cathode.

VERTICAL
DEFLECTION

PLATES FLYORESCENT

SCREEN

CATHODE
= T L AELECTRON BEAM
=
conTRoL Frdr Secom
GRIO ANODE ANODE
SECOND CoLLECTOR
GRID OR HORIZONTAL ELECTRODE
ACCELERATING f’f FLECTION
ELECTRODE LATES

Fia. 2.47. Typical electrostatic-deflection cathode-ray tube.

The cathode, control grid, and accelerating electrode act very much like the cathode,
grid, and screen of a tetrode. The potentials of these electrodes are such as to cause
the formation of a space charge and virtual cathode between the cathode and control
grid. The negative potential of the control grid causes all of the electrons emitted
by the cathode which do not pass through the aperture in the control grid to return
to the virtual cathode formed by the space charge between the cathode and the control
grid. The potential of the control grid also controls the density of the electron beam

passing through the control-grid aperture,

CONTROL ACCELERATING thus controlling the intensity of the spot
GRID ELECTRODE

—50 VOLTS + 1000 VOLTS produced on the fluorescent screen by the
electron beam.

—_— 2.7b. Electrostatic Focusing of Electron

Beams. The focusing of the electron beam

CATHOE " ENVELOPE OF upon the screen of a cathode-ray tube is

ovoLrs ELECTRON BEAH accomplished in two steps. The first step

is to cause the electrons emitted from the

cathode to pass through the aperture of the

— |°i§ , control grid in such a manner as to form a

@ beam of small diameter at a plane near the

Fra. 2.48. Focusing action of lens formed control-grid aperture. The ssecond step is

by cathode, control grid, and accelerating 0 form on the screen the image of the

electrode. electron beam that existed at the plane of
smallest beam diameter.

The initial step in focusing is accomplished by the relative positions, shapes, and
potentials of the cathode, control grid, and accelerating electrode. This is illustrated
in Fig. 2.48. The apertures in the control grid and the accelerating electrode cause
the equipotential lines of the electrostatic field between the three electrodes to have
the shapes shown. The electrostatic force is always normal to the equipotential
lines, thus causing the emitted electrons to be directed toward the axis of the aper-
tures as shown in Fig. 2.48. After crossing the axis, the electrons diverge. All of

600
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the electrons do not cross the axis at the same point. However, in the region beyond
the control grid there is & plane where the cross section of the electron beam is a
minimum. This is called the “crossover,” and the image of this crossover is what
is focused on the cathode-ray-tube screen. The diameter of the electron beam
at the crossover point is considerably smaller than the area of the cathode or the
aperture in the control grid.

The second focusing step is accomplished by the accelerating electrode and the
first and second anodes. This focusing action is illustrated in Fig. 2.49. The elec-
trostatic field between the accelerating electrode and the first anode is such as to

FIRST

ANODE
[77
ACCELERATING £1 fcr/mﬁ <<£co/va ANODE
- 777
e

—Hi|—

F1g. 2.49. Focusing action of accelerating electrode and first and second anode in an elec-
trostatic-focus cathode-ray tube.

cause the electrons which are diverging after passing the crossover point to become
convergent and again acquire a component of velocity toward the axis of the tube.
Although the field between the first anode and the second anode exerts a force
upon the electrons in such a direction as to again cause divergence, the increased
spacing of the second anode relative to the first anode reduces the magnitude of the
electric field existing in this region compared to the field in the region between the
accelerating electrode and the first anode. As a result, the divergence of the lens is
less than the convergence of the first lens, g £

and the image of the crossover occurs at

a point past the second anode. When gecrrow {a
this second crossover occurs at the tube 7%
screen the beam is in focus, since the spot

produced on the screen will have its mini-

mum diameter. The size of the spot on

the tube screen is determined by the di-~ FIG.. 2.50. Spherical aberration in electro-
ameter of the first crossover and the staticlens.

magnification of the second lens. Spot size can be reduced by reducing the size of
the electrode apertures to remove the more divergent electrons.

Focusing is normally accomplished by varying the potential of the first anode,
maintaining the potentials of the accelerating electrode and second anode constant.
The adjustment of beam intensity will require refocusing, since variations in the
control-grid voltage will cause some defocusing of the beam due to its effect upon the
location of the first crossover, Variation of the first anode voltage to accomplish
focusing does not interact with the beam intensity because of the electrostatic shielding
provided by the accelerating electrode.

Electrostatic lenses suffer from many defects, including those present in optical
lenses, such as spherical aberration, astigmatism, magnification depending upon radial
distance, etc. Spherical aberration is illustrated in Fig. 2.50. Electrons entering

oo
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the lens parallel to the axis have a focal length that is a function of the distance of the
initial path from the axis. In electrostatic lenses, the focal length is always less for
electrons farther from the axis, thus making it desirable to utilize electrodes having
small apertures to remove the more divergent electrons.

2.7c. Magnetic Focusing of Eleciron Beams. The laws concerning the action of
electrons in magnetic fields were discussed in See. 2.15. Consider electrons emitted
from a point source as shown in Fig. 2.51. The electrons are attracted toward the
anode by the electrostatic force between cathode and anode. If a uniform magnetic
field is placed parallel to the axis between cathode and anode, the initially divergent
electrons will be refocused to a spot on the anode in the following manner. The
magnetic field exerts a force on the electrons only when they have a velocity com-
ponent normal to the direction of the magnetic flux, and the resulting force is normal
to both the electron velocity and the lines of magnetic flux. Thus, the axial com-
ponent of velocity of each electron is unaffected by the presence of the magnetic
field, and since all electrons are subject to the same force in the axial direction, all
electrons will require the same intervals of time to reach the anode, neglecting the
component of initial electron velocity along the axis. However, the axial magnetic
field causes each electron having an initial radial velocity component to travel a spiral

AXIAL MAGNETIC FIELD
—_——

7
e o SOFT R0 1160
SOURCE [ ANODE ConL
LA s

*’__—//
{0} SIDE VIEW = = =
m
¢ B T
(6) END VIEW
F1a. 2.51. Focusing of an electron beam by  Fie. 2.52. Magnetic focusing with short
means of an axial magnetic field. axial magnetic field.

path between eathode and anode. This is illustrated in Fig. 2.51. The radius of the
spiral is a function of the strength of the magnetie field and the radial electron velocity
component. However, the time interval required to complete one spiral is dependent
only upon the strength of the magnetic field and the ratio of mass to charge of the
particle. Thus, for an electron,

T = 2x|M./eBlsec (2.57)

where M. = mass of electron = 9.11 X 1073 kg

e = charge of electron = —1.6 X 107*? coulomb

B = magnetic flux density, webers/m?
Since the time 7' required to complete one spiral is the same for all electrons, and
since all of the electrons were emitted from a point on the axis, all of the electrons
will return to a point on the axis at time 7T and all multiples of 7 regardless of the radii
of the individual spirals. If the magnetic-field strength is adjusted relative to the
voltage between cathode and anode so that the time required to complete one spiral
just equals the travel time between cathode and anode, all electrons will be refocused
to a spot at the anode surface.

In practical cathode-ray tubes, the axial magnetic field cannot be made to extend
completely between the cathode and the screen. However, the electrons from an
electron gun which have been initially focused so as to form the first crossover and
are then divergent can be refocused on the cathode-ray-tube screen by passing them
through an axial magnetic field of shorter length as shown in Fig. 2.52. If the length
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and strength of the magnetic field are adjusted properly, the divergent electrons will
be caused to spiral just sufficiently when in the magnetic field to form an image of the
first crossover at the cathode-ray-tube screen. The strength of the magnetic field is
quite ecritical, since if the electrons spiral too much or too little while in the magnetic
field they will not reach the spot on the cathode-ray-tube screen corresponding to the
image of their location at the first crossover. The magnetic field required for mag-
netic focusing in a cathode-ray tube can be achieved by winding a coil around the
neck of the cathode-ray tube as shown in Fig. 2.52. Magnetic lenses are subject to
several types of distortion in addition to those which ocecur in electrostatic lenses.!

In magnetic focus tubes, variations in spot intensity caused by changes in the
control-grid potential will cause defocusing just as in electrostatic focus tubes since
the first crossover position will be changed. However, variations in focusing produced
by changing the flux in the magnetic field will have no interaction with the beam
current.

2.7d. Elecirostatic Deflection Systems. The electron beam of a cathode-ray tube
can be deflected from its normal position along the axis of the tube by either electro-
static or magnetic means. Electrostatic deflection is accomplished by locating two
pairs of deflection plates as shown in Fig. 2.47. The pairs of plates are located sym-
metrically with respect to the axis of the tube, and one pair of plates is normal to the
other. One pair of plates is called the horizontal deflection plates, and the other
pair is called the vertical deflection plates.

The deflection plates are normally returned through a high resistance to approxi-
mately the same potential as the second anode. The best focus at the screen is
normally obtained by varying slightly the potential difference between the horizontal
and vertical deflection plates and between both pairs of plates and the second anode.
The adjustment of either of these poten-
tial differences is termed “astigmatism 55,?2';”
control” and is usually used in electro-
static deflection cathode-ray tubes of 5-in.
diameter or greater.

The electron beam can be deflected by
the application of signal voltages to the
deflection plates. The basic relation-
ships among the parameters which de-
termine the deflection of the electron
beam when projected into an electrostatic | L i
field are discussed in Sec. 2.1. If the 7
deflection plates are assumed to be flat
parallel plates as shown in Fig. 2.53 and
the electrons enter the region between the
plates with a constant axial velocity and zero radial velocity, the deflection of the spot
on the cathode-ray-tube screen is given by

LV,
= 2dv.

Fia. 2.53. Electron-beam deflection in
passing through an electrostatic field.

ds (2.58)

where d, = deflection on screen, cm
! = length of plates, cm )
L = distance between center of plates and screen, cm
d = distance between plates, cm
Vi = potential difference between deflection plates, volts
V, = accelerating potential = voltage between cathode and anode preceding
deflection plates, volts

! For greater detail, see Soller, Starr, and Valley, ‘‘ Cathode Ray Tube Displays,” chap. 3,
Radiation Laboratory Series, MecGraw-Hill Book Company, Inc., New York, 1948,
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Equation (2.58) assumes no distortion of the electrostatic field between deflection
plates due to edge effects and no change in axial-beam velocity after deflection.
Electrostatic deflection in cathode-ray tubes is rated by either of the two following
terms:

. s d, 1

Deflection sensitivity = 7, = Jefisction factor

Common electrostatic deflection cathode-ray tubes have deflection factors in the
order of 20 to 100 volts/ecm.

The residual gas molecules present within a cathode-ray tube will be ionized by
collisions with the electrons traveling from cathode to anode. Negative ions formed
by these collisions are accelerated toward the fluorescent screen just as the electrons
are. An electrostatic focus system will focus the ions in the same manner as it
does the electrons even though they are much heavier than electrons. This occurs
because, although the ions are heavier and consequently do not accelerate as rapidly
as the electrons under the forces of an electrostatic field, they remain under the
influence of the field for a longer period of time and are deflected just as much as the
electrons. Accordingly, the negative ions are also deflected by an electrostatic
deflection system by the same amount as the electrons. This can be seen from Eq.
(2.58); the deflection of the electron is independent of its charge and mass, and there-
fore any negatively charged particle will be deflected by the same amount under the
same conditions. The focusing of the heavy ion particles in one spot will cause a dis-
coloration of the sereen if the bombardment persists in one spot for a period of time.
However, since the heavier ions are deflected by the electrostatic deflection plates,
the ions will be distributed about the face of the tube as the electron beam is deflected.
Under these conditions, the heavy ions will not produce any noticeable effect upon the
sereen.

The deflection voltage may be applied to the deflection plates either by connecting
one plate to ground and applying the deflection signal to the other plate or by applying
the deflection signal to both plates in push-pull. The latter method is preferable
because the average potential of the deflection plates does not change in push-pull
operation. In single-ended operation the average potential of the deflection plates
changes as a function of the deflection voltage, causing a difference in potential
between the second anode and the deflection plates. This potential variation will
cause defocusing of the electron beam due to the electrostatic field established between
the second anode and the deflection plates. Under this condition, best focusing can
be achieved at only one point on the cathode-ray-tube screen.

The brightness of the spot on any particular cathode-ray-tube screen material is a
function of both the number of electrons striking the sereen per unit of time and the
velocity of the impinging electrons. However, the deflection sensitivity is inversely
proportional to the axial electron velocity. A high rate of deflection of the beam
across the tube screen will require a high beam voltage in order to produce sufficient
intensification of the trace to allow visual observation. However, a higher beam
voltage will reduce the deflection sensitivity of the tube. This difficulty can be
partially overcome by employing postdeflection acceleration. In tubes of this type,
the potential of the second anode is maintained low enough to permit satisfactory
deflection sensitivity, and an additional intensifier electrode consisting of a conducting
ring around the inside of the tube is located near the screen. This intensifier electrode
is operated at potentials up to approximately 2.3 times that of the second anode.
In this manner, the velocity of the electrons and, therefore, the spot intensity are
increased considerably without reducing the deflection sensitivity of the tube. Higher
velocities may be obtained by adding additional intensifier electrodes to gradually
increase the postacceleration voltage t6 as high as ten times that of the second anode.
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This is necessary to minimize deflection distortion due to the fields existing between
the intensifier electrodes, the second anode, and the deflection plates.

Since the deflection sensitivity of an electrostatic deflection cathode-ray tube is
directly proportional to the distance between the deflection plates and the screen,
one pair of deflection plates will normally have a slightly higher deflection sensitivity
than the other pair. The pair having the highest deflection sensitivity is normally
used for the vertical deflection in an oscilloscope while the other pair is used for hori-
zontal deflection. The signals to be observed on the cathode-ray tube are applied
to the vertical plates while the time-base sweep voltage is applied to the horizontal
plates. It is possible to adjust the spac-
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deflection is produced in a plane perpen-

dicular to the magnetic field. In the region of the magnetic field, the electrons are
deflected in the arc of a circle of radius r where

_ Mo
r= 1 Be l meters (2.59)

where M, = mass of electron = 9.11 X 10~3 kg

v = velocity of electrons, m/sec

B = magnetic flux density, webers/m?

¢ = charge of electron = —1.6 X 107!° coulomb
At the termination of the magnetic field the electrons have an axial and a radial com-
ponent of velocity. The deflection is.proportional to the radial velocity and the
time required for the electron to reach the screen. For an idealized magnetic deflec-
tion system having a uniform transverse magnetic field of fixed length and having no
edge effects (see Fig. 2.54), the deflection of any charged particle is given by

1]

I

= q
d, = 100ILB \X V.

(2.60;}

I

deflection distance, cm

axial length of magnetic field, cm

distance from center of magnetic field to screen, em
magnetic flux density, webers/cm?

= charge of the particle, coulombs

mass of the particle, kg

= accelerating potential = voltage between anode and cathode

where d,

[l

i
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From Eg. (2.60) it is seen that the deflection of a charged particle by a magnetic field
is proportional to the ratio of charge to mass of the particle. This is in contrast to
the deflection of a charged particle by an electrostatic field [see Eq. (2.58)] where the
deflection is independent of the particle charge or mass. When the charge and mass
of the electron are substituted into Eq. (2.60) the deflection is given by

ILB em 2.61)
VVa @

There are numerous configurations of deflection coils which may be used to achieve
deflection in a cathode-ray tube. Several shapes are illustrated in Fig. 2.65. Figure

d = 2.96 X 107
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Fia. 2.55. Typical deflection coils for magnetic-defiection cathode-ray tubes.

2.55¢ shows a deflection system consisting of four iron pole pieces supported by a
circular yoke. The deflection coils are wound on the pole pieces as shown. The
yoke and pole pieces may be made of iron laminations, powdered Polyiron, or iron
ferrite. In Fig. 2.55b the coils are wound directly on the square yoke, producing the
magnetic fields as indicated. Because of the symmetrical construction, the two
horizontal windings induce equal and opposite voltages in each of the vertical windings
and vice versa. Therefore there is very little interaction between the vertical and
horizontal deflection coils. The deflection coils may be wound without an iron core
or yoke as shown in Fig. 2.55¢. The deflection coils are wound as flat loops and then
shaped to fit the contour of the cathode-ray-tube neck. In order to provide a more
nearly uniform magnetic field across the neck of the cathode-ray tube, the lumped
loops of Fig. 2.55¢ may be modified as shown in Fig. 2.55d to provide a multilayer
distributed winding. A uniform field is produced if the number of turns per degree
around the neck of the cathode-ray tube is made proportional to the sine of the angle
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6 of Fig. 2.55d. A compromise between the simplicity of the lumped loops of Fig.
2.55¢ and the field linearity achievable in the distributed winding of Fig. 2.55d is
illustrated in Fig. 2.55e. When horizontal and vertical deflection are desired, two
pairs of coils are placed on the neck of the cathode-ray tube, with one pair rotated 90°
with respect to the other and lying on top of the other.

There are numerous advantages to the use of magnetic deflection in cathode-ray-
tube applications where its use is possible. Tubes employing magnetic deflection
also usually employ magnetic focus. The combination of these two controls requires
less axial space than electrostatic focus and deflection for the same diameter screen,
thus allowing the neck length and, consequently, over-all tube length to be shorter.
A comparison of Egs. (2.58) and (2.60) shows that magnetic deflection is reduced
by the square root of an increase in accelerating potential, while electrostatic deflection
is reduced directly with any increase in accelerating potential. As the screen size
18 increased, the accelerating potential must be increased in order to provide the
same spot intensity, since for the same angular deflection rate the electron beam ha
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Fie. 2.56. Ion traps for electromagnetic-deflection cathode-ray tubes.

less time to spend on a given area of the sercen. Magnetic deflection possesses an
advantage over electrostatic deflection for large tubes because in electrostatic deflec-
tion tubes, wide angle deflection can be obtained only at the expense of deflection
sensitivity. This occurs because closely spaced deflection plates will be in the beam
path for wide deflection. All presently used cathode-ray tubes for television use
which are larger than 10 in. in diameter utilize magnetic deflection.

A problem encountered in magnetic-deflection tubes is the prevention of an ion
spot on the cathode-ray-tube screen. Comparison of Egs. (2.58) and (2.60) shows
that the electrostatic deflection of any negatively charged particle is the same regard-
less of its mass, while electromagnetic deflection is proportional to the square root of
the ratio of charge to mass of the particle. Negative ions, which are always present
within a cathode-ray tube in small quantities because of the capture of an electron
by some gas molecules, have a mass which is at least 1,800 times greater than an
electron but usually having the same charge. As a result, these ions are virtually
unaffected by magnetic deflection, and a heavy concentration of ions will bombard
the screen at the point of intersection of the electron gun axis and the screen. This
ion bombardment will cause a discoloration of the screen phosphor and a reduction
in the light emissivity if allowed to continue for extended periods of time. To prevent
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this discoloration, the electron guns of tubes employing electromagnetic deflection
contain ion traps to prevent the ions from reaching the screen. There are a number of
different types of ion traps, two of which are illustrated in Fig. 2.56. All ion traps
separate the ions from the electron beam by utilizing the fact that electrons are
deflected readily by both electrostatic and magnetic fields while the heavier ions are
deflected appreciably only by electrostatic fields.

2.7f. Cathode-ray Screens. The position of the electron beam is indicated by the
emission of light from a phosphor coating on the inside surface of the tube face when
bombarded by the electrons. This phenomenon is known as fluorescence. There
are many different types of phosphors, having light outputs which vary in color,
persistence, and efficiency. The general-purpose cathode-ray tubes used in most
commercial oscilloscopes use willemite as the screen phosphor. Willemite consists
of zine orthosilicate containing traces of manganese to increase the light output.
Other screen coatings utilize oxides and sulfides of zinc, cadmium, and magnesium.
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F1a. 2.57. Persistence of various cathode-ray-tube phosphors.

Certain impurities when present in extremely small proportions greatly increase the
light output and affect the light color. These materials are called activators.

The amount of light emitted from a cathode-ray-tube-screen phosphor is given
approximately by

CP = KI(V — V,) (2.62)
where CP = candlepower
K = constant dependent upon screen material, CP/watt ~ 2
I = beam current, amperes
¥ = potential of last accelerating electrode, volts

V. = threshold potential necessary to just excite fluorescence, volts

The light output from the screen material does not immediately reduce to zero
when the electron beam is removed, but decays in an exponential manner. This
phenomenon is known as phosphorescence. The persistence of the phosphorescence
may vary from a few microseconds to several seconds depending upon the screen
material. Commercial cathode-ray-tube screens are rated according to the spectrum
of the emitted light and persistence. Persistence curves for several screen phosphors
are shown in Fig. 2.57.

In order to prevent the cathode-ray-tube screen from building up 2 negative charge
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sufficient to prevent additional electrons from reaching the screen, it is necessary for
the screen to emit one or more secondary electrons for each primary electron striking
the screen. As in other materials, the ratio of secondary to primary electrons is a
function of the energy of the primary electrons, and the screen will function properly
only over a certain range of primary electron velocities. The permissible range of
electron velocities is quite wide, however, corresponding to accelerating potentials
of about 200 volts as a minimum to 5,000 to 10,000 volts as a maximum, depending
upon the screen material. In this region, where more than one secondary electron
is emitted per primary electron, the screen potential will increase positively with
respect to the collector anode potential until enough of the secondary electrons are
returned to the screen to make the ratio of net secondary to primary electrons exactly
unity. The secondary electrons which are not returned to the screen are attracted
to the collector anode which usually consists of an aquadag coating on the inside wall
of the tube near the screen.

Approximately one-half of the light emitted from the screen of a cathode-ray tube
is emitted from the inner surface of the screen and serves no useful purpose. In
addition, the light emitted on the inner surface of the screen tends to be reflected by
the inner walls of the cathode-ray tube and then falls on the screen. This causes
normally dark areas to be dark gray and reduces contrast.

Both of these difficulties and the limitations on maximum screen potential due to
secondary electron emission from the screen are alleviated in certain types of cathode-
ray tubes by the use of a very thin layer of aluminum on the back side of the fluorescent
screen. The high-velocity electrons have sufficient energy to penetrate the aluminum
layer and activate the screen. The light emitted from the inner surface of the screen
is reflected by the aluminum layer, increasing the light output at the outer surface
and greatly reducing reflections within the tube. The electron velocity must be
quite high to allow the electron beam to penetrate the aluminum layer. A minimum
accelerating potential of about 5,000 volts is required for penetration. The conduct-
ing surface formed by the aluminum layer prevents the screen from building up any
charge and maintains the entire screen surface at the potential of the collector anode.
This eliminates any restriction on the maximum screen potential due to secondary
emission.

The aluminum layer also presents an effective barrier to the slower-moving negative
ions and prevents their reaching the screen,

thus eliminating the necessity of an ion
trap. K
2.8. Gas Tubes. Although the effects e e e

of even small quantities of gas are detri-
mental in conventional vacuum tubes, the
characteristics exhibited by tubes filled
with gas at a low pressure are very useful %
in special circuit applications.

2.8a. Cold-cathode Gas Diodes. A cold-
cathode gas diode consists of two electrodes
in a low-pressure gas atmosphere. The
smaller electrode is the anode and the larger
one the cathode. The gas pressure is usu- &
ally between 0.001 and 0.1 mm Hg. The Fia. 2.58. Voltage-current characteristics
current-voltage characteristics of such a  of a cold-cathode gas diode.
tube are illustrated in Fig. 2.58. As the
anode potential is made progressively more positive with respect to the cathode, the
tube current increases very slowly from an initial value of about 1 pamp until point a
of Fig. 2.58 is reached. This initial current is known as the dark current because
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under these conditions there is no visible glow in the gas. When the ignition or break-
down potential corresponding to point a is reached, the ionized gas within the tube
conducts heavily and, assuming a resistance in series with the tube to control the tube
current, the potential from anode to cathode drops abruptly to a value determined by
the type of gas in the tube and the cathode material. From point & to point ¢ the
tube potential remains very nearly constant as the tube current is increased. This
is called the glow discharge region, because a portion of the tube becomes luminous,
and it represents the normal operating range of cold-cathode gas diodes. It is a
relatively high-voltage (75 to 150 volts) low-current (1 to 40 ma) discharge. The
maximum tube current in this region is determined by the cathode area. At point ¢
the tube current increases only with a substantial increase in applied voltage until
point d is reached. This is known as the
abnormal glow region. At some excessive
current, such ag that indicated by point d,
+ the cathode surface becomes hot enough,
because of the ion bombardment, to emit
electrons, and the abnormal glow discharge
changes to an arc discharge. The arc dis-
charge is a low-voltage high-current dis-
charge, and the tube voltage drops
abruptly to point e. Beyond point ¢ a
larger tube current results in a slow de-
crease in tube voltage. When operating
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F1a. 2.59. Determination of gas diode Fia. 2.60. Potential distribution for glow
operating point, discharge between parallel-plane electrodes.

in the range from b to ¢, if the voltage is reduced below the value at b, the current
abruptly drops to a value corresponding to the tube dark current. The voltage at
point b is known as the extinction voltage.

When no voltage is applied to the diode, there are always a number of ionized gas
molecules within the tube because of the radiant energy level present. As voltage
is applied, the positive ions travel to the cathode and constitute the dark current. The
ignition potential is reached when the electric field across the tube is sufficient to
cause the cathode surface to emit secondary electrons as a result of the bombardment
of the cathode by the positive ions. These electrons are accelerated toward the
anode by the potential gradient in. the tube, and in traveling to the anode these elec-
trons strike other gas molecules, forming more positive ions and electrons. This
process is regenerative, increasing the tube current rapidly until either the voltage
drop across an external series resistance stabilizes the tube current or the region of
tube operation shifts to the region ¢-d where the current will not increase unless the
tube voltage is increased.! The operating current of a gas diode may be determined
from the tube characteristics and the external eircuit parameters as shown in Fig. 2.59.

i For greater detail concerning the mechanism of breakdown in gas diodes, see D. V.
Geppert, ‘‘Basic Electron Tubes,” pp. 231-246, McGraw-Hill Book Company, Inc.,
New York, 1951.
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The potential distribution within the diode is as shown in Fig. 2.60. Almost the
entire tube voltage drop occurs within a:short distance of the cathode. The kinetic
energy of the positive ions after accelerating through this voltage drop is sufficient to
cause secondary emission of electrons from the cathode surface. In the region of
nearly constant potential the numbers of positive ions and electrons are approxi-
mately equal. The near equalization of the space charge in this region results in a
very low potential gradient and, consequently, low velocity of the positive ions.
Positive ions are created in this region by the collision of electrons which have been
accelerated by the high potential gradient near the cathode with the gas molecules.
This region is luminous and is known as the plasma. The high potential near the
cathode is caused by a high concentration of positive ions at the edge of the plasma.
The region near the cathode surface which is being bombarded by the positive ions
is also luminous. This is referred to as cathode glow. As the tube current is increased
from point b in Fig. 2.58, the area covered by the cathode glow increases until at
point ¢ it covers the entire eathode surface. The current density in the area covered
by the cathode glow remains constant in this region of operation. The current
density is dependent upon the gas, cathode material, and gas pressure. Beyond
point ¢ further increase in tube current requires an increase in the current density
at the cathode surface and requires increased anode potential.

The principal applieation of cold-cathode gas diodes is as voltage regulators and
voltage reference tubes. Since the voltage across the tube is nearly independent of
tube current in the region of normal operation, the tube can be used to stabilize the
voltage output of a varying voltage source for both supply-voltage variations and
load-current variations. Design information on this application of cold-cathode gas
diodes is given in Seec. 15.7. A list of commonly used cold-cathode gas diode tubes
ig given in Table 2.4.

2.8b. Cold-cathode Triodes. The breakdown or ignition of a gas tube can be con-
trolled by a grid placed between the cathode and anode. This is possible because the
ignition potential of a gas tube is an inverse function of the spacing between the two
electrodes. Closely spaced electrodes require a high potential before breakdown can
oceur because the short path length for the few free electrons present in the gas before
ignition takes place makes the probability of these electrons colliding with gas
molecules and ionizing them very small.

TaBLe 2.4. CHARACTERISTICS OF SEVERAL COLD-CATHODE
Gas Diope VouracE RecuraTor Tumes

Operating current, .
D-Coperating ma Breakd?wn Vo.lta.ge regula.tlon
Tube type potential, | within operating-
voltage, volts volts current range
Min. Max.
0OA2 150 5 30 185 2 volts
0A3/VR75 75 5 40 105 5 volts
OB2 | 108 5 30 133 2 volts
0OC3/VRI105 | 105 5 40 133 2 volts
OD3/VR150 j 150 5 40 185 4 volts
CK5783WA l 86 1.5 3.5 125 0.1 volt
1-5 ma 1 volt
CKS78TWA | 100 1 25 141 { bon s peot
5644 95 5 25 130 5 volts
5651 87 1.5 3.5 115 3 volts
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In order for ignition to take place, the probability of an electron ionizing a gas
molecule must equal or exceed the ratio of positive ions striking the cathode to
secondary emission electrons from the cathode. If this condition is not met, break-
down will not occur. Therefore, by locating a grid close to the anode, grid-anode
breakdown cannot occur until the grid-anode potential is made much higher than the
grid-cathode potential required for breakdown. The grid electrostatically shields
the cathode from the anode and prevents anode-cathode breakdown when the anode-
cathode potential exceeds the breakdown voltage. Breakdown can ocecur only when
the grid-cathode potential is made large enough to allow the gas ions to initiate
secondary electron emission from the cathode, i.e., when the grid-cathode breakdown
potential is reached. When ignition does take place between cathode and grid, the
major portion of the electron current shifts from the grid to the anode if the anode
is at a sufficiently high potential with respect to the grid. Resistances in the grid
and anode or cathode leads are necessary to limit the current flow to these electrodes.

After ignition takes place the grid no longer has any control. If the grid is made
negative with respect to the cathode, positive ions are attracted to the grid in suffi-
cient numbers to just neutralize the negative field caused by the negative grid voltage.
As a result, the gas discharge is completely shielded from the grid. After breakdown
oceurs, the grid potential only affects the magnitude and polarity of the grid current.
Deionization of the tube can occur only when the grid and plate voltages are reduced
below the extinction value for the tube. The grid can regain control only after the
tube has been deionized.

The operating characteristics of a typical cold-cathode gas triode are shown in
Fig. 2.61.

2.8¢c. Hot-cathode Gas Diodes. In cold-cathode gas tubes the ignition potential is
determined by the velocity required by the positive ions to cause secondary electron
emission from the cathode. If the cathode is heated to a temperature which will
cause sufficient thermionic emission of electrons, the gas in the tube will ionize when
the anode-cathode potential becomes high enough to give the electrons sufficient
energy to ionize the gas molecules by collision. This potential is the tonizing potential
of the gas. It is about 16 volts for argon gas.

When the ionization potential is reached in a hot-cathode gas tube, the tube current
increases immediately to the full emission current of the cathode unless limited by
external circuit resistance. Any further increase in tube current can occur only by
raising the tube voltage sufficiently to allow positive-ion bombardment of the cathode
to increase the erection emission of the cathode. However, an oxide-coated cathode
will be disintegrated if the energy level of the positive ions is sufficiently high. The
voltage drop corresponding to this critical energy level is called the disintegration
voltage. It is between 20 and 25 volts for the inert gases and mercury vapor. There-
fore it is essential that the external circuit resistance be high enough to limit the tube
voltage to a value below the disintegration voltage of the cathode material.

The low-voltage high-current discharge that takes place in a hot-cathode gas tube
is termed an arc discharge. The characteristics of a typical diode are given in Fig,
2.62a. The potential gradient in a hot-cathode gas diode is shown in Fig. 2.62b,
In normal operation the plate current is less than the emission current capabilities of
the cathode at its operating temperature, and the negative space charge resulting
from this condition causes a virtual cathode to be formed near the cathode surface.
A short distance from the virtual cathode the potential within the tube rises to a value
nearly equal to the total plate-cathode potential.. The emitted electrons which
travel to the plate are accelerated sufficiently by this potential to ionize the gas
molecules upon collision. In the plasma region between this virtual cathode and the
anode, electrons and positive ions are present in nearly equal numbers, and nearly
complete space-charge neutralization occurs, thus maintaining a low potential drop



VACUUM TUBES AND TRANSISTORS 2-53

ANODE POTENTIAL

TYPE 5673 ?gfz%%/v FROM CATHODE
BREAKDOWN 300
FROM GRID
70 ANODE N\

CONDUCTING REGION

/

BREAKOOWN FROM
CATHOOE TO GRID

BREAKDOWN FROM,
GRID TO CATHODE

L i ! 1 1 )
-300 -250 -200 -150 |-100

100] 150 200 250 300
STARTER ANODE VOLTAGE

J

K /ZEREAKUOWN FROM
BREAKDOWN FROW " ANODE TO GRID

ANODE TO CATHODE =300
SOLID LINE REPRESENTS AVERAGE BREAKDOWN CHARACTERISTICS

OPERATION IN QUADRANT 1 IS PREFERRED
OPERATION IN QUADRANT TL /S OPTIONAL
OPERATION IN QUADRANTS TIL ANO TL IS 10 8 AVOIDED

Fia. 2.61. Ignition characteristics of a typical cold-cathode gas triode.

MAXIMUM CATHODE THERMIONIC
EMISSION CURRENT
carnope - POSITIVE 10N SHEATH ANOOE
———— YL ——
L 45 = ¥
 ooe
ELECTRON | I DR0P
5 SHEATH |
1GNITION | |
/ POTENTIAL |
. J/ VIRTUAL CATHODE
0 £ ~ DISTANCE
{0} VOLTAGE -CURRENT CHARACTERISTICS (£) POTENTIAL DISTRIBUTION WHEN CATHODE

EMISSION EXCEEDS ANODE CURRENT
F1a. 2.62. Characteristics of a typical hot-cathode gas diode.

across this region. The low voltage drop of hot-cathodes gas tubes permits the use of
anodes of much smaller size than in vacuum tubes for the same current ratings because
of the reduced anode dissipation.

In hot-cathode gas tubes it is possible to obtain considerably higher emission effi-
ciencies than in vacuum tubes. In a high-vacuum diode, the electrons leaving the
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cathode are accelerated toward the anode by the electrostatic field between the two
electrodes, and if a portion of the cathode is shielded from the anode, the resultant
negative space charge in that region prevents electrons in that area from reaching
the anode. In a gas diode, however, the plasma extends from the anode to within
a very short distance of the cathode, and electrons emitted from the cathode will
migrate through the region of the plasma to the anode regardless of the cathode
shape. Because of the mobility of the positive ions and electrons in the plasma
region, the cathode structure can be quite complex in shape and can, therefore, be
designed for high emission efficiency by reducing the heat loss. Heat loss is minimized
by designing the cathode structure to have a high ratio of emitting surface to volume
and by using heat shields to minimize radiation. Two common cathode designs are
illustrated in Fig. 2.63. High emission efficiency results in increased heating time,
since the achievement of a high heat capacity with lower heating energy increases the
time necessary to reach thermal equilibrium. In low-power, hot-cathode tubes the
heating time for indirectly heated cathodes is usually between 1 and 5 min. Voltage
must not be applied to a hot-cathode gas tube until the cathode has reached the
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Fia. 2.63. Typical cathode structures for hot-cathode gas tubes,

proper temperature to supply the necessary current since the voltage source will
ordinarily be high enough to allow the tube potential to exceed the cathode dis-
integration potential.

Any of the inert gases or mercury vapor may be used in hot-cathode gas tubes.
Mercury vapor has the disadvantage of being very sensitive to changes in gas pressure
due to temperature. If the mercury-vapor pressure is too low, there may be insuffi-
cient gas ionization, resulting in a high voltage drop across the tube and damage to
the cathode. If the mercury-vapor pressure is too high, the inverse voltage at which
gas ignition occurs becomes quite low. The inert gases have the disadvantages of a
higher ionization potential, resulting in a higher tube drop, and a lower peak inverse
voltage rating due to the higher gas pressures necessary to minimize the effects of
gas absorption in the tube. The peak inverse voltage rating on a hot-cathode gas
tube is established by the reverse polarity voltage necessary to cause secondary
electron emission from the anode by positive ion bombardment, resulting in a glow
discharge.

Hot-cathode gas diodes are principally used as rectifiers. For high-current power
supplies, hot-cathode gas diodes have the advantages over high-vacuum diodes of
lower voltage drop, higher efficiency, lower filament power, and lower cost. They
have the disadvantages of lower peak inverse voltage rating, production of r-f tran-
sients, and the requirement of a relatively long warmup period.
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2.8d. Hot-cathode Gas Triodes (Thyratrons). A control grid can be added to a hot-
cathode gas diode just as in the cold-cathode gas tubes. Hot-cathode gas triodes are
known as thyratrons.

The mechanism of grid control in the hot-cathode triode is similar to that of the
cold-cathode tubes. The grid is placed between the cathode and anode in such a
manner as to electrostatically shield the cathode from the anode. With complete
shielding by the grid, the electrons emitted by the eathode are not accelerated to
the anode, and a negative space charge is formed near the cathode. When the grid
potential is raised to a value which will allow electrons to pass into the grid-anode
region, the electrons are accelerated by the grid to anode electric field and ionize
the gas molecules by collision. The positive ions thus created will travel to the grid
if it is negative, covering it with a sheath of ions which neutralizes the electrostatic field
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of the grid and allows the anode field to accelerate more electrons. The process is
regenerative until the current is limited by cathode emission or by external circuit
resistance. The grid loses all control once it reaches the critical grid potential which
allows enough electrons to enter the grid-anode region to initiate complete ionization.
Grid control can be regained only by reducing the grid and anode potentials below
the ionization potential of the gas. The critical grid voltage depends upon the elec-
trode structure, anode voltage, and gas pressure. The performance of a thyratron
is described by its grid-control characteristic. This is a plot of anode voltage versus
critical grid voltage above which the tube ionizes. The grid-control characteristic
of a typical tube is shown in Fig. 2.64. The major portion of the grid-control char-
acteristic curve is nearly linear, and its slope AE,/AFE. is called the thyratron control
ratio.

The grid structure of a thyratron is quite different from that of a high-vacuum
tube. The grid shields the cathode from the anode very completely and usually
contains one er more holes of much larger size than a high-vacuum-tube grid mesh.
Typical electrode arrangements are illustrated in Fig. 2.65. By using several grid
baffles it is possible to require positive grid voltage for ionization to occur.
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Grid current may flow in a thyratron just prior to and during conduction. In any
application this current must be taken into account in the design of the external grid
circuit. The principal causes of grid current are electrons attracted to the grid from
the cathode when the grid is positive or intercepted by the grid when it is just slightly
negative with respect to the cathode (Edison effect); positive ions attracted to the
grid when the grid is negative; electrons emitted from the grid because of contami-
nation of the grid.

One limitation in the use of thyratrons is the time required for gas deionization
after the anode and grid voltages have been reduced below the ionization potential.
The deionization before the anode voltage is reapplied must be complete enough so
that the remaining ions are insufficient to shield the grid and cause it to lose control.
The necessary deionization time increases with anode voltage, increased spacing
between electrodes and between electrodes and walls, increased current previous to
extinetion, and increased gas pressure. Deionization time is reduced by negative grid
and anode voltages after conduction and low resistances in grid and anode circuits.
The deionization time is also a function of the type of gas used in the tube. Mercury
vapor, argon, and hydrogen are commonly used. Because of its high positive ion

PLATE
If’urf
)
6D — — —
CATHODE CATHODE

(@) SINGLE GRID BAFFLE (&) MULTIPLE GRID BAFFLE

F1a. 2.65. Typical electrode arrangements in thyratrons.

mobility due to low ion mass, hydrogen ionizes and deionizes most rapidly. Repre-
sentative values of deionization times are shown in Table 2.5.

Thyratrons are used for rectification, power control, power inversion (direct current
to alternating current), and as switches. Hydrogen thyratrons are widely used in
pulse modulators for radar transmitters. The characteristics of some commonly
used thyratrons are given in Table 2.5,

2.8¢. Voltage and Current Ratings of Hot-cathode Gas Diodes and Triodes. The
various voltage and current ratings applied to hot-cathode tubes are listed as follows:

1. Peak forward voltage. This is the maximum voltage that can be applied to the
anode of a thyratron without danger of a glow discharge forming between grid and
anode, causing loss of grid control.

2. Peak inverse voltage. This is the maximum negative voltage that can be applied
to the anode without danger of a glow discharge between the anode and the grid or
cathode, allowing current flow in the reverse direction.

3. Mazimum peak cathode current. This is the highest current that the tube can
carry for short periods of time without damage to the cathode because of positive-ion
bombardment.

4. Mazximum average anode current. This is the highest current the tube can carry
continuously without overheating of the anode. .

5. Maximum peak grid current. 'This is the highest current that the grid can carry
for short periods of time.
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TasBLE 2.5. CHARACTERISTICS OF SEVERAL THYRATRONS

Maxi- Maxim
Anode | mum | Maximum ;;:ra:em Ioni~ Deioni-
Tube Type Gas voltage| peak [peak cath- cathode zx?tlon zation,
drop, anode ode cur- time, psec
current,
volts | voltage, | rent, amp psec (approx.)
amp
volts
2D21 Tetrode | Inert gas 8 650 10 0.1 0.5 35
6D4 Triode | Inert gas 18 350 0.11 0.025
2050 Tetrode | Inert gas 8 850 10 0.1 0.5 50
3C23 Triode | Inert gas and 15 1,250 120 1.0 10 1,000
mercury vapor

3D22 Tetrode | Inert gas 10 650 30 0.8 0.5 150
105 Tetrode | Mercury vapor 16 | 10,000 160 8.0 10 1,000
3C45 Triode | Hydrogen 150 3,000 35 0.045 0.6 25
4C35 Triode | Hydrogen 1,500 8,000 90 0.1 0.6
5C22 Triode | Hydrogen 2,500 ; 16,000 325 0.2 1.0
1907/5949 | Triode | Hydrogen 5,000 | 25,000 500 0.5 1.0
1257 Triode | Hydrogen ..... | 38,000 [ 2,000 2.5
1258 Triode | Hydrogen 100 1,000 20 0.05 0.6

6. Mazximum average grid current. This is the highest current that the grid ean
carry continuously.

7. Integration time. The instantaneous anode current averaged over the integra-
tion time must not exceed the average current rating,

2.9. Transistors. A transistor is a semiconductor amplifier. By properly pre-
paring and processing semiconductor materials such as alloyed germanium or silicon
and attaching three or four electrodes in the correct manner, it is possible to obtain
current amplification and/or considerable power gain. Such a device can thus per-
form functions analogous to vacuum tubes in various circuit applications.

Transistors are relatively small, require no filament power, have practically un-
limited life when used properly, and can be made quite rugged mechanically.

2.9a. Properties of Semiconductors. Transistor operation can be better understood
when some of the more important characteristics of semiconductor materials are
known.!

Atomic Structure. In atomic theory, the atoms of each element consist of a nucleus
having a specific mass and electric charge and one or more electrons revolving in
orbits about the nucleus. The innermost orbit contains a maximum of two electrons,
the next two orbits each contain a maximum of eight electrons, and the fourth and
fifth orbits contain a maximum of ten and eight electrons, respectively. The elec-
trons in the outer orbit are known as valence electrons, and only valence electrons
enter into combination with other atoms. Those elements which have four valence

1 For a comprehensive treatment of this subject see W. Shockley, * Electrons and Holes
in Semiconductors,” D. Van Nostrand Company, Inc., New York, 1950.
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electrons and which require four additional electrons to complete their outer orbit are
of specific interest because of their semiconductor properties. - Two of these elements,
silicon (14 electrons) and germanium (32 electrons), are currently being used in diodes
and transistors.

In atomic theory, the electrical properties of the elements are explained by the con-
cept of energy bands. The valence electrons are believed to have certain distinct
energy levels or bands, and the conductivity of the element is determined by the
energy required to elevate its valence electrons from their normal energy band to the
conduction band, which has the highest energy level. Typical energy-band diagrams
are shown in Fig. 2.66. In the case of an insulator, the energy gap separating the
valence band and the conduction band is extremely large, and it is very difficult for a
valence electron to reach the conduction band. In the ¢ase of a conductor, the val-
ence band and the conduction band overlap, and the valence electrons are available
for conduction. In a semiconductor, the energy gap separating the valence band and
the conduction band is very small, and the thermal energy of the valence electrons at
room temperature is sufficient to allow appreciable conduction. The energy gap for
silicon is 1.11 electron-volts, and the energy gap for germanium is 0.72 electron-volt.

Crystalline Structure. The crystals of germanium and silicon are tetrahedral in
shape, with each of the four valence electrons of each atom forming a covalent bond
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with one of the valence electrons of four adjacent atoms. In this form, crystalline
germanium or silicon is in equilibrium, has no net positive or negative charge, and at
low temperatures is an insulator.

If sufficient energy, such as thermal energy, is present, some of the valence elec-
trons will be excited into the conduction band and will be freed from their covalent
bonds. The removal of the electron from the atom leaves the atom with a net positive
charge. This absence of an electron in the crystal is referred to as a hole, and the
excitation of an electron into the conduction band results in the creation of a hole-
electron pair. The application of an electric field will cause the electron and hole to
drift in opposite directions in response to the field force. Motion of a hole is accom-
plished by the movement of an electron from an adjacent atom into the vacancy
in the first atom, creating a hole in the second atom. The repetition of this process
constitutes movement of the holein response to an applied electric field. Thedensity n;
of thermally generated hole-electron pairs increases exponentially with temperature.
For germanium st room temperature (300°K), n; = 1.7 X 102 pairs/cm3,

Impurity Conduction. The conductivity of germanium and silicon is greatly
increased by certain impurities, and it is possible to carefully control the conductivity
of germanium or silicon in this manner. - Although the same principles apply to both
silicon and germanium, only germanium is considered here, When a controlled
amount of arsenic or antimony, both of which have five valence electrons, is added to
crystalline germanium, its atoms unite in covalent bonds with the germanium atoms.
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But since only four of the valence electrons can form covalent bonds with the sur-
rounding germanium atoms, the fifth valence electron is left free. The energy
required to make this electron available for conduction is approximately 0.01 electron-
volt for germanium (0.05 electron-volt for silicon) at low concentration levels, and at
room temperature the thermal energy of the electron ig sufficient to elevate it to the
conduction band, The absence of the extra valence electron from the arsenic or anti-
mony atom leaves it with a net positive charge of 1 electron unit. This positive charge
establishes an electric field about the atom, resulting in a distortion of the covalent
bonds surrounding it in such a manner as to reduce the field. At room temperatures
the thermal energy of the excess valence electrons is sufficiently high that the reduced
attractive force of the arsenic atom is insufficient to retain the fifth valence electron.
Impurity elements which add free electrons are referred to as donors, and germanium
containing donors is known as N-type germantum, since current flow is accomplished
by the motion of negatively charged electrons.

If controlled amounts of gallium or indium, which have only three valence electrons,
are added to crystalline germanium, the valence electrons of these atoms will also join
in the covalent bonds with the valence electrons of the surrounding germanium atoms.
In this case, however, one of the four covalent bonds joining the gallium or indium atom
with the four surrounding germanium atoms is incomplete. A valence electron from a
germanium atom somewhere else in the crystal will fill in the incomplete bond, leav-
ing a hole elsewhere in the crystal and giving the gallium or indium atom a net negative
charge of e. The covalent bonds with adjacent electrons become distorted in such a
manner a8 to reduce the resulting electric field, and at room temperature the field is of
insufficient strength to attract the holes formed in the germanium. Impurity ele-
ments which result in a deficiency of electrons in the crystal are known as acceptors,
and germanium containing these elements is known as P-fype germanium, since cur-
rent flow is effectively the result of the motion of the positively charged holes. The
concentration of impurities in both N-type and P-type germanium is extremely low,
about 10'® atoms per cubic centimeter. )

The PN Junction. When P-type germanium and N-type germanium are joined
together, a PN junction is formed. Such a junction exhibits the property of rectifi-
cation;i.e., the current flow resulting from a voltage applied in one direction across the
junction is different than the current flow which results from the same voltage applied
in the opposite direction across the junction.

The P-type germanium contains holes having positive charges which are free to
move about and acceptor atoms which have negative charges and are fixed in place.
The N-type germanium contains electrons which are free to move about and donor
atoms which have positive charges and are fixed in place. Since the number of holes
in the P-type germanium equals the number of acceptors and the number of electrons .
in the N-type germanium equals the number of donors, neither crystal has any initial
charge. However, when they are placed together, thermal energy will cause some
electrons to diffuse into the P region and some holes to diffuse into the N region.
This diffusion causes the P region to attain a slight negative charge and the N region to
attain a slight positive charge. This is illustrated in Fig. 2.67. As a result, a poten-
tial gradient is developed across the junction which causes the electrons in the N region
to tend to stay in the N region and move away from the junction and causes the
holes in the P region to tend to stay in the P region and move away from the junction.
The surplus charge in each region thus becomes concentrated near the junction.
The thermal energies of the holes and electrons are sufficient to cause a certain per-
centage of the holes in the P region to overcome the potential gradient at the junction
and move into the N region, and a corresponding percentage of electrons in the
N-region to move into the P-region. These electrons and holes diffuse about in
their new regions for some average time called the lifetime and then combine with an
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opposite charge in that region. This net current flow is just balanced, however, by
the rate at which new electrons are created in the P region and new holes are created
in the N region by the thermal generation of hole-electron pairs in both regions and
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F1a. 2.67. The distribution of charges in a P-N junction under thermal equilibrium.

are swept back into their respective N-region and P-region as a result of the com-
bined effects of thermal energy and the potential gradient across the junction. At
any temperature, the generation and the recombination of hole-electron pairs are in
equilibrium, resulting in a specifie concen-
tration of holes and electrons in the ma-
terials determined by thermal energy.

zr
Y/
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/ As a result, there is no net current flow

Q_J
e s ther
1) across the junction.
d§ + When a potential is applied across the
(@) ZERO APPLIED POTENTIAL junction which aids the potential gradi-
Ir ent already existing across the junction
P> (the N-type germanium made positive
€ with respect to the P-type germanium),
the flow of forward current I, due to
odd electrons in the N region passing to the
=< . .
Eg P region and holes in the P region pass-
EE ing into the N region is proportionately
& reduced, while the flow of reverse current
+ I, due to newly created electrons in the
(5} REVERSE BIAS P region and newly created holes in the
N region diffusing across the junction
I remains essentially constant. Anapplied
oF 1, potential of this polarity is referred to as
o -— .
s= a reverse potential. The net current flow
o e
25 + > approaches a constant value as the for-

ward current I, is reduced to zero while
the reverse current I, remains constant.
If a forward potential is applied across
the junction (the P-type germanium made
positive with respect to the N-type germanium), the number of electrons moving
from the N region to the P region and the number of holes moving from the P region
to the N region increase greatly, while the reverse current I, remains nearly constant
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Fia. 2.68. Junction potential variation with
forward and reverse bias.
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as before. The net current I; — I, increases exponentially as the forward potential is
increased. The variations in the electric potential across the junction with forward
and reverse biases are illustrated in Fig. 2.68. For a forward bias causing a very large
forward current flow, the reverse potential across the junction is very nearly,
eliminated.

Values of forward bias of more than a few tenths of a volt result in relatively large
junction currents. However, because of the resistivity of the P and N materials and
the voltage drop across these materials due to the junction current, a considerably
larger voltage (in the order of 1 volt) must be applied across the terminals of the PN
junction diode to obtain a junction bias of a few tenths of a volt. At high applied
forward voltages, the junction potential is essentially zero and the only restriction to
current flow is the resistance of the impure germanium,
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Fia. 2.69. Junction transistor operation.

2.9b. Junction Transistors. By joining another P or N layer to the PN junction,
either an NPN or a PNP junction transistor is formed. The junction configurations
for these two basic transistor types are shown in Fig. 2.692 and b. The center material
is called the base, one of the outer layers is called the emiiter and the other the collector.

Junction Transistor Operation. In the NPN junction transistor with no voltages
applied, the electrostatic potentials at the two junctions will be as shown in Fig. 2.69c.
If the NPN junction transistor is biased as shown in Fig. 2.69d, there will be a rela-
tively large foward current flow across the emitter-base junction, and a relatively
low reverse current flowing across the base-collector junction because of the reverse
potential applied across this junction. However, if the width of the P-type ger-
manium base is small compared to the average path length of an electron in the base
before recombining with a hole, most of the electrons crossing the emitter-base junc-
tion will diffuse through the base to the base-collector junction, where they will be
drawn across this junction by the applied voltage. Thus, nearly all the emitter
electron current will add directly to the collector reverse current. The potentials
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across the NPN transistor junctions with applied bias voltages are as shown in Fig.
2.6%.

The collector current becomes relatively independent of the collector voltage when
the collector junction is biased in the reverse direction since the reverse current is
unaffected by the potential gradient across the junction. As a result, the collector
resistance r. may be as high as several megohms. The incremental change in collector
current Al resulting from an incremental change in emitter eurrent Al. is known as
the current amplification factor «

a == (2.63)
V. = constant

where V. is the collector to base voltage

The value of « is always less than unity in the junction transistor, generally being in
the range of 0.95 to 1.0. However, the ratio of change in emitter or collector current
to base current is normally in the range of 20 to 100, resulting in high current gain
when the junction transistor is operated in the grounded-emitter circuit. Because
of the high ratio of output-to-input resistance of the junction transistor, it has a large
power gain in the grounded-base circuit even though the emitter-to-collector current
gain is less than unity.

The operation of the PNP junction transistor is exactly analogous to operation of
the NPN junction transistor except that the bias voltage polarities are reversed and
the emitter current carriers are holes instead of electrons.

High-frequency Effects. The operation of junction transistors at high frequencies
is adversely affected by three principal factors: collector-junction capacitance, phase
shift, and charge-carrier diffusion.

The charge carriers, i.e., electrons and holes, of both base and collector are drawn
away from the collector-junction region by the inverse potential, leaving a distribution
of charge across the junction due to the donor and acceptor atoms. The density of the
charge carriers increases with distance from the junction and decreases with increasing
voltage. Thus the junction charge due to donor and acceptor atoms increases with
voltage, and the junction exhibits capacitance. - The collector-junction capacitance is
a function of the junction voltage, current, area and the type of junction. Capaci-
tances in the range of 5 upf to 50 uuf are typical. Because of the high collector resis-
tance, this capacitance severely limits the gain-bandwidth product of the transistor.

Because there is no potential gradient across the base to accelerate the emitter
current carriers from the emitter junetion to the collector junction, the emitter current
carriers diffuse relatively slowly through the base to the collector resulting in an
appreciable time delay between emitter and collector currents. This time delay
represents a phase shift of the collector currents relative to the emitter current at the
signal frequency, and in the grounded-emitter circuit this phase shift may cause a
considerable reduction in base-to-collector current amplification 8 at relatively low
frequencies for values of « close to unity. This is the case since g = a/(1 — a).

Due to the differences in diffusion paths taken by the emitter current carriers in
traveling through the base from emitter to collector as aresult of their thermal energies,
there is a dispersion in the arrival time at the collector of carriers which left the emitter
at the same time. This dispersion results in an increasing degree of cancellation of the
signal as the spread in arrival times becomes a large fraction of one cycle of the signal
frequency. As a result, « decreases with increasing frequency.

Junction Transistor Construction. Three different manufacturing processes are
employed in the construction of junction transistors. In the grown-junction process,
a suitable amount of impurity is added to a container of molten germanium to form
either P-type or N-type germanium. A seed crystal is lowered into the molten
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material and gradually raised as the crystal grows. When the crystal is of sufficient
size, enough of the opposite impurity is added to balance out the original impurity
and reverse the impurity type. After the crystal has grown a short time further,
the impurity balance is again reversed and the crystal allowed to grow until the new
layer is of sufficient size. Either PNP or NPN transistors can be constructed by this
process. A grown-junction NPN transistor is illustrated in Fig. 2.70aq.

In the diffusion process, an impurity such as arsenic is added to molten germanium
to create N-type germanium. The solidified metal is then cut into thin disks. By
soldering (melting) a small amount of indium or gallium to opposite sides of the disk,
some indium or gallium is diffused into the N-type germanium changing it to P-type
and forming a PNP transistor. A PNP diffused-junction transistor is illustrated in
Fig. 2.70b.

In the etched process, two streams of an electrolyte are directed at opposite sides
of an impurity crystal. A current is passed through the two electrolyte streams which
attracts the crystal particles and allows them to be washed away. When the crystal
is sufficiently thin, the polarity of the two streams is reversed, which allows some
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Fiag. 2.70. Basie forms of junction transistors.

material of opposite impurity to be deposited. By this technique, transistors having
very thin base layers can be constructed with precisely controlled characteristics.
The use of a thin base layer greatly improves the high-frequency response of the
transistor, but reduces the allowable power dissipation.

Static Characteristics, There are four interrelated parameters which specify the
characteristics of transistors and determine the operating point for any particular
circuit configuration. These are emitter current, emitter base voltage, collector cur-
rent, and collector-base voltage. The specification of any two of these parameters
determines the other two.

Although there are a number of possible ways to plot transistor characteristics, the
two generally accepted families of curves are (1) collector current versus collector
voltage for constant values of emitter current, and (2) emitter current versus emitter
voltage for constant values of collector current. From these two sets of characteristic
curves, all the operating conditions can be determined. Because of the wide use of
transistors in the grounded-emitter circuit, manufacturers’ data also often include
curves of collector current versus collector voltage for constant values of base current.
This greatly simplifies the determination of the operating point and load line in
grounded-emitter amplifier circuits. Characteristic curves for a typical junction
transistor are shown in Fig. 2.71. The collector voltage versus collector current
curves in Fig. 2.71a are seen to be very straight, nearly parallel to the voltage axis
and quite evenly spaced. These factors indicate very high output resistance and
excellent linearity for large signals,

2.9¢c. Point-contact Transistors. The earliest type of transistor was the point-
contact. The construction of a typical PNP point-contact transistor is shown in
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Fig. 2.72. Two closely spaced electrodes having fine points are pressure-mounted
against a small block of N-type germanium which forms the base of the transistor.
In the manufacturing process a small hemispherical area in the base around each
electrode is converted to P-type germanium. EMITTER COLLECTOR

One of these areas is the emitter and the ELECTRODE  ELECTRODE

other the collector. In the forming process,
a relatively large current is passed through
the collector electrode for a short period of
time to create the desired imperfections in
the base material surrounding the collector.

The P-type germanium collector forms
a PN junction with the block of N-type
germanium. Biasing the collector nega-
tively increases the potential gradient across
this junction and reduces the forward current N-TYPE GERMANIUM BASE
to a value less than the reverse current I[,.
When a positive bias is applied to the
emitter, current will flow between the emitter
and base. This current consists princi-
pally of holes moving from emitter to base.
Because the base-collector junction is very close to the emitter-base junction, the
holes are drawn to the collector by the potential gradient across the collector junction.
Although the exact mechanism of current amplification is not well understood, the
result is that current amplification greater than unity is obtained in the point-contact
transistor. Values of « of 2 to 3 are typical.

Static Characteristics. The static characteristics of a typical point-contact tran-
sistor are given in Fig. 2.73. Comparison with the junction-transistor characteristics
of Fig. 2.71 shows that the collector resistance r, is considerably lower in the point-
contact trangistor, typically being in the order of 50,000 ohms. The input resistance
is quite low, varying from several hundred ohms at low emitter current to approxi-
mately 50 ohms at high current levels. Power gains in the order of 20 to 30 db are
typical for point-contact transistors.

Point-contact Transistor Frequency Response. The same general effects limit the
frequency response of point-contact transistors that limit the frequency response of
junction transistors (Sec. 2.9b). However, the lower collector resistance r, and a
smaller collector capacitance due to a smaller collector-junction area make the effects
of collector-junction capacitance less serious than for the junction transistor. The
effects of carrier dispersion and carrier transit time between emitter and collector
limit the frequency response by reducing « with increasing frequency. However,
the transit time of minority carriers in the base is less in the point-contact transistor
than in the junction transistor because the electric field of the collector extends into
the base region in the point-contact transistor.

In point-contact transistors, the transit time of electrons and holes through the
germanium semiconductor is given by?

T

P-TYPE GERMANIUM
REGIONS

AN

F1a. 2.72. Point-contact transistor con-
struction.

_ S3a

I‘Io

(2.64)

where T = time in seconds required for the electrons or holes to travel from the
emitter to the collector
8 = spacing between the emitter and collector point contacts, cm
¢ = conductivity of the germanium, (chm-cm)—?

1 W. Shockley, “ Electrons and Holes in Semi-conductors,”” D. Van Nostrand Company,
Inc., New York, 1950,
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mobility of the holes or electrons, cm?2/volt-sec

no=
_ drift velocity of electrons or holes
" applied electric-field gradient

I, = emitter current, amp

From Eq. (2.64) it can be seen that transit time, and consequently the high-frequency
response in point-contact transistors, is
fg=0 extremely dependent upon the close
spacing of the emitter and collector
electrodes. With contact spacings of

B M4
2

7 ’ about 0.003 in., the current amplification
W 0F factor cutoff frequency f. is about 1.5
é Me, and for a contact spacing of 0.0005
$-20 |- in., f. is about 200 M¢. Because of elec-
trical-stability considerations and the
difficulty of mechanical construction,
-or most point-contact transistors have an

fe of 2 to 5 Me.

2 4 6 8 s

0 2.9d. Tranststor Circuit Analysis.
0 . .
I A Transistors can be represented schemati-
(@)} ¥, ~ I, CHARACTERISTICS cally as illustrated in Fig. 2.74. The
06 ) arrow . identifies the emitter, and the di-
05 2ma rection of the arrow indicates the direc-
’ 4 tion of conventional current flow in the
%3 3 .

2 04r 8 emiltter.
EXTY Transistor Equivalent Circuit. The
= ozl equivalent circuit of a transistor is shown
’ in Fig. 2.75. The base resistance r, is
01 common to both the emitter and collector
0 \ L . L - voltage loops. The collector loop con-
0 ' 2 o, WA 3 4 °  tains an equivalent voltage generator
) 11 CHARACTERISTICS isrm, Where 4, i3 the incremental emitter

Fia. 2.73. Characteristic curves of typical current change and 7, is a mutual resist-
point-contact transistor. ance analogous to mutual conductance

in a vacuum tube. The emitter has a
dynamic resistance 7., and the collector has a dynamic resistance r,.

The characteristics of transistors may be plotted as families of curves for four
combinations of transistor parameters (see Fig. 2.73). If a transistor is considered
as a generalized four-terminal network (see Sec. 23.14) the following general equations
can be written

Ve = t.R11 + i.R1s (2.65)
Ve = tRo + 1.R22 (2.66)

Each of the impedance terms in these equations corresponds to the slope of one of
the characteristic curves of the transistor. For small signals, the slopes of the curves
may be taken as constants at the appropriate operating point, and from these con-
stants the values for each element in the transistor equivalent circuit can be deter-
mined. A comparison of the equivalent circuit of Fig. 2.75 with Eqs. (2.65) and
(2.66) yields the following relationships:

7e = R — Rz (2.67)
= Rz (2.68)
re = Rap — Rz (2.69)

Tm = Rzl - Rlz . (2.70)
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In addition, the current amplification factor « is given by

Bu_ntm
@ Ras —— (2.71)
The complete equivalent circuits for a transistor including external circuit imped-
ances in the three possible amplifier configurations are shown in Fig. 2.76. The
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Fia. 2.74. Schematic representativn of transistors.

COLLECTOR

BASE
Fia. 2.75. Equivalent circuit of a transistor.

equations for various impedances and gains of these circuits are given below. It
should be noted that if there is any external impedance in series with the electrodes
shown grounded in Fig. 2.76, it can be taken into account in the equations which
follow by adding the impedance directly to the dynamic resistance of that electrode
wherever it appears. The image impedances represent the source and load imped-
ances which will match the input and output impedances of ‘the transistor in the
indicated circuit.

CASE I—GROUNDED BASE

1. Input impedance:

L _ ro(rm + 1)
Z;=rs+m —— (2.72)
2. Output impedance:
_ _ relrm + )
Zo =15 + 76 B irin (2.73)
3. Forward voltage gain:
Ri@n + rm) @.74)

A =
(s 4+ re + RL)(re + 15) — (o + 1)1
4. Forward power gain:

_ 4%z

¢ . Ri

(2.75)

5. Image input impedance:

Zu=(n+r) \1 - T—"i”—n (2.76)
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{0) GROUNDED BASE

{£) GROUNDED EMITTER

{C1GROUNDED COLLECTOR

Fic. 2.76. Three basic transistor amplifier equivalent ecircuits.

The arrow at the emitter

indicates the conventional current direction. The bias polarities shown are correct for

P-N-P type point-contact transistors and P-N-P junction transistors.
tion arrows and bias polarities are reversed for N-P-N junction transistors.

6. Image output impedance:
ary
Zig = (rs + 7 \/1 _——
12 = (T e) g
CASE II——GROUNDED EMITTER

1. Input impedance:

R re(rc + RL)
SR ny
2. Output impedance:

(ro — rm)(rs + R.)

Zo =1 + re + 75 + R
3. Forward voltage gain:
A= md iz
(r +r)(re + Be) "
Tm — Te i
4. Forward power gain:
G=aZ

Ry

The current direc-

(2.77)

(2.78)

(2.79)

(2.80)

(2.81
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5. Image input impedance:

2-69

Telc
Z“ = V(Tb + Tg) (7'1; + m) (2.82)
6. Image output impedance:
_ (re — 'rm)Tb]
Zyg = \/[re + T (re + 1o) (2.83)
CASE III—GROUNDED COLLECTOR
1. Input impedance:
- Tc(ra -+ RL)
Zi=r+ (2.84)
2. Output impedance:
_ (ro + Ba)(re — 7m)
Zo =1+ S (2.85)
3. Forward voltage gain:
_ r Ry,
A= G F 00 F B Tl —7m) (2.86)
4, Forward power gain:
Zs
G = A? L (2.87)
5. Image input impedance:
Zu=\(n+ 5 ) o+ 2.88)
6. Image output impedance:
Zy = \/[7'9 + 1”%“%"—)] (re +7c — ) (2.89)

The variation of input resistance Z; as a function of Ry is illustrated in Fig. 2.77

for the three basic transistor circuits.

The characteristics of a number of junction

transistors are given in Table 2.6, and the characteristics of several point-contact

transistors are given in Table 2.7.

TasLE 2.6. CHARACTERISTICS OF SEVERAL JUNCTION TRANSISTORS

Power Base Noise Cutoff

’Ijra.n— Type | gain Ter 5 Tor current figure freq.
sistor ab ’ | ohms | ohms ohms amplification*| dbt i gf,c
CK722 | PNP | 39 25 250 | 2 megohms 22 25 0.6
CK721 | PNP 41 25 700 | 2 megohms 45 22 0.8
CK725 | PNP 42 25 | 1,500 | 2 megohms 90 20 1.2
CK727 ([PNP | 36 50 500 | 2 megohms 25 12 0.8
2N99 |NPNy 47 | ... | ..... | «oooie.. 40 20 3.5
2N100 |NPN| 53 | ... | ..o | vevunnnnn 140 20 5
2N114 {PNP | 33 | ... | cevve | cveenunnn 65 - 20

* Ratio of collector current to base current in grounded emitter circuit.

1 Measured in a 1-cycle band at 1,000 cycles,

Feedback in Point-contact Transistors.

An analysis of the equivalent circuit of a

transistor shows that the internal positive current feedback between emitter and
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TasLE 2.7. TypicaL PoINT-CONTACT TRANSISTOR CHARACTERISTICS

Power Cutoff Noise
Type no ain T8 "o "er freq. figure,*
ype no. 831, 1 ohms | ohms @ ohms fe gure,
db ’ db
Me
2N32 21 40 | 260 | 2.2 | 3IK 2.7 | 40
2A 22 500 300 2 10K 2 55
2N52 22 1.5 1
GE-G11 17 200 2756 2.2 22K 2 57

* Noise figure measured in & one-cycle band at 1,000 cycles.

collector will cause oscillation at any frequency where the conditions of the following
equation are met.
Zy+Te o Tm —Te — Zs
Zy+rn = Zotre

-1 (2.90)

where Z,, Z;, Z. = external circuit impedances in series with the emitter, base, and
collector electrodes, respectively

The significance of Eq. (2.90) is twofold. First, if the external impedances are

properly chosen so that the left term of the equation is equal to or less than the right

| i
1 Loy
] O —
| GROUNDED -
| COLLECTORN. | §
|

- ! | |
< I ' {
3 %o T —
@ |
v
2 |
&
'é ro+1p
Z
ro*1pl1-a)

LOAD RESISTANCE A,
Fia. 2.77. Variation of transistor input resistance with load resistance.

term at any frequency where the current amplification factor « is greater than unity,
the transistor will oscillate at that frequency without any external feedback. With
a transistor of specified characteristics this can be accomplished by a sufficiently
low value of Z, and Z, and a sufficiently large value of Z,. Typical oscillator circuits
for a point-contact transistor are shown in Fig. 2.78. When the current amplification
factor « is reduced below unity, r,, is reduced in magnitude to the point where the
right side of Eq. (2.90) is negative even when Z, and Z, are made zero. The transistor
cannot oscillate under this condition.
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The second ramification of Eq. (2.90) is that a point-contact transistor operating
as an amplifier will be unstable at any frequency including zero frequency (d-c)
where Eq. (2.90) is satisfied. In oscillator circuits the d-¢ stability condition must be
satisfied. Therefore sufficient resistance must be present in series with either the
emitter or the collector to ensure stable operation and prevent possible damage to the
transistor in any circuit application.

2.9e. Bias and Stabilization Consideralions. In contrast with vacuum tubes,
transistors are extremely temperature-sensitive. One effect of a temperature increase
is an increase in the zero-emitler collector current i.., that is, the collector current with
zero-emitter current, and another effect is a decrease in the emitter to base voltage
V. The increase in 7., causes an increase in the total collector current z. which in
turn causes additional collector heating and a further increase in 7.,. In the extreme
case, the transistor will either “run away’’ and destroy itself, or the drift will be so
excessive that the collector-to-base voltage will be reduced nearly to zero, thereby pre-
venting a symmetrical voltage output swing. Similarly, the decrease in V., causes
an increase in the collector current with the same undesirable effects which are associ-
ated with the increase in 7,. The terms S and S’ have been adopted to express the
stability of the collector current with respect to changes in 7., and V, respectively
and are discussed in the material which follows.

In an a-c amplifier, the problem of temperature stabilization is less severe than in
a direct-coupled amplifier since the d-c¢ drift in each stage is not amplified in the follow-
ing stage or stages. In a high-gain direct-coupled amplifier, a very small amount of
drift in a low level stage is amplified and may reach saturation level in the output
stage. Stabilization of the individual stages reduces the magnitude of the drift; how-
ever, it is almost always necessary to employ over-all amplifier compensation.

ll%f §

(0} PARALLEL RESONANT (&) SERIES RESONANT {¢) SERIES RESONANT
BASE CIRCUIT EMITTER CIRCUIT COLLECTOR CIRCUIT

Fia. 2.78. Oscillator circuits for point-contaet transistors.

Stability Faclor S. The zero-emitter collector current increases approximately
5 to 10 per cent for every degree centigrade increase in temperature. This is equiva-
lent to an increase of ¢, by a factor of approximately 50 to 200 for an 80°C rise.
Associated with the increase in ., i3 an even greater increase in the total collector
current 7,. The amount of increase in ?, is a function of the circuit configuration. In
order to express the effect the change in ., has on ., the term stability factor S has been
originated. 8§ is defined as the ratio of the incremental change in the total collector
current to an incremental change in the zero-emitter collector current.

i
o

S

(2.01)

As the value of S is decreased, the circuit becomes increasingly stable; however,
associated with the increase in stability is a decrease in circuit efficiency. For a
given transistor amplifier, it is possible to establish the circuit values which are
required to obtain a particular value of 8. Ordinarily, resistance in the base lead
is to be avoided since it increases S, thus contributing to temperature instability. If
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the external base resistance is equal to zero, S is very nearly equal to 1. In grounded-
emitter and grounded-collector circuits, it is possible to have extreme temperature
instability due to the external base resistance. In these applications, it is advisable

to establish the circuit parameters which provide satisfactory values of S.

{a} (¥)]
FiG. 2.79. Typical grounded emitter bias configuration.

The method of determining the stability factor of a ecircuit is best delineated by
considering a simple example. Assuming « to be constant over the temperature

range, Eqgs. (2.92) and (2.93) can be written for Fig. 2.79a.
le =1 — O
te = ale + 1o
R Rk L
Ty =
Also

E1 = Rlig + Rzib + Veb
E; = Buic — By + V.

Substituting the values for 4 and 7, in Eq. (2.96) and solving for 7, results in

i = a(E1 — Vi) + teo(Br + R2)
° R, + R2(1 - a)

and from Eq. (2.91)

S = % _ Ry 4+ R,
%o B+ RBR:(1 — @)
Equation (2.98) can be rewritten in terms of 8.

+ ES -1

2

o = Sigo

From Egs. (2.100) and (2.99)
_ Ry(i. — 8i..)

B, 8 —1
_E@E -1

R. = Te — Stos

R, = Bill = 80 — o]

te = Sico

(2.92)
(2.93)

(2.94)

(2.95)

(2.96)
(2.97)

(2.98)

(2.99)

(2.100)

(2.101)

(2.102)

(2.103)
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From Egs. (2.94) and (2.97)
E2=ic[RL+%—:—Q] +%+Va (2.104)

a a
The power Py, delivered by the two batteries is given by Eq. (2.105).

Pdc = Eli; + Ezic

- E‘(’—a"—) + Eui. (2.105)

The power dissipated in the transistor is very nearly equal to V...

The equations for 8, ¢, Ri, R, E,, and E, are interdependent since only four of
these variables can be specified independently. Consequently, it is necessary to
specify four of these parameters in order to establish the remaining two. For example,
for a particular transistor and value of S, the value of E; can be determined from
Eq. (2.101) for any desired value of R, since ., can be established from the transistor
characteristics and the desired value for 7, can be specified. In addition, « can be
established from the transistor characteristics, and V, can be specified. The remain-
ing steps consist of calculating R, from Eq. (2.103) and E, from (Eq. 2.104). The
power dissipated in the transistor is equal to V.., and the total power taken from the
batteries is given by Eq. (2.105). As the value of § is decreased, additional power
must be delivered by the batteries for stabilization.

As the temperature is increased, the zero-emitter collector current increases by an
amount Aé,. Therefore, the total collector current ¢, at the elevated temperature is
given by

i, =i, + 8 At (2.106)
where ¢, = initial collector current

Having established the value of 7, at the maximum operating temperature, it is
possible to determine the value of V., that is, the collector-to-base voltage at the
maximum operating temperature, For the circuit shown in Fig. 2.79a, V. is given
by Eq. (2.107).

Ra(a — 1)] Ry,

[+4

V.=E, -7, [RL + (2.107)

24

where i., = zero-emitter current at the elevated temperature

The power dissipated in the transistor at the elevated temperature is equal to
V.. The value of § is based on the allowable collector-current drift, allowable
maximum power dissipation, and the permissible power dissipation in the stabilizing
network. In general, a value of § between 3 and 5 is found to be adequate for a tem-
perature increase of 80°C when using germanium transistors,

Since the zero-emitter collector current is considerably lower for silicon transistors
than for germanium transistors, larger values of S can be used in circuits utilizing
silicon transistors. In either case, there is no general rule and each circuit must be
considered as an individual problem.

A summary of the equations applicable to the circuit shown in Fig. 2.79b are given
below.
14+ Ri/R; + B./Rs

5= 1 —a+ Ri/R; + Ri/R; (2.108)
R, = 2B =V — Ruid) 2,100
8 -1
B = R ¥ a8 = i) % — S0 (2.110)
a(E - Vc - RL'l:c) E
R, =EB -1 (2.111)

te — Sieo
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L EGS -1

G = Sico + Lﬁl (2.112)

ve-e[1-S (B ] -0 [V g sr]  eus
3 o [#3

Pu = Bi, + Lo 2 B Go = Suo) @.114)

As in the case of the circuit shown in Fig. 2.79a, the initial steps ordinarily consist
of specifying the desired value of S and establishing the desired values for V. and .
from the transistor characteristics. From the transistor curves, the values of both «
and <., can also be determined. For a particular gain, the value of B, will also be
specified. It is then possible to establish the relationship between F and R, and
between E and R. [Egs. (2.109) and (2.110)]. Therefore the assignment of a value
to R, establishes F and B;. The value of B! can then be determined from Eq. (2.111).
The collector-to-base voltage at an elevated temperature can be determined from
Eq. (2.113) by substituting ., for ..

A value of 8 larger than unity arises as a result of the change in 7., in the base lead
causing a shift in the bias voltage across the emitter-base junction because of resistance
R, in the base lead. This increase in forward bias with increasing temperature causes
an increase in I,, (1 — «)I, of which appears in the base lead in a direction opposite to
Afg. As a result, the shift in forward bias across the emitter-base junction is nearly *
compensated for, but at the expense of an increase in I, and I.. The introduction of a
registance R, into the emitter lead causes the increase in I, arising from A., to develop
a counteracting bias across R,, which also compensgates for the original change in
bias caused by Ai., flowing in R, Since Al, is 1/(1 — «) times greater than
the net current change in the base lead, the presence of resistance in the emitter lead
greatly reduces the current change required to return the emitter-base junction bias
to the original value. The stability factor 8 is related only to the ratio RBy/R, and «,
and is given by Eq. (2.115) for any circuit configuration.

1 + Rb/Rc
14+ (1 — a)B/E.

where R, = effective d-c resistance in base lead, e.g., Rz in parallel with R; in Fig. 2.79b
R, = effective d-c resistance in emitter lead
Stability Factor 8. The stability factor S’ is the ratio of the incremental change
in collector current to an incremental change in the emitter to base voltage. From
Eq. (2.98),

S = (2.115)

;0 —a
S =, "Ba-w Tk (2.116)
where R; and R, are defined in Eq. (2.115). The incremental change in the collector
current resulting from a change in ¥V, can be determined from Eq. (2.117).

ai, = S'KAT (2.117)

where AT = incremental temperature change in degrees centigrade
K = —0.0018V/C* for silicon

~0.0014V/C"° for germanium

Note that a large value of Rs reduces S’ [see Eq. 2.116)] and increases S [see Eq.
(2.115)].  In general, only in those applications using low-power silicon transistors is it
necessary lo calculate S’ and determine the drift in collector current due to variations in
Vea. For other transistors, the effects of 7., variations are far more significant.

Methods of Stabilization. As previously stated, more and more power must be
dissipated in the biasing network as the stability factor is decreased. In the power
output stage of an a-c coupled amplifier, the amount of power which must be dis-

[
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sipated in the biasing network to achieve the desired stability factor is often so large
that other techniques must be employed. It frequently is advantageous to utilize
an additional transistor (which also provides additional gain) or some nonlinear
element such as a diode or thermistor for temperature stabilization.

With reference to Fig. 2.80a, the transistor 7’1 has been added to stabilize 72. An
increase in temperature would cause the collector voltage on both T'1 and T2 to become
more positive when considered individually. However, because of the coupling
between 71 and T2, the incremental voltage change at the collector of 71 is amplified
by T2 and appears larger in magnitude and with a negative sign at the collector of 7'2.
If T'1 and 72 have similar characteristics, this signal will ordinarily more than com-
pensate for the positive signal appearing at the collector of T2 due to the temperature
increase in 72. If a variable resistor is placed in series with the interstage coupling
lead, it is possible to establish experimentally an optimum resistor value for tem-

Rq
mm—
7t 72
A -
R R T
0 F T
L ‘
(@)
As =
s~ +

Fra. 2.80. Circuit configurations for temperature stabilization.

perature stabilization. This type of stabilization is not considered to be too practical
because of the limited temperature range over which satisfactory stabilization can be
achieved. It is of importance to note that whenever two PNP or NPN transistors are
d-c coupled, temperature stabilization cannot be achieved unless one of the following
circuit configurations is used.

. Grounded emitter to grounded emitter
. Grounded base to grounded emitter
Grounded emitter to grounded collector
. Grounded base to grounded collector

. Grounded collector to grounded base

S N C

Good temperature stabilization can be achieved utilizing nonlinear elements. In
Fig. 2.80b, the interstage coupling network consists of a diode and a series resistor.
If a PN junction diode is used, it is possible to approximate closely the temperature
behavior of a junction transistor and thereby achieve better compensation. The
value of R should be experimentally adjusted for optimum stabilization.
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Another example of the use of a nonlinear element for stabilization is shown in
Fig. 2.80c. In the absence of the diode, there is a negative incremental increase
in the base-to-ground voltage and a positive incremental increase in the collector-to-
ground voltage associated with an increase in temperature. With the junction diode
added, an increase in temperature causes the reverse diode current to increase, thereby
introducing a positive incremental signal to the base. The positive signal at the
base causes the collector current to decrease, thereby tending to compensate for the
increase in the transistor zero-emitter collector current.

2.9f. Noise in Transistors. The randomness of motion of the electrons and holes
in a transistor gives rise to minute fluctuations in the transistor currents. These
fluctuations are called noise currents. The magnitude of the noise current in a
transistor is dependent upon the average current in the transistor and the frequency
and bandwidth of the measuring device. When there are no bias currents flowing
in the transistor, the noise output of the transistor is equal to the thermal noise that
would be obtained from a resistor of equal resistance. When a biasing current is
present, the transistor noise at low frequencies may increase to as much as 10% times
the equivalent resistor thermal noise. The noise power per unit bandwidth varies
approximately inversely as the frequency of operation up to approximately 100 kilo-
cycles where it has a value several times that of the resistor thermal noise. It remains
relatively constant for higher frequencies and is always several times larger than
thermal noise.

The noise characteristics of transistors are specified in terms of the transistor
noise figure (see Sec. 7.27). The noise figure for a transistor is usually specified for a
one-cycle bandwidth at 1,000 cycles. This measured value can be extrapolated to
other frequencies by the relation

Fan =~ Fro0 + 10 logso 1’(;00 2.118)
where Fg, = transistor noise figure in decibels for a one-cycle bandwidth at the new

frequency f
F1,000 = transistor noise figure in decibels for a one-cycle band at 1,000 cps
f = new frequency, cps
The noise figures of junction transistors are considerably lower than those of point-
contact transistors. The noise figures of several junction and point-contact tran-
sistors are listed in Tables 2.6 and 2.7, respectively.

Example 2.4

Design & class A common-emitter transistor power amplifier utilizing a 2N83 (NPN)
transistor. Use a circuit of the type shown in Fig. 2.79a and assume that the source has a
resistance of 100 chms and is a-c coupled to the base. Also assume that transformer output
coupling is used rather than the resistance load shown in the figure and that the transformer
primary has negligible resistance. Determine Ri, B2, a-c load impedance, E32, F1, maximum
power output, and power dissipation, assuming a maximum operating temperature of 70°C.
The common-emitter characteristics of the 2N83 transistor are given in Fig. 2.81. Shown
in Fig. 2.82a and b, respectively, are the critical runaway voltage Vit (see Fig. 2.82 for
definition) and dissipation-derating curves. Note: Construction of load lines and deter-
mination of operating points are discussed in detail in Seec. 3.

Solution

1. Determine the maximum allowable transistor dissipation

In Fig. 2.82b, it is seen that the maximum power dissipation at 70°C is 40 per cent of the
25°C power-dissipation rating of the transistor, provided V./Verit < 0.01. Assume that
this condition will be satisfied. The 25°C rating of the 2N83 (assuming typical heat sink)
is b watts (see Fig. 2.81); therefore, the maximum allowable power dissipation Pimax) i8

Pamax)y = 0.4 X 5 = 2.0 watts

2. Plot the 2-watt power-dissipation curve on the common-emitter characteristic curves
for the 2N83 as shown in Fig. 2.81.



VACUUM TUBES AND TRANSISTORS 2-77

3. Establish a quiescent operating point and construct an a-c load line which provides
reasonable linearity for large base-current swings. The quiescent operating point should
be on or below the 2-watt power-dissipation curve.

For the load line shown in Fig. 2.81, the operating point is defined by I, = 100 ma and
Ve = 20 volts. The value of the a-c load resistance Ri is established by the negative
inverse of the a-c load-line slope, i.e.,

20

Ry = 0.035 = 571 ohms

4. Determine the required stability factor S (disregard 7).

MAXIMOM RATINGS
COLLECTOR VOLTAGE : COMMON EMITTER D-C CROUT - 30 VOLTS
(4T 257) COMMON BASE D-C CIRCUIT 45 VoiTs
TNSTANTANEOUS -60 VOLTS
COLLECTOR CURRENT -1000 HA
EMITTER VOLTAGE -6 vouTs
TOTAL POWER DISSIPATION AT 25% ,
WITH RADIATING FIN F-1, FREE AIR 20 WATTS
CIRCULATING AIR 50 wATTS
WITH TYPICAL HEAT SINK 50 WATTS
WITH INFIRITE HEAT SINK 10.0 WATTS
JUNCTION | AND STORAGE) TEMPERATURE (T MAX ) 100 %€
z, 100 pd AT-i0v
anp 250
500 740 WA 720 MA
/
100 MA
| e
400 g0 MA
|1
B f"‘\"_' 60 WA
= —
P
z /——b WATT DISSIPATION CURVE 40 M4
2 300
° 30 M4
S \
S \ 20 M4
(]
o 200 N
g
L 10 MA
\ AN
—
100 sMA
\‘Q
\
4-C LOAD LINE 5,0
0 N
) 0 20 30 40 50

COLLECTOR VOLTAGE {VOLTS}
Fiq. 2.81. Common-emitter characteristics of 2N83 power transistor at 25°C.

With reference to Fig. 2.82a, it can be seen that the larger the value of Verit, the lower
must be the stability factor. From Fig. 2.82b, the smaller the value of Verit, the less power
can be dissipated in the transistor. Ordinarily, in a power amplifier, a value for Verit
which places V¢/Verit at the break point of the curves in Fig. 2.82b is considered to be satis-
factory; i.e., operation at this point provides maximum allowable power dissipation with
the maximum circuit stability factor for any given operating temperature. Therefore,

Ve _ 20 _
Verit = 001 ool = 2,000 volts

For a dissipation of 5 watts at 25°C, this requires a circuit stability factor of 5.3 or less (see
Fig. 2.82a). Therefore, make S = 5.

5. Determine the necessary value of emitter resistance Ru.

From Eq. (2.99)
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Ri/R2 + 1
Ri/R: + (1 — o)

or
B _1-801-a
R, S -1

In the region of the operating point, a 100-ma change in emitter current causes a 90-ma
change in collector current (see Fig. 2.83). Therefore, o = 0.9 and

R _1-50.1)

Z 2 = 0.125

To minimize loading of the source, R:; should be approximately 10R,. Therefore, let
R; = 1,000 chms. Then B = 125 ohms,

CRITICAL RUNAWAY VOLTAGE (.

L‘/?/T] AS A FUNCTION

DERATING CURVE FOR MAXIMUM

£ 100 OF STABILITY AND DISSIPATION RATING ALLOWABLE DISSIPATION
g &= == ] Sa2z € 00 25°C_AMBIENT [ T1
2 50 S| CURVE 4 5 [ CURVE 8
[y ANEEAN “‘ N oé_ =3 " \
I3 N \‘ ‘\‘ 2\ o 8o 40°¢C N
3 % N NS & ] N
& NN N \\\ I 55°C N
Lo NG M 8 111 N
x N e = . N
g ° NSCRE & o7 NOIREN
g NICSTK g S AN
c NN & 20— Nt
= T O S N NN N
=3 \ N N % N N
S NNIN 3, [ -
0 100 1000 10000 000! 00! 0. 10
Yewir, VOLTS) %/ Vemr
(o) ¥2]

A. Find Verit, from curve A. This is the critical collector voltage (Ic, = 100xa) at which
the transistor will run away at negligible dissipation at 25°C. It is a function of transistor
dissipation rating and cireuit stability. The circuit stability S equals dI./dI, or the
change in collector current for a change in cutoff current. It is approximately equal to the
d-c current gain of the circuit.

B, Determine Vrit from the following relation

100

Verit = Vcrito Icu-—(#a) at“z“—so“c

C. Use Verit in curve B to find the per cent of rated dissipation allowed for the given
ambient temperature and collector voltage.

Fig. 2.82. Critical runaway voltage and derating curves for germanium transistors.
The value of Varit = Verit, for a 2N83, since I, at 25°C is equal to 100ua. (a) Critical
runaway voltage. (b) Maximum allowable dissipation. The dissipation limits must be
derated when the transistor is operated at elevated ambient temperatures. In addition,
it is necessary to reduce further the allowable dissipation to prevent a condition known as
“runaway.”’ This condition, common to all germanium transistors, results when the
dissipation, due to the product of V, and Al is sufficient to increase I. through self-heat-
ing rapidly enough to cause unstable equilibrium. The effect is a rapid build-up of collector
dissipation beyond the allowable limit. Curves 4 and B permit a calculation of the max-
imum allowable dissipation for given ambient and operating conditions.

6. Determine the bias supply voltages B and E,

Since emitter-base characteristics for the 2N83 transistor are not given, it is assumed
that the emitter-base potential necessary to obtain the quiescent-operating-point condi-
tions is zero volts. The error in this assumption will not be greater than 0.1 or 0.2 volt
for a germanium transistor and about 0.6 volt for a silicon transistor,

From the characteristic curves of Fig. 2.81, the quiescent conditions of operation are

I, = 100 ma
Iy =7 ma
Ve = 20 volts
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Fia. 2.83. Common-base characteristics of 2N83 power transistor.
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Fra. 2.84. Transistor amplifier circuits for Example 2.4,
Since these currents are much larger than I, the emitter current is given closely by

1, In + I

107 ma

From the circuit of Fig. 2.79¢ and remembering that V. is the collector-to-base voltage, it is
seen that the following two equations can be written to describe the static conditions of
operation (direction of I and I as shown in Fig. 2.79a).

E;s =V, + LiR:
and E;, = I.R\ + I4R.
Therefore E, =20 + 1,000(—7 X 107%)
= 13 volts
E. = 125(—107 X 1073) 4 1,000(—-7 X 1073%)
= —20.4 volts

7. Determine the circuit input power.
Py = El, + E:I, = 13 X 0.10 + 20.4 X 0.107
= 3.48 watts
8. Determine the a-c output power and the circuit efficiency.
_ (Ve — Vemin) Jemaxy — 1)

PII 2
_ (20 — 0.5)(0.135 — 0.100)
- 2
= 0.341 watts
P, 0.341

= = 2% 0.8
" =P, " 3as ~ 08%
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The complete circuit of the transistor amplifier is shown in Fig. 2.84a. This circuit
requires two bias supplies of odd voltage values. By altering the values of R: and R,
keeping their ratio constant to maintain the required value of stability factor S, the values
of E1 and E: can be varied to more suitable voltages. If R:cannot be reduced in value, any
change from the circuit of Fig. 2.84a will result in decreased circuit efficiency because of
inereased power loss in R as its value increases. The circuit of Fig. 2.84b where E: has
been reduced to zero illustrates the possible range of supply-voltage variation for a constant
value of 8. The supply voltage E: can be further increased to any desired value by also
increasing R to maintain the emitter-base voltage approximately equal to zero. Resistor
R; cannot be changed from 2,857 ohms without a collector circuit bias supply. Therefore,
increasing E1 and R, will reduce 8, increasing the d-c stability of the circuit at the expense of
increased power dissipation in R1.

Example 2.5

Design a class A common-base transistor power amplifier utilizing the 2N83 (NPN)
transistor. Assume that the source resistance is 100 ohms and is capacitively coupled to
the emitter. Assume that transformer output coupling is used and that the transformer
primary has negligible resistance. Determine Ri1, Rz, Ei, E: maximum power output,
and power dissipation. Assume a maximum operating temperature of 70°C. The com-
mon-base characteristics of the 2N83 transistor are given in Fig. 2.83.

Solution

1. Determine the maximum transistor dissipation.
From step 1 of the previous example, the maximum allowable power dissipation is

P; = 2.0 watts assuming V./Verit < 0.01

2. Plot the 2-watt dissipation curve on the common-base charaeteristic curves of the
2N83 as shown in Fig. 2.83.

3. Construct a load line and determine an operating point which provides good linearity
for large emitter-current swings,

For the load line shown in Fig. 2.83 the operating point (point of tangency) is
I, = 62.5 ma, V. = 30 volts

30 volts
Ry = ———— = 480 oh
L = 52.5 ma ohms
4. Determine the required stability factor S.
The necessary value of Verit (see Step 4 of Example 2.4) is

Verit = —— = —— = 3,000 volts

For a dissipation of 5§ watts at 25°C, this requires a circuit stability factor of 3.5 or less.
For the common-base circuit with zero ex-

1p=67MA /;:52.5/%4 ternal base resistance (R; = 0) S =1 [see

<~ Eq. (2.99)]. Therefore, stability is assured.

|
6'-; ‘ 5. Determine the value of B:
) % The circuit is shown in Fig. 2.85. To
= <1000
s =100 y fb 4.5MA minimize the loading of the source, R:
=30

£ _ should be approximately 10R, or greater.
5 — £ 767 Therefore, let B1 = 1,000 ohms.

S VLTS m‘ & - . 6. Determine the required bias supply

voltages E1 and E..
Fia. 2.85. Grounded-base circuit of Ex- From the circuit of Fig. 2.85 and remem-
ample 2.5. bering that the emitter-base voltage is very

closely equal to zero, the equations deter-
mining the bias voltages E1 and E; are (current direction as shown in Fig. 2.85)

E 1= —IGR1
Ez = Vc
From the characteristic curves of Fig. 2.83, it is seen that I, = 0.067 amperes. Therefore,
E, = —0.067 X 1,000
= —67 volts
E: = 430 volts
7. Determine the bias supply input power.
Py, = Ea2l, + Eil,
= 1.88 + 4.49

6.37 watts
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8. Determine the a-¢ output power and the collector circuit efficiency.

(Vc - Vc(min)) (Ic(mnx) ~ I,

P, = 2
- (30 — 0)(0.125 — 0.0625)
2
= 0.94 watts
& =0.94 - 1489

M = Pa 637

A comparison of the 2N83 in the two circuits illustrates the advantages of each circuit type

Parameter | Common-base | Common-emitter

Py 6.37 watts 3.48 watts

P, 0.94 watts 0.34 watts

7 14.89% 9.8%
linearity Excellent Fair

It should be noted that the use of RC coupling into the transistor and the 1,000 ohm value
of the coupling resistor have resulted in greatly reduced circuit efficiency. Transformer
input coupling is much more desirable from an efficiency standpoint.

2.9¢. Transistor b Parameters. In order to conveniently define the characteristics
of transistors in common-base, common-emitter, and common-collector circuits, six
families of curves are required. The necessary families are:

Common-base Circutt

1. Input—V, versus I, for constant values of output terminal voltage V,
2. Output—I, versus V. for constant values of input current I, (see Fig. 2.83)

Commeon-emitter C'ircuit

3. Input—7V, versus I for constant values of output terminal voltage V.
4. Output—I, versus V. for constant values of input current [, (see Fig. 2.81)

Common-collector Circuit

5. Input—V, versus I, for constant values of output terminal voltage V,
6. Output—I, versus V, for constant values of input current I,

The family of curves (see Fig. 2.83) which defines the transistor output charac-
teristics for a common-base circuit can be compared to the standard E-I, charac-
teristic curves for a vacuum tube. In each case, the slope of the curves is equal to
the output admittance. The vertical spacing between the curves represents the
change in output current for an incremental change in bias, viz., the incremental
change in emitter current in the transistor and the incremental change in grid voltage
in the vacuum tube. For a transistor in which V_is held constant, the vertical separa-
tion of the curves defines the current amplification « between the emitter and the

collector, that is, & = 9l,/d31, o In the case of a vacuum tube in which Ej is held

constant, the vertical spacing defines the g. of the tube, that is, gn = 8l, = 3E. =
b

The significant observation from the preceding is that the information contained in
the family of curves defining the output characteristics for a transistor in a cormmon-~
base circuit is primarily (1) the transistor output admittance for the input a-c open-
circuited (note that a constant emitter current denotes an infinite impedance source
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which is an effective input a-c open cireuit); and (2) the forward current amplification
from the emitter to the collector for the output a-c shorted (note that a constant col-
lector voltage denotes a zero impedance collector voltage source which is an effective
output a-c short circuit). The symbols which have been recommended by RETMA
for these two characteristics are ke and hys, respectively. In a similar manner, 10
additional h parameters are utilized to describe the characteristics of the five other
families of curves. Most manufacturers are now supplying transistor data in terms
of these parameters. A complete tabulation of the A parameters is as follows:

Common-base Circuit (b)
hip = input resistance with output a-c short-circuited
hyy = reverse voltage gain with input a-¢ open-circuited
hsy = forward current gain with output a-c short-circuited = e
hos = output admittance with input a-c open-circuited

where Ty = Fey (2.119)
has
po= L= hn (2.120)
hob
re = hoy — Pkd = oD (2.121)
ob
bl —
o = %ﬁ@ (2.122)
ob
Common-emitter Circust (e)
hi. = input resistance with output a-c short-circuited
hy. = reverse voltage gain with input a-c open-circuited
ks, = forward current gain with output a-¢ short-circuited = 8
hos = output admittance with input a-¢ open-circuited
where ry = oy — et ) (2.123)
h
re=1 ;: e 2.124)
08
hrc
= (2.125)
hre + h- .
Tm = —’% {2.126)
08
Common-collector Circuit (c)
hi. = Input resistance with output a-c¢ short-circuited
h.e = reverse voltage gain with input a-c open-circuited
hyo = forward current gain with output a-¢ short-circuited
hoc = output admittance with input a-c open-circuited
where 1o = hic — [hge|(1 — Rre) (2.127)
= by
7 R (2.128)
r, = 1 _ hrc
T hee (2.129)
P lh/cl — hye
it Roe (2.130)

The terms 7, 7, 75, and r» can be determined from Egs. (2.119) to (2.130). The
cireuit input and output impedances, gain, etc., can then be determined from Eqgs.
(2.72) to (2.89).
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8.1. Classes of Operation and Types of Coupling. In general, the use of an amplifier
is necessitated by the requirement for reproducing a given gignal at either (1) a higher
voltage level or (2) a higher power level. Although in many cases both results are
accomplished, the two objectives are separated for design considerations into (1)
voltage amplifiers and (2) power amplifiers. The special design considerations for
power amplifiers are treated in See. 4.

3.1a. Amplifier Classifications. The tube used as either a voltage or power ampli-
fier can be employed in any one of the following classes of operation:!

Class A Amplifier. The grid bias and alternating grid voltages are such that plate
current in a specific tube flows at all times.

Class AB Amplifier. The grid bias and alternating grid voltages are such that
plate current in a specific tube flows for more than half but less than the entire elec-
trical cycle.

Class B Amplifier. The grid bias is approximately equal to the eutoff value so
that the plate current is approximately zero when no exciting grid voltage is applied
and so that plate current in a specific tube flows for approximately one-half of each
cycle when an alternating grid voltage is applied.

Class C Amplifier. The grid bias is appreciably greater than the cutoff value
so that the plate current in each tube is zero when no alternating grid voltage is
applied and so that plate current in a specific. tube flows for appreciably less than
one-half of each cycle when alternating grid voltage is applied.

To denote that grid current does not flow during any part of the input cycle, the
suffix 1 can be added to the letter or letters of the class identification, e.g., class ABL.
The suffix 2 can be used to denote that grid current flows during some part of the
cycle.

3.1b. Types of Coupling. A tube used for voltage amplification is usually operated
class A and at low to moderate plate supply voltages and plate currents. The types
of amplifiers, denoted by the types of coupling employed, fall into four general
categories:

1. The resistance-coupled amplifier, shown in Fig. 3.1a, is characterized by the
resistive plate load R,, grid resistor R., and coupling capacitor C.. This form of
voltage amplifier is the most widely used because of the ease with which broad fre-
quency coverage can be achieved and the economy in the cost, size, and weight of
the components required.

2. The transformer-coupled amplifier, shown in Fig. 3.1b, can provide much more
gain per tube than the corresponding resistance-coupled amplifier since a voltage
gain can be derived from a step-up ratio in the transformer. Amplification of very
low and very high frequencies is difficult because of the inherent limitations of the
transformer.

3. The impedance-coupled amplifier, shown in Fig. 3.1c, provides a method of
obtaining a high value of plate-load impedance with a low d-c voltage drop. With
the exception that there is no transformation ratio, most of its operating characteristics
are the same as those of the transformer-coupled stage.

4. The direct-coupled amplifier, shown in Fig. 3.1d, is the only type that has a fre-
quency response without lower limit.

t As defined by the Institute of Radio Engineers, Standards on Electronics, 1938.

32
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8.2. Amplifier Equivalent Circuits. The performance of tube circuits can be
analyzed by the use of equivalent circuits. For relatively small input signals,! the
tube can be assigned a linear transfer coefficient in the equivalent circuit. The
transfer coefficient can be (1) in terms of u and relate the equivalent generator
voltage to the input (signal) voltage or (2) in terms of g and relate the equivalent
generator current to the input voltage.

It must be emphasized that this method of analysis treats only the varying (a-c
or signal) components of current and voltage, not the quiescent values.

e

b Lpp
{¢) IMPEDANCE COUPLING {2) DIRECT COUPLING

Fia. 3.1. Types of coupling in amplifiers.

(a) (5)
Fia. 3.2, Amplifier and equivalent circuit.

8.2a. Equivalent Voltage or Current Generator. The circuit shown in Fig. 3.2a can
be replaced by the simple equivalent plate circuit of Fig. 3.2b. The grid circuit and
all the factors pertinent to the quiescent condition only (E.., Ew) are dropped out
in the equivalent diagram. The vacuum tube as a voltage amplifier can always? be
replaced by a generator whose open-circuit voltage is x times the grid-cathode signal
voltage and whose internal resistance is equal to the tube dynamiec plate resistance 7,.

1 The small gignal limitation is to minimize the variation in tube constants with applied
signal.

2 This equivalent-circuit discussion assumes compliance with the small signal limitation.

Also, the frequency of operation has been assumed to be in a region where tube capacitances,
transit time, and other high-frequency effects need not be considered.
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Using the equivalent circuit, the output signal current i, and the output signal
voltage e, can be computed:
. 1Ea
= - 3.1
to Tp + Rb ( )
F'eaRb
rs + R

e = TRy = — (3.2)
The load resistor R, in Fig. 3.2a can be replaced with any type of load (inductor,
tuned circuit, ete.) if & path of d-¢ continuity is provided for the flow of plate current.
A generalized load impedance Z; can be substituted for R in the equivalent circuit
and equations. The impedance of reactive loads varies as a function of frequency;
therefore any numerical solution of the equations will be for a specified frequency.
If the load Z; is composed of two or more parallel current paths, the solution will be
expedited if this parallel load is converted to the series equivalent by the methods of
complex algebra. If the load Z; has a reactive component, i.e., 2 phase angle other
than 0° at the specified frequency, 7, and e, will each have a phase angle with respect
to the signal voltage e..!
3.2b. Constant Voltage Generator. Examination of Eq. (3.2) indicates that if Rs
were very large compared to r,, the output voltage would be essentially equal to
—ue, and almost independent of the
) exact value of E;. In this special case
‘o the tube is equivalent to a constant volt-
+ /-\‘ age generator. This concept is useful in
- /ws@ A P the eva.ll.latlon of c1rc.u1ts with a varying
A load resistance provided that the mini-
mum value of R, is very much larger
than r,. If the amplifier in Fig. 3.2a
- satisfies the large Rs criterion, an equiva-
Fig, 38.3. Constant voltage generator lent circuit could be drawn as in Fig. 3.3.
tleequwalent circuit for the condition where This is the constant voltage generator
s 2> T'p. . e . .
equivalent circuit in which e, is equal to
the generator voltage, and the gain of the amplifier e./e. is equal to —x. When the
constant voltage criterion is applicable, the phase angle of the output current is equal
to but has the opposite sign from the load phase angle.
This special equivalent circuit is often applicable to an amplifier having an inductor
or an unloaded interstage transformer in the plate circuit.
8.2¢. Constant Current Generator. Examination of Eq. (3.1) indicates that if R
were very small compared to r,, the output current would be given by Eq. (3.3).

N

3

D)

iy — ‘;—" when R, < rp (3.3)
P
For this particular condition, the output current is virtually independent of the value
of the load resistance or impedance, and the tube is equivalent to a constant current
generator. In circuits with tubes having a high value of dynamic plate resistance,
pentodes in particular, the condition stipulated for Eq. (3.3) is frequently satisfied
and the tube can be considered as being a constant-current generator.
A fundamental relationship between tube constants is given by Eq. (3.4).

£ = gn (3.4)
Tp
1In general, discussions of phase shift in an amplifier will disregard the normal 180°
relationship between the grid and plate voltages of each tube and will treat only the depar-
tures from this relationship.
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By making use of Eq. (3.4) and the relationship given by Eq. (3.3), it is possible to
obtain expressions for the output in terms of g. for the case where r, > Rs.

1:0 2 8y (3'5)
and € = —egnky 3.6)

Figure 3.4 illustrates the form of the constant current generator equivalent circuit
which is valid if r, is very much larger than the
load resistance. The output current i, is as-
sumed to flow from a constant current genera-
tor of infinite internal resistance and is 7/ C) By &
indicated by the arrow on the generator symbol
in the drawing. When the constant current
generator principle is applicable, the phase N
angle of the output voltage, with respect to the  Fia. 3.4. Constant current generator
grid voltage, is equal to 180° plus the phase equivalent circuit for the condition
angle of the load. where rp 3> Rp.

3.2d. Equivalent Circuits. Neglecting the effects of shunting and interelectrode
capacitances, lead inductances, and electron transit time within the tube (see Secs.

y V4
—
Hej
s
€ Rp €
s
g
(0) GROUNDED-GRID AMPLIFIER AND (5) EQUIVALENT AMPLIFIER
DRIVING GENERATOR CIRCUIT
Ao R
p
> >
pthpy Ry
u+
Rsip+1)
o1 ———o
{€) EQUIVALENT INPUT (d) EQUIVALENT OUTPUT
IMPEDANCE IMPEDANCE

F16. 3.5. Grounded-grid amplifier and equivalent circuits.

3.8b to 3.8f), simple equivalent circuits can be drawn for the operation of most vacuum-
tube circuits. In the majority of applications these simplified equivalent circuits
are satisfactory; however, at high frequencies it is necessary to consider the effects
of shunt capacitances, transit time, ete.

The three basic circuit configurations are shown in Figs. 3.5, 3.6, and 3.7. In
addition, the equivalent amplifier circuits and the circuits representing the input and
output impedances are included. In the low- and high-frequency cases, these circuits
must be modified by those factors which are discussed in paragraph 4 of Sec. 3.2e.

In an amplifier which has its grid stabilized to ground, all plate-circuit impedances
(rp, Rs, etc.) as viewed from the cathode are multiplied by the term 1/(u + 1).
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Under similar conditions, the cathode impedance when viewed from the plate circuit
is multiplied by the term (x + 1).

1. Grounded-grid Amplifier. An amplifier with a signal source connected to the
cathode, as in Fig. 3.5¢, will have an equivalent circuit as shown in Fig. 3.5 and
input and output impedances as shown in Fig. 3.5¢ and d.

2. Grid-driven Amplifier. If the driving source is connected to the control grid
and the output signal taken from the plate, Fig. 3.6a and b is applicable. If the

R
°
€pp
{7) GROUNDED CATHODE
AVA'
v
_ﬂe‘ >
i/

R lp+l)

(&) GROUNDED CATHODE EQUIVALENT AMPLIFIER AND QUTPUT IMPEDANCE CIRCUIT

&
Db p
gt

() GROUNDED PLATE EQUIVALENT AMP-
(€) GROUNDED PLATE LIFIER AND OUTPUT IMPEDANCE
CIRCUIT

F1g. 3.6. Grid-driven amplifier and equivalent circuit.

driving source is connected to the control grid and the output signal taken from the
cathode as shown in Fig. 3.6¢, the equivalent circuit of Fig. 3.6d is applicable.

8. Plate-driven Tube. If a driving signal is injected in the plate circuit as shown in
Fig. 3.7a, the equivalent amplifier circuit in Fig. 3.7b is applicable.

The impedance into which the driving generator must function is given by the
circuit in Fig. 3.7¢. It should be noted that R, across which an opposing grid signal
is developed because of the flow of signal current, is effectively multiplied by the
term (u + 1).

3.2e. Additional Considerations for Eguivalent Circuit Analysis. The following
factors must be considered in establishing equivalent circuits:

1. Small Signal Resiriction. Equivalent circuit analysis is based on small signal
conditions and the tubes being in continuous conduction. Under these conditions
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it is possible to obtain solutions with an acecuracy which is limited primarily by vari-
ations in tube characteristics and circuit components from their nominal values.

2. Tube Coefficients. 'The tube coeflicients (u, 75, gn) must be valid for the actual
operating conditions. There is considerable danger in applying “typical” coefficients
without. c:\zreful regard for the specific application. Many tube data sheets supply
the proper values as a function of the tube voltages or current. If this information

4
Rp
“Q)
—o0
Ry
o
Fo
8 + -
+—0 o— o
Epp
(@) AMPLIFIER WiTH SIGNAL INJECTED 16 EQUIVALENT AMPLIFI
IN PLATE CIRCUIT - PLIFIER GIRCUT
4
Ry
SR
) = Ry
p I+ Fy * Ry
Rp+n Ry
— R,
I+ MRy d 2
R oy +Rp
8
(¢) EQUIVALENT INPUT {d} EQUIVALENT OUTPUT IMPEDANCE
{MPEDANCE

Fiq. 3.7. Plate-driven tube and equivalent circuits.

is not available, it should be determined graphically from the tube characteristics
in the region of operation.
8. Linearity of Elements. Some common nonlinear circuit elements are as follows:

a. Amplifier tubes or diodes in which the operating region passes into both the
conducting and nonconducting regions or through the region of excessive cur-
vature of the characteristic curves at low current

b. Thyrite resistors, inductors, capacitors, or other materials in which the impedance
varies as a function of current or voltage

¢. Motors or other electromagnetic devices in which the voltage-current relation-
ship changes as a function of load, saturation, or other factors

4. Operating Frequency. The principal factors pertinent to the frequency of
operation which must be considered are:
At low frequencies,

a. Reactance of capacitors used for bypassing and coupling
b. Reactance of inductors or transformer windings
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At high frequencies,

. Interelectrode and shunting capacitances

. Inductances due to wire lengths inside and outside the tube
. Transit time and the associated loading and phase shift

. Losses due to core materials and/or dielectrics

. Leakage reactance in transformers

o o ovR

If the equivalent network contains more than one current loop, one of the many
conventional network theorems may be used to simplify the problem.

When the restriction concerning small signals is violated, the accuracy of the
analysis is progressively reduced as the signal amplitude is increased. Examination
of the tube dynamic transfer characteristic (see Sec. 3.3b) will indicate the actual
limits for good accuracy. These limits are indicated by the range over which the
dynamic transfer characteristic is essentially a straight line.

If nonlinear circuit elements are employed, the equivalent circuit analysis can still
be used. The method becomes one of reaching a separate solution for each discrete
operating condition. In a circuit having two different operating states, e.g., a diode
conducting and nonconducting, a separate solution for each state will be valid.
For a continuously nonlinear device a number of point solutions must be obtained
in the region of interest unless the equation for the nonlinear function is known.

8.3. Graphical Analysis of Triode Amplifiers. Graphical solutions of vacuum-tube
amplifier ecircuits provide data on quiescent operating conditions, dynamic char-
acteristics, and distortion as a function of signal amplitude.

3.3a. Quiescent Operating Conditions. Plate characteristics as supplied by the
manufacturer indicate the plate current
I, as a function of plate voltage E; and
grid bias E.. E, and E, are the volt-
A ages applied to the tube elements, not
o the supply voltages.

e % & The use of load lines provides a graph-
300; 100K ical simultaneous solution for the quies-

& e . s - cent tube current, plate voltage, grid
* 2% I voltage, and the voltage drops across the

T resistances in the plate and cathode

. —o S
L circuits.

The amplifier in Fig. 3.8 will be used as
an example to show the steps in the solu-
tion of a resistance-coupled amplifier circuit.! The E,-I, characteristics for the tube
are shown in Fig. 3.9.

1. D-C Plate-load Line. The d-¢ plate-load line can be drawn on the tube char-
acteristics as shown in Fig. 3.9. This line defines the division of the plate supply
voltage Ey between the tube and the resistors in the plate and cathode circuits. The
load line has a slope equal to —1/(R: + R,). Its position is readily established by
determining the intercepts on the voltage and current coordinates as follows: (1) if
the plate current is zero the plate voltage is Ey;, and (2) if the voltage drop across the
tube is zero, the current must have a value as to produce a voltage drop equal to
Ey» in the resistors. This current value is equal to Eu/(Ri + Rb).

These two considerations establish the two points between which the d-c plate-load
line is drawn, point A (300 volts, zero current) and point B (zero volts, 15 ma). This
line is the locus of the possible d-¢ operating points for this specific circuit.

2. Bias Line. This line defines the relation between the cathode voltage E; and
the cathode current. This line is plotted against the plate-current scale and the

! An amplifier having external grid bias and cathode degeneration is given in Example 3.1.

Fia. 3.8. Resistance-coupled amplifier.
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grid-voltage curves. At any current I; the product [.R: determines the value of Ej,
which is also the bias —E. for the case of the grid returned to ground. In con-
structing the bias line, select various values of plate current and determine the corre-
sponding cathode voltages. For example, if R; = 2,000 ohms and I, = 3 ma,
E, = 6 volts (point C), and when I, = 5 ma, E; = 10 volts (point D). A line
passing through points C and D intersects the d-c plate-load line at point O. This is
the quiescent operating point.

Because one of the coordinates against which the bias line was plotted is curved,
the bias line is also curved. This is particularly noticeable at the low-current values.
It is evident that for accuracy the points C and D should be selected near, and pre-
ferably bracketing, the d-c plate-load line.

Bl -i/\RpvRp) D !\
14 / N N
& ' | MAXIMUM PLATE DISSIPATION
N o
12 AN S PN
S t%/ /
3
7 ©
5 | N /
; —’/rp / / )
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3, , N, LA SA 26—
) SN B N A & H-—" i
TN T
> i
LT ANCET
& | Z 0 0/ /Q, i
4 o= — — | / > %B Q[ T————-[br
2 // / A//! 4 /// // '(%u B —
— —1 Anay 7— — ’ CA” piN " .
J AR AT
o A 1 £ 7. [l e i Ll byl
0 100 200 £b0 300 400 -18 -6 =14~12-10 -8 ~6 =4 =2 0
PLATE VOLTS (£) GRID VOLTS {£;)

F1a. 3.9. Graphical analysis of a triode amplifier.

3. Quiescent Circuit Values. The point O and its projection on the current and
plate voltage coordinates make it possible to tabulate the following data:

Ib., = 4.2 ma
Eyo = 216 volts
Ecn = —Elm = —IbaRk = -—84 VO].tS
Plate dissipation P, = I Ey, = 0.91 watt
Voltage drop in By = IRy = 75.6 volts
Dissipation in B, = Li2R, = 0.32 watt

4. Mazimum Plate Dissipation Curve. The maximum allowable plate dissipation
expressed in watts can be restated in terms of & maximum steady-state current at any
given plate voltage. If these corresponding currents and voltages are plotted on the
plate characteristic curves, the resulting curve defines the limits of the permissible
quiescent operating area. The maximum plate dissipation curve shown in Fig. 3.9
has been drawn for a maximum plate dissipation rating of 2.6 watts. Point O must
always lie below the curve. When the quiescent point is well below this limit, short-
duration signal excursions above the curve are permissible.

3.3b. Dynamic Operating Conditions. An amplifier such as the one shown in
Fig. 3.8 can be evaluated graphically to determine the gain, maximum signal ampli-
tude, and distortion as demonstrated in the following procedure. The dynamie
transfer characteristic is useful in determining the limits of the linear region.
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1. A-C Plate-load Line. The d-c¢ load line was drawn for the quiescent condition.
If, for the specific signal frequencies involved, the reactances of Crand C. are negligible,
the a-c load resistance 7, seen by the tube, from plate to ground, consists of R;
paralleled by B.. The a-c load resistance is therefore equal to RyR./(Rs -+ R.), or

18 X 10% X 10°
(—lm = 15,250 ohms

The a-¢ load line does not necessarily pass through the quiescent operating point
if the a-c plate-load resistance r, is not equal to the d-c¢ plate-load resistance Rs.
The displacement is a function of the distortion introduced due to the nonlinear tube
characteristics. It should be noted that when distortion does exist, the amount of
displacement of the a-¢ load line from the quiescent point is also a function of the

INPUT SIGNAL
4-¢
LOAD LINE
~ /
= /
o /
[+
]
=
3 / ourPuT
3 ] / CURRENT
= / y
= 7 —_—
=T
2 | 4
! T
[01,(,,,,,,, Smmayy ~ PLATE VOUTS (&)

|
I
|

oUTPUT
VOLTAGE

Fia. 3.10. Output voltage and current relationships for a sine-wave input signal.

output signal amplitude. For very small output signal amplitudes, the displacement
approaches zero and the a-c load line can be considered as intersecting the d-c¢ load
line at the quiescent point. In this case, or if the tube characteristics are considered
to be linear, the method of plotting the new load line is to first find the value of L.
and add this voltage to E;,. This new voltage is equal to 0.0042 X 15,250 4 216,
or 280 volts, and establishes the point of intersection between the a-c load line and
the zero current axis. In Fig. 3.9 this has been plotted as point £. A line drawn
from E through O represents the path of operation for a-c signals.

2. Determination of Gain. Figure 3.10 illustrates the voltage and current relation-
ships during one cycle of the input signal. The applied signal is represented by an
excursion along the a-c load line originating from point 7', the effective bias under
a-c conditions (identical to the quiescent operating point when no distortion is
present), and is measured by the E, voltage scale. The input signal has been pro-
jected point-for-point onto the plate current and plate voltage scales.

In Fig. 3.9 a signal with peak values of +4 volts will swing the instantaneous
operating point between points F and G. The projection of points ¥ and G on the
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plate voltage scale determine ey(min) and €ymax), the plate voltages at the peak signal
excursions from E.,. The gain A is expressed by

_ €(max) ~ €b(min) _ 267 — 165
A = 2F,. = 3 11.5

where E ;. = peak value of the input signal

To determine the gain of an amplifier having cathode degeneration, refer to part 3
of Example 3.1.

3. Dynamic Transfer Characteristic. On the right side of Fig. 3.9 the scale along
the abscissa has been changed to E., that is, the voltage between grid and cathode.
From the plate characteristics each intersection of the a-c load line and the grid
voltage E. curves can be used to establish a point to be used in the construction of
another curve which is called the dynamic transfer curve. Each point is translated

D-C LoAD

= LINE DISPLACED A-C LOAD LINE
<5
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Fia. 3.11. Example of shift from quiescent operating point due to nonlinearity in the tube
characteristic.

horizontally, maintaining the same current, and located above the corresponding
value of E..

The curve in this graph is the dynamic transfer characteristic for the amplifier

shown in Fig. 3.8. The upper portion of this plot is virtually a straight line, and
-operation restricted to this area would be essentially distortionless.

4. Shift in the Operating Point under Dynamic Conditions. In an amplifier that is
not perfectly linear, a change in the average plate current will occur when a signal
is present. This departure from the quiescent operating point will be related to the
degree of nonlinearity and to the signal amplitude. This shift of operating point,
sometimes termed “rectification effect,” is usually negligible in small-signal voltage
amplifiers but frequently of importance in power amplifiers.

The shift from the quiescent operating point under dynamic conditions due to
the nonlinearity in the tube characteristic curves results in the establishment of two
new and distinet operating points and the displacement of the a-c load line (see
Fig. 3.11). One of these is point A on the d-c load line and represents the average
plate current with the signal present. The other is point 7 on the displaced a-c load
line and indicates the effective bias with the signal present and consequently the
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plate current at the instant the input signal has zero amplitude. The a-c load line
is displaced to a position which passes through point A on the d-¢c load line andis
parallel to its position through the quiescent operating point O. If the tube has an
external bias supply, point 7' will be determined by the intersection of the displaced
a-¢ load line and the same bias voltage curve as at quiescence. If the tube has self-
bias, point 7' will be established by the intersection of the displaced a-c load line
and the bias voltage curve determined by the product of the cathode resistance and
the average value of the plate current under dynamie conditions,

Point A is located along the d-c load line at a value of plate current I, given by
Eq. (3.7). The process of determining I, is not direct, however, since Eq. (3.7)
containg terms which can be determined only after the a-c load line has been con-
structed through point A. Consequently, different values for point A must be
assumed until the values obtained from the resulting a-c load line and substituted in
Eq. (3.7) produce a calculated value of I,, which agrees with the assumed value.

5. Determination of Harmonic Distortion. The harmonic analysis of the output
signal can be accomplished by graphically determining plate current for five specific
values of a given sine-wave input signal and applying the proper equations. The
five input-signal amplitudes and the associated plate-current terms to be read from
the a-c load line are as follows:

—Enm ib(min)
—0.5E;m Ty
0 Iy (current at point 7')
+0.5E tr
+Eam ib(mux)

where F,» = maximum peak input signal.
These quantities are shown in Fig. 3.9.
Equation (3.7) permits the determination of the average plate current /., with the
signal present.
Iy, = 0-167(ib(ma,x) + 2, 4 2@1/ + ib(min)) - (3-7)

With a sinusoidal signal applied to the input of an amplifier, sinusoidal current
and voltage waveforms usually are desired at the output. In Fig. 3.9 the input signal
swinging between points F and @ produces current variations extending from %maxy to
Tominy (nO shift in operating point is assumed). The asymmetry of these current
values with respect to Iy (I5, if no shift in the operating points is considered)! indicates
the presence of 2nd-harmonic distortion. The peak value of the 2nd harmonic I#»
in the current waveform is given by

T = 0.25(0maxy + Gocminy =~ 205) - (3.8)
for the example given:

Tomaxy = 7.4 ma Thminy = 1.7 ma I = 4.2 ma
Therefore
Iy, = 0.25(74 4+ 1.7 — 84) = 0.175 ma

The percentage of 2nd harmonic is

_ 31n,
Per cent Hy = P J—y— 100 (3.9)
= 3—«——(08'1675) X 100 = 6.1%

1In most instances it is possible to determine the harmonics from the nondisplaced a-¢
load line without introducing appreciable errors.
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where 7, = 5.7 ma
i, = 2.8 ma
The peak value of the 3rd harmonic is given by

0.167 (% (maxy ~— 21, + 27, = Tp(min)) (3.10)
0.167(74 — 114 4 5.6 — 1.7) = —0.0167 ma

Igs
Iys

The negative sign indicates that the harmonic subtracts from the fundamental when
the fundamental reaches its positive crest value.
The percentage of 3rd harmonic is

Per cent H; = - Bl 100 (3.11)
Tb(max) + %z — Ty = Tb(min)
0.05
= 56 X 100 = 0.58%

Similarly, the 4th harmonic may be figured from

T = 0.083(ibmeny — 4z + 8In — 4y + Zo(miny) (3.12)

31uy
- g - - 100 .
2b(max) + %z — 1y ™ %(min) (3 13)

Per cent H, =

3.3c. Graphical Analysis of a Degenerative Amplifier Having Both External and
Cathode Bias. A problem frequently encountered is the amplifier with a bias deter-
mined by a cathode resistor as well as a d-¢ potential applied to the grid. The quies-
cent operating condition can be found by a simultaneous solution involving the two
bias sources. This can be done graphically, and the method is demonstrated in
Example 3.1.

Example 3.1

In Fig. 3.12, the grid can be made either positive or negative with respect to ground.
Assuming the tube characteristics to be those shown in Fig. 3.13, determine the quiescent
operating points for each bias supply and also the
gain,

Solution '
1. Positive Grid Potential (Switch in the y
Position)
If the external bias supply is a positive volt- x ¥y
age, the first step is to establish the value of l—:’ °_l+
8y 2ov

Rh
16K

current through the cathode resistor required to
provide zero bias for the tube. This value of

current is equal to E../Ry = 20/4000, or § ma, T+ I— -
and is plotted as point U in Fig. 3.13. T
Additional points to be plotted on Fig. 3.13 are L

obtained by determining the required plate cur- .=

rent for different assumed values of bias, For ¥Ia. 3.12. Circuit for Example 3.1 to
example, if the bias E, is assumed to be equal to  illustrate the graphical solution for the
—6 volts, the required cathode voltage would be  operating point where both external
equal to 26 volts since the external bias supply and cathode bias are used.

voltage is 20 volts. The value of current

required for a cathode voltage of 26 volts is 26/R, or 6.5 ma. This value is plotted as
point V in Fig. 3.13. A line drawn through several points located in this manner defines
the locus of grid-bias voltages associated with values of plate current. The intersection
of this bias line with the d-c load line determines the quiescent operating point.

2. Negative Grid Potential (Switch in the x Position)

If the external bias supply is a negative voltage, the first step is to locate point R on Fig.
3.13 which is the bias (external supply voltage) which would exist if no plate current were
flowing, i.e., £, = —8 volts. The method of establishing additional points to be used in
the plotting of the bias line is to assume values for the bias voltages which are more negative
than that of the external supply voltage and determine the required associated values of
plate current. For example, if the bias voltage is to be —12 volts, the cathode voltage
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must be equal to 4 volts. The required plate current is therefore equal to 4/Ry, or 1 ma,
and is plotted as point 8 in Fig. 3.13. As in step 4, a line can be drawn through similarly
located points, and the point of intersection between the constructed line and the d-c load
line defines the quiescent point.

3. Determination of Gain

The gain of an amplifier having cathode degeneration can be determined by assuming
incremental changes in the external bias supply and noting the incremental change in
plate current AI,. The product Al represents the incremental change in output voltage.

}\-?/ﬁ’,, +Ry) $/
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F16. 3.13. Construction of bias and plate load lines and determination of quiescent operating
points.
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For example, & 28-volt change in the input voltage (420V to —8V) in this particular
problem resulted in a 4.9 ma (6.3 to 1.4 ma) change in plate current. The associated out-
put voltage Ae, is

Ae, = Alyry '
= 4.9 X 1073 X 16,000
= 78.4 volts
and the gain A4 is
Ae, T78.4
A = 2o, = 33 = 2.8

3.4. Graphical Analysis of Tetrode or Pentode Amplifiers. To analyze graphically
the operation of a tetrode or pentode amplifier it is necessary to perform the same
operations that are required for the analysis of triode amplifiers. The principal
difference in the analysis is the necessity of considering the screen current.

8.4a. D-C Plate-load Line. The d-c plate-load line is drawn with a slope of —1/(Rs
+ KR:). The factor K is the ratio of the total cathode current, i.e., plate current
plus screen-grid current, to the plate current. Note that K is fairly constant over
most of the tube characteristics; however, the evaluation of K should be at the approxi-
mate operating point. The load line is a straight line drawn between the plate
supply voltage Ey on the abscissa and E /(R -+ KR;:) on the plate current coordinate.

8.4b. D-C Transfer Characteristic. The d-¢ transfer characteristic i3 constructed
by plotting the d-¢ plate current as a function of bias voltage as determined from the
d-c plate-load line.

3.4c. Bias Line. The bias line cannot be drawn on the E,-I, characteristics as
was possible in the case of triode amplifiers. Instead, the bias line must be drawn
on the plot of the d-¢ transfer characteristic. The procedure is to assume various
values of plate current I, and determine the associated product I,KR;. The self-
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bias, —I,KR:, must then be added to any external bias so that the actual bias E.
associated with the assumed value of plate current I, can be established and plotted
on the d-c transfer characteristic. A series of assumed values of plate current permit
the plotting of the bias line which defines the locus of bias values associated with
different values of plate current.

3.4d. Quiescent and Dynamic Operating Points. The intersection of the bias line
and the d-c transfer characteristic establishes the quiescent values of plate current I,
plate voltage Ej,, and bias E... :

In Sec. 3.3b, the considerations in constructing the a-c load line for a triode were
presented. The procedure is identical for a pentode. It was stated that the a-c
plate load line does not pass through the quiescent operating point if the d-c plate-load
resistance R, i8 not equal to the a-c plate-load resistance r, and provided distortion
exists. The a-c plate-load line passes through point A (point of average plate cur-
rent with signal present) on the d-c load line and has a slope of —1/r, (see Fig. 3.11).
The time axis of the output signal is determined by the location of point T (effective
bias with the signal present) on the a-c load line. The determination of points A
and T is somewhat complicated, and the procedure recommended in Sec. 3.3b should
be followed. In general, the a-c plate-load line will very nearly pass through the
quiescent operating point.

8.4e. Dynamic Transfer Characteristic. After the construction of the a-¢ load
line, the dynamic transfer characteristic should be drawn. The procedure is similar
to that for the d-c transfer characteristic described in Sec. 3.4b. The dynamic
transfer characteristic permits a visual presentation of the amplifier linearity and in
addition indicates the instantaneous plate current as the signal changes the instan-
taneous grid bias between zero volts and cutoff.

8.4f. Determination of Gain. If the amplifier is not degenerative, ie., if it has
negligible impedance in the cathode and screen circuits, the gain can easily be deter-
mined by taking an increment of output voltage as measured along the abscissa
directly below the a-¢ plate-load line and dividing this value by the associated change
in bias voltage.

If cathode degeneration is present, the gain must be determined by making use
of the dynamic transfer characteristic. It is necessary to construct an additional bias
line in accordance with the method described in Sec. 3.4c and with the assumption
that the external bias supply has had some incremental increase or decrease in voltage.
If there is no external bias supply, it is
necessary to arbitrarily assume some bias ¢ [ —T-
Rp [ &
29k 2‘0A"_L

supply voltage such as 1 or 2 volts. The
increment of plate current Al, which is

Fic. 3.14. Pentode resistance-coupled
amplifier.

equal to the difference in plate currents as
established by the intersection of the two
bias lines and the dynamic transfer charac-
teristic, represents the plate current change
which can be expected for the assumed in-
cremental change in the input signal volt-
age Ae,. The incremental change in output voltage Ae, is equal to Alyr,. The gain
A is equal to Ae,/Ae,.

Example 3.2
Determine the gain of the circuit shown in Fig. 3.14, assuming the tube characteristics
to be those given in Fig. 3.15.

Solution
1. Draw the d-c plate-load line. )
The d-c plate-load line is drawn with a slope of —1/(Ry + KRi). The value pf K is
determined as in Sec. 3.4a. Examination of the tube characteristic shown in Fig. 3.15
indicates that at the arbitrarily selected plate voltage of 160 volts and zero bias, the plate
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current is 9 ma and the screen current is 2.6 ma. The value of K in this instance is 11.6/9,
or 1.3. This value of K will be valid for all bias voltages provided that the plate voltage is
160 volts. Actually, the value of K is not critical with changes in plate voltage unless the
plate voltage is lowered to and below values associated with the knees of the various bias
curves.
Ry + KR = 29,000 + (1.3)(1,000)
= 30,300 ohms

In Fig. 3.15 the d-c plate load line is drawn as a straight line between the plate supply
voltage, 300 volts, on the abscissa and Ew/(RBy + KRy), or 9.9 ma, on the ordinate.

2. Construct the d-c transfer characteristic.

The d-c¢ transfer characteristic is drawn as stipulated in Sec. 3.4b and is shown in Fig.
3.15.

3. Draw the bias line.

The bias line is drawn with the same coordinates as the d-c¢ transfer characteristic.
Since there is no external bias supply, the effective bias is equal to —I;KR;. The values
of E. are therefore equal to —1,300I,. The intersection of this line and the d-c transfer
characteristic defines the quiescent operating point. In this example, E;, = —3.3 volts,
Ey, = 222 volts, and Iy, = 2.5 ma,

SCREEN VOLTS = 100V
12
= \ 7
S (Rt KRy ( =
by i( il < fer=0 | DYNIMIC TRANSFER
b —— y CHARACTERISTIC ~_ 7]
£ s - oc TRANSFER )
L 4 L = _y CHARACTERISTIC,
3 == 7
;’ 6 ”_._-— AY \(ﬂ;\ I/
w I/ N A -2 NI ™
< = o
& 4 >// Bes\ | A
AC \{ . 3 ST ’b-* 36
bogr £y=0_| | -4 TN }i“ 25
217 Se = VY 11T N ~
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o 1 TN T A | feo
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Fia. 3.15. Graphical analysis of the circuit shown in Fig. 3.14.,

4. Draw the a-c load line and dynamic transfer characteristic.

It was stated in Sec. 3.4d that the a-c load line does not necessarily pass through the
quiescent operating point if B, does not equal r; and if distortion exists. To determine the
exact location of the a-c load line, follow the procedure described in Sec. 3.3b.- Normally
the analysis is sufficiently accurate if the a-c load line is drawn through the quiescent.
operating point provided that it is not necessary to make a harmonic analysis and provided
that the plate current does not approach cutoff or exceed that value associated with zero
bias. Therefore, in this example, the a-c¢ load line has been drawn through the quiescent
point. The a-c¢ load r; is determined as follows:

RR, 20,000 X 20,000
B+ B, - (13X 1.000) + 55500 + 20,000
13,140 ohms

The value of Iy.r, should be added to E»,. This voltage,
(0.0025 X 13,140) + 222 = 254.8 volts

o = KRy +

establishes the point of intersection between the a-c load line and the abscissa. A straight
line drawn from this point through the quiescent operating point therefore locates the a-c
plate-load line.

The dynamic transfer characteristic can then be drawn as stated in Sec. 3.4e.

6. Determine the amplifier gain.

It is necessary to draw a new bias line based on the addition of a d-c signal in the grid
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circuit. The procedure is given in Sec. 3.4c, and in this example a +2 volt signal has been
assumed. Construct a line parallel with the original bias line but displaced horizontally
by an amount equivalent to the value of the assumed signal. The difference in plate
currents associated with the intersections of the two bias lines and the dynamic transfer
characteristic represents the incremental a-c current change associated with the assumed
increment of signal input. The gain A is determined as follows:

_ e, _ ALRR,
T e Ae(Ry + B2

_(0.0036 — 0.0025)29,000 X 20,000
- 2(29,000 -+ 20,000)

A

= 8.51

8.5. Gain and Bandwidth. Resistance-coupled Amplifiers. Equations for the
gain of a resistance-coupled amplifier
with and without degeneration are given 2
in Secs. 3.5 and 3.5b, and the equations
for determining the lower and upper fre-
quency limits are given in Secs. 3.5¢ and
3.5d, respectively.

3.5a. Voltage Gain. The voltage gain
can be calculated from the known tube
characteristics and the circuit resistances
or impedances. The midband gain is
generally determined with the assump- F1a. 3.16. Resistance-coupled amplifier.
tion that the plate-load impedance is
equal to the resistive component r,. For this case the gain of a triode or multielement
tube without degeneration can be expressed by Eq. (3.14) or (3.15).

A= Z— = _';”’n (3.14)
= ILQL;: (3.15)
t
N — 0T when 7, >
RyR.

where r, = a-c plate-load resistance = %+ K. (see Fig. 3.16)

i, Tp, gm = constants of the tube under specific operating conditions

3.6b. Gain with Degeneration. In an amplifier, the signal which is amplified is that
portion of the input signal which exists between the grid and the cathode. An
amplifier which has a cathode circuit impedance in series with the input signal as
shown in Fig. 3.17a will have reduced gain since the cathode circuit voltage, caused
by cathode current through the cathode resistance, introduces a signal voltage which
opposes the input voltage and, consequently, reduces the grid to cathode voltage. A
circuit of this type is said to be degenerative. In general, this form of degeneration will
be present whenever an unbalanced (one terminal grounded) generator is employed
with an amplifier having a cathode impedance. The gain of an amplifier A’ with
cathode degeneration is given by Eq. (3.16) or (3.17).

4]
= 3.16
A = AT RGFD (3-16)
_ —gmTs 3.17)
1+ gnRe + BT
Tp
T8 e > (Re 4+ )

1 F guka
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In the case of a tetrode or pentode amplifier, Eq. (3.17) is based on the screen grid
being bypassed to the cathode. If the screen grid is bypassed to ground or in the
event there is no screen voltage dropping resistor in a tetrode or pentode amplifier
having cathode eircuit degeneration, Eq. (3.19) is applicable if R, is made equal to
Zero.

Not all amplifiers which have an impedance in the cathode circuit are degenerative.
The amplifier with the transformer-coupled input shown in Fig. 3.17b is an example
if it is assumed that the impedance formed by R, in parallel with C; is negligible at
the signal frequency. The signal voltage drop across R, does not alter the grid-to-
cathode voltage and consequently does not cause degeneration. Resistor R. is to
provide the proper bias and does not cause degeneration since it is bypassed. This
technique of lifting the generator by a voltage resulting from the generator output as
shown in Fig. 3.17b is called bootstrapping. In bootstrapping amplifiers, the same
gain can be realized with a resistance R, in the cathode circuit as that realized with
the same resistor in the plate circuit. By bootstrapping, the low output resistance
normally associated with the cathode is lost, e.g., the output resistance in Fig. 3.17b is
the same as it would be if B; were in the plate circuit.

1

#

{0) DEGENERATIVE (H) NOT DEGENERATIVE
Fi1e. 3.17, Amplifiers with resistance in the cathode lead.

A tetrode or pentode amplifier with an unbypassed resistance or impedance in the
screen circuit will cause degeneration. The computation of amplifier gain A’ with
the screen circuit degeneration is complicated by the requirement of tube constants
not normally supplied by the manufacturers.

I _ gﬁvlgmﬂRs
A T r/r (gm e (3.18)
) gmTs

1
T T ¥, (1 TiF raa/R,)

where g,2,1 = transconductance, control grid to screen grid
gpg2 = transconduétance, screen grid to plate
R, = resistance, or signal impedance, in screen circuit
rg2 = dynamic resistance of the screen grid
If the cathode circuit is degenerative, any bypass for the screen circuit should
return to the cathode, not to ground.
The gain A’ with both screen and cathede degeneration is given by Eq. (3.19).

—GmTb (sz - By )
A ro2Tp

1 3.19)
Ri + 70 + Ra [gm (m + !7-;) +1+ gmm]
Pg
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8.5c. Low-frequency Response. At some low frequency fi, the gain of a resistance-
coupled amplifier will be 3 db less than the gain at midband as given by Eq. (3.14) or
(3.15). This —~3-db frequency, or lower half-power frequency, is nominally taken
as the lower limit of bandwidth. For an amplifier of the general form shown in Fig.

2
1
1< ~0
>
& ;E Gor O B =G
&
€s

foorarT1

-6 pRp
/ /:’-/?c*‘ﬁ

RELATIVE GAIN N DB

F1g. 3.19. Low-frequency loss characteristics due to R-C. interstage coupling.

3.18 and using either triode or multielement tubes, f; will be given by Eq. (3.20)
provided that no degeneration exists in either the screen or cathode circuits.?

(3.20)

fi= L

a Tpr
2‘”'00 (Rc + Tp + Rb)

In many eircuits R, will be very much larger than r, in parallel with R;. When
this is true Eq. (3.20) may be simplified to Eq. (3.21).

when R, 3 —12fo_ (3.21)

P
t 27rCcRc Tp + Rb

The low-frequency attenuation and phase characteristics are shown in Figs. 3.19 and
3.20, respectively.

1 The effects of degeneration in the cathode and screen circuits are treated in Secs. 3.10a
to 3.10¢.



3-20

BELECTRONIC DESIGNERS HANDBOOK

8.56d. High-frequency Response. At some high frequency f, the gain of a resistance-
coupled amplifier will also be 3 db less than the gain at midband as given by Eq.

(3.14) or (3.15).

90
80
70
60
50
40
30
20
10

[

LEADING PHASE SHIFT IN DEGREES

This —3-db frequency, or upper half-power frequency, is nominally
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Fic. 3.20. Low-frequency phase characteristics due to R-C. interstage coupling.

taken as the upper limit of bandwidth. For an amplifier of the general form shown in
Fig. 3.18 and using either triode or multielement tubes, f; will be given by Eq. 3.22).

fa =

1

27r—C_‘rZ (3.22)

where C; = total capacitance shunting load = ¢, + €L + Cl + ¢;

Co

)
et
[

I

1
Cu

output capacitance of amplifier tube
wiring capacitance on the plate side of the coupling capacitor
wiring capacitance on the grid side of the coupling capacitor

¢; = input capacitance of the following amplifier tube or terminal device

’ 1

TprRc

r, =
1
2=
Tp

1 = R.By + 1oR, + ks

1
By, R

In wideband or video amplifiers, R, will often be very much smaller than either
rp or R,. When this is true Eq. (3.22) can be simplified to Eq. (3.23).

1

fa= 3 OR, when Ry < rp and By K R, (3.23)

The high-frequency attenuation and phase characteristics are shown in curve 5 of
Figs. 3.31 and 3.32, respectively.

Example 3.3

Determine the gain and bandwidth of an amplifier similar to that shown in Fig. 3.18
and having the circuit constants listed below:

gm = 3,900 pmhos C, = 4 put

7o = 500,000 ohms Ch = 6 uuf

R, = 10,000 ohms ci = 29 uuf
R, = 100,000 ohms C. = 1,000 puf
co = 16 puf

1. Solve for the amplifier gain by use of Eq. (3.15).

10,000 X 100,000

10,000 4 100,000
~gmrgrs  —0.0039 X 500,000 X 9,100

A = =

= 0,100 ohms

r» + 7

500,000 + 9,100 —349
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2. Solve for f1, with Eq. (3.20).

N = !

2 X 3.14 X 0.001 X 107¢ (100,000 +
= 1,450 cycles

500,000 X 10,000
500,000 + 10,000

3. Solve for f2 with Eq. (3.22).
1

27X 3.14 X b5 X 1012 X 8,930
= 324,000 cycles

I2

8.6. Gain and Bandwidth. Impedance-coupled Amplifiers. Impedance coupling
in an amplifier is shown in Fig. 3.21. Inductor L, replaces the plate-load resistor Rs
used in resistance-coupled amplifiers. An equivalent circuit is shown in Fig. 3.21b,
where 7, is the resistance of the inductor and C;is the inductor distributed capacitarce.
In parallel with C, are the output capacitance of the amplifier, c,, the distributed
wiring capacitance, C., and the input capacitance of the following amplifier, ¢;, In

G [~

(4
{4
1Y ll(
L
I3 /4
! i & » .
. G
% TRl =G & -
% 4
&,
Epp L B
( "

F1a. 3.21. Impedance-coupled amplifier and equivalent circuit.

the figure, C,, has been divided into two parts, C., and €., which are shown located
on either side of C..

Impedance coupling is used where it is desirable to have a high-load impedance
with a small d-¢ voltage drop. It is possible to develop output signals with almost
twice the amplitude as that from the same tube and power supply used in a resistance-
coupled circuit. The impedance-coupled amplifier has many of the disadvantages
of transformer coupling without the advantage of additional gain from step-up wind-
ing ratios. Some of these disadvantages are the possibility of magnetic saturation
due to d-¢ current, variation of inductance with applied voltage, high distributed
capacitance, high cost, and large size.

3.6a. Gain. The assumptions in computing the midband gain of an impedance-
coupled amplifier are that the reactance of L, is very large compared to R. in parallel
with 7, and that the reactance of C. is negligible compared to both R, and r,, When
these assumptions are valid and there is no degeneration, the gain is given by Eg.
(3.24) or (3.25).

—uR, :
R (3.24)
~ —p when B, > r;
_ "‘ngc
A= 1T Ror, (3.25)

~ —guR, when r, > R,
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The gain with cathode degeneration A’ is given by Eq. (3.26) or (3.27).

f o —pk. 26

A TR T RGTD ®.26)

- —gnfe 3.27)
14 gnkty + Ze T B

s

At low frequencies where the reactance of L; may not be large enough te satisfy
the assumption made for the equations above, the gain may be computed by sub-
stituting Z, for R. in Eqgs. (3.24) to (3.27). This is valid when the reactance of C.
i8 negligible as compared to r, and Z,.

r1? + w?l,?
=R, \/(“ TR+ o (3.28)

In the low-frequency case where the reactance of C. becomes large compared to
the sum of R. and r, and the shunting reactance of L, is still high compared to r,
and R, the low-frequency response can be computed as in a resistance-coupled

amplifier,
1

= 5eCR @29

where fi = low frequency at which the amplifier gain is 3 db less than at midband

The —3-db lower frequency, as limited by the shunting inductance only, will be
the frequency at which oL, is equal to R, in parallel with r,, This is based on the
assumptions that the reactance of C, is negligible compared to r, and R, and that r,
is small compared to wL;.

The —3-db upper frequency is reached when the reactance of the sum of all the
shunting capacitances, that is, ¢, + Cw 4+ Ca + ¢, i8 equal in magnitude to R, in
parallel with the output impedance of the tube which is equal to r, in the case of no
degeneration.

3.6b. Graphical Determination of the Quiescent and Dynamic Operating Conditions.
The quiescent operating point for an impedance-coupled amplifier is fixed by the
power-supply voltage and the resistors r; and R, in the plate and cathode circuits
(see Fig. 3.21a). The a-c plate load for midband frequencies is equal to R. when the
reactance of L, is high and is represented by a load line which normally can be assumed
to very nearly pass through the quiescent operating point (see Sec. 3.3b). The
procedure for the graphical solution is given in the following example.

Exampie 3.4

For the impedance-coupled amplifier shown in Fig. 3.21a and the circuit constants listed
below, determine the quiescent operating condition, the maximum-amplitude sinusoidal
output signal, the gain, and the nominal lower and upper limits of frequency response.
Assume the tube characteristics to be those given in Fig. 3.22.

L1 = 30 henrys R, = 100 kilohms
r1 = 450 ohms R =1 kilohm
Ep = 250 volts Ca = 50 uuf
Ci = 50 uf ¢co = 8 uuf
C. = 1.0 uf Cw = 20 uuf
e = 10 uuf

1. Construct the bias and d-c load lines (see Sec. 3.3).

The d-c plate-load line is plotted for the resistance Ex 4 1 and is shown in Fig. 3.22.
The bias line is drawn for a resistance of 1,000 ohms. The intersection of the two lines at
point O determines the quiescent operating conditions:

Iy = 7.75 ma

E., —7.75 volts
Eyo = 238 volts
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2. Construct the a-c load line.

Assuming no distortion, this line will have a slope determined by R, and will pass through
point 0. To construct this line, assume some excursion from the quiescent current and
determine the corresponding voltage change. For a 1-ma change in current through the
a-c load ‘of 100 kilohms, a 100-volt change in plate voltage will occur. Therefore, at
I, = 6.75 ma, the corresponding value of E, is 338 volts. A straight line through this
point and point O will establish the a-c plate-load line.

3. Determine the mazimum amplitude sinusoidal output signal and the midband gain.

The maximum excursion for a symmetrical signal from point O is first limited in the
direction of reduced plate voltage along the a-c plate-load line. The limit is at the E, = 0
curve where E; = 90 volts. For a sinusoidal input signal, the grid excursion in the opposite
direction must be identical, that is, —7.75 volts. Therefore the maximum positive excur-
sion of plate voltage will be that plate voltage measured along the a-c load line for an
instantaneous grid voltage of —15.5 volts. This value is approximately 382 volts. The

y
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F1a. 3.22. Graphical solution for Example 3.4.

peak-to-peak output signal is equal to 382 — 90, or 292 volts, and the gain for an output
signal of this amplitude is given by
Ae, 292

A =A—e. =155 " 18.8

<18

4. Determine fi, the —3-db lower frequency.
From the tube curves, r, = 7,500 ohms. The value of the parallel combination of R,
and 7p is given by

Resp 100,000 X 7,500 = 6,980 ohms

R. +rp, 100,000 + 7,500

Since r1 is very small compal;ed to 6,980 ohms it can be neglected in this solution. The
frequency at which the reactance of L) equals 6,980 ohms is fi. Therefore

_ 6,080 6,980
T 2rL: 2 X 3.14 X 30

N1 = 37 cycles

For this solution to be correct, the reactance of C, at 37 cyecles must be very small com-
pared to R, + rp.

1

= 2 X314 % 37 X 10— ~ 1300 ohms

X
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This value, less than 5 per cent of B, + 5, would have negligible effect on the value of f1
which proves that the above solution is of reasonable accuracy. Ry is bypassed by a suffi-
ciently large capacitor to prevent any appreciable reduction in gain at f1 (see Sec. 3.10b).

5. Determine f2, the —3-db upper frequency.

The sum of the capacitances shunting the load is

Ct =¢o+Ca+ Cyp +0¢i =8 450 +204+10

= 88 uuf
where C; = shunt capacitance
Therefore,
1
f2 - 2 O rlJRc
Tt R, + rp
1
2 X 3.14 X 88 X 1071z X 6,980
= 259 ke

8.7. Gain and Bandwidth. Transformer-coupled Amplifiers.! Transformer cou-
pling between stages of an amplifier or between an amplifier and load is usually used
to obtain either a voltage gain, impedance transformation, d-c isolation, an ungrounded
output, or a balanced (push-pull) connection. Transformers required to work over
several octaves or more will have an iron-core and near-unity coupling. In applica-
tions requiring coverage of a small part of an octave the transformer will generally
be of the air-core type with resonated windings. This section treats the use of iron-
core transformer-coupled amplifiers only. For
the treatment of air-core transformer-coupled
amplifiers refer to Secs. 13.1 to 13.5 and for a
discussion of the fundamentals of iron-core trans-
formers refer to Sec. 14.2.

3.7a. Midband Gain. An amplifier employing
transformer coupling without a resistive termina-
tion for the transformer is shown in Fig. 3.23.
Frc. 3.23. An:pliﬁer with untermi- In such an amplifier the plate: load is the' react-
nated transformer. ance X, of the transformer primary, that is, wL,,

and at midband is generally very large compared
to r,.. The gain at midband is therefore very nearly equal to un where n is the ratio
of secondary turns N, to primary turns N,.

Coupling transformers are more often resistively terminated, however, to improve

the frequency response. The midband gain is lower than in the unterminated case

and is given by Eq. (3.30) provided the winding resistances are assumed to be equal
to zero.

A= pnlL

TR (3.30)

where Rr = terminating resistance.

3.7b. Low-frequency Response. The —3-db lower frequency f, for an amplifier with
an unterminated transformer is given by Eq. (3.31) provided the winding resistances
are assumed to be equal to zero.

h = 2;i (unterminated) (3.31)
¥4

where L, is in henrys.
Equation (3.31) shows that the best low-frequency response is obtained when the
dynamiec plate resistance is small and the transformer primary inductance is large.

1 See Sec. 4 for the graphical analyses of transformer-coupled amplifiers.
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The complete low-frequency equivalent circuit is shown in Fig. 14.32, and in this
figure R¢ can be considered to be the plate output resistance.

Terminating the transformer with a resistance improves the low-frequency
response. The frequency fi for the terminated transformer is given by Eq. (3.32).

Riry

fi= 2xLo(RL -+ nPrp)

(terminated) (3.32)

In many cases it is necessary to state the low-frequency response as a function of
signal level. This is due to the change of the core permeability and, consequently,
L, with changes in the level of the applied voltage.!

The resistive shunt-feed circuit shown in Fig. 3.24a is sometimes used to eliminate

the d-c magnetization effect of the plate current on the transformer. The gain and
gls 4 lp% éls
€pb =
(g} Y2}

Fia. 3.24, Shunt-feed circuits for transformers.

S Cr

PR
£pb =

low frequency limit f; of this amplifier can be computed from Egs. (3.33) to (3.36)
provided the winding resistance are assumed to be equal to zero.

4 = r—————: f—nR (unterminated) (3.33)
RR .

= REL +”7ZRL L+ T (terminated) (3.34)

fi = 2_1JJ—,,_(7:,R_+R_) (unterminated) (3.35)

fi = roRRL
V7 2¢L,(n*ryR + r,Rr + RRL)

(terminated) (3.36)

A variation of the shunt feed is shown in Fig. 3.24b. In this circuit an inductor
L, is used for a d-c current path. The midband gain of this circuit is the same as the
gain with direct coupling to the transformer. With the assumption that the coupling
capacitor C. has negligible reactance, the low-frequency response will be determined
by L. in parallel with L,. This equivalent value of inductance, (LiL,)/(Li + Ly),
can be substituted for L, in Eq. (3.31) or (3.32).

Shunt-feed circuits are also used with coupling capacitor values that resonate with
L, within the useful passband. If C. is adjusted for resonance at an optimum fre-
quency somewhat below the normal lower-frequency limit fi, the flat response of the
amplifier can be extended for almost an octave. If the frequency of resonance is
adjusted slightly above the normal lower-frequency limit fi, a certain amount of low-
frequency signal boost will result. The amount of signal boost obtained is a function
of the primary winding @. Normally, the primary winding Q of an iron core trans-
former will be small, i.e., about unity or less, at low frequencies unless there is a gap
in the core (see Sec. 14.17).

3.7c. High-frequency Response. There is no simple equation which can be used to
solve for the high-frequency response (see Fig. 14.31¢). In general, it will have a
pronounced hump (a limited region of increased gain) if the transformer is not termi-

! For a discussion of this effect see Sec. 14.4.



3-26 BELECTRONIC DESIGNERS’ HANDBOOK

nated or if terminated with an impedance much higher than the transformer output
impedance. The appearance of the hump is contingent upon the source impedance,
e.g., the dynamic tube resistance being small as compared to the transformer leakage
reactance at fr. The resonant frequency f; is defined as the frequency at which the
total leakage reactance L;, is equal to the reactance of the sum of the primary and
secondary circuit capacities in the 1:1 equivalent transformer. In Figs. 14.33 to
14.41 of Sec. 14.5, the high-frequency responses of terminated transformers having
different circuit values have been plotted. It should be noted that it is necessary to
first convert the actual transformer circuit into the equivalent circuit of a transformer
having & 1:1 turns ratio. Figure 3.25 is applicable if the transformer is unterminated

8
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4 o:141
Z\el
2 w7
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z 0 SN ]
§ fr"_—‘~/ \\>\ A \\
4 2= 2mfipnie N
9 , . 0:087 NN
€ _ 1 Xp=emit Y
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2 C 2T Fsn? 006 \\\\
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-0 SEE SEC. 1300 FOR Lp ar fr-zr-
IR
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z

fr.
F1c. 3.25. High-frequency response of an unterminated transformer for the condition where
n?C, 3> Cp.
and if, in the 1:1 equivalent circuit, the secondary circuit capacitance is much larger
than the primary circuit capacitance. In a step-up transformer this is usually the
case, and the primary circuit capacitance can be neglected in the calculations.

Example 3.5
In a circuit similar to Fig. 3.23 and with constants listed below, determine the midband
gain, the —3-db lower frequency fi, fr, and the —3-db upper frequency f2.

u =20 L, = 0.04 henry

rp = 7,000 ohms Cp = 100 puf

L, = 12 henrys Cs = 120 puf

n =3 R, = pri. resist. = 300 ochms
R: = sec. resist. = 1,500 ohms

1. Determine the midband gain.

A =pn =20 X 3 =60
2. Determine fi.
From Egq. (3.31)
7,000

fHi= IXAIAXIE = 93 cycles
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3. Determine f; (see Fig. 3.25).
1

fr =
2 X 3.14 v/0.04 X 3% X 120 X 1012
= 24,200 cycles

4, Compute the circuit Q (see Fig. 3.25).

Q- X, 2X3.14 X 24,200 X 0.04
rp + Rp 7,000 -+ 300

= 0.833

5. Determine the high frequency at which the response is 3 db less than at midband.

Reading from the @ = 0.8 curve of Fig. 3.25, the value of f/fr corresponding to —3 db is
approximately 1.1. Therefore, the frequency of —3-db response equals 1.1 X 24,200, or
26,600 cycles.

8.8. Grid-input Impedance of an Amplifier. If an a-c signal source is connected
between the grid of an amplifier and ground, current will flow. The value of the
applied signal voltage divided by this current is the grid circuit input impedance to
the amplifier. The phase angle and the magnitude of the current indicate the values
of the resistive and reactive components.

The factors contributing to the grid-input impedance are treated in the following
paragraphs. Resistances in the grid circuit external to the tube are not considered.

3.8a. Steady-state Grid Current Loading with Negative Bias. The quiescent grid
current, independent of signal, is an important design consideration whenever an
amplifier is directly coupled to a very high impedance generator or storage device.
The current that flows varies with electrode voltages, plate current, cathode tempera-
ture, residual gas in the tube envelope, and other less important factors. This current
can vary greatly from tube to tube of the same type and manufacture, but some gen-
eral rules are applicable. Grid current can be either positive or negative in direction
of flow.

Positive grid current is defined as electron flow from the cathode to the grid within
the tube. This current flows whenever electrons are emitted from the cathode with
an initial velocity great enough to overcome the retarding field and reach the grid.
Cathode temperature and cathode material determine the distribution of initial
velocities. Low heater voltage, high negative grid bias, and high plate voltage (screen
grid voltage in pentodes) tend to reduce the positive grid current for any given tube.

Negative grid current—defined as the flow of electrons from the grid into the plate
current stream-—is usually smaller but more erratic than positive grid current in
voltage amplifier tubes. The primary reason for this current is the ionization of the
gas in the tube by collision with high-velocity plate stream electrons. Some of the
positive gas ions so formed flow to the negative grid where their charges are completed
by those electrons supplied to the grid through the external grid circuit. This
electron flow through the external grid circuit resistance causes a change in bias
in the direction of zero bias which in turn causes an increase in plate current and
results in an increase in the rate of ionization. Because this effect is regenerative,
it is necessary to minimize the grid circuit resistance or employ cathode biasing if
gassy tubes are used. This effect is most pronounced in power tubes because of the
fact that the high operating temperatures cause the liberation of occluded gases.
In any tube ionization can be minimized by operating at reduced plate and screen
voltages and currents. In amplifier applications, a minor cause of negative grid'
current is secondary emission from the grid. This effect has been reduced by the
selection of special metal alloys or by gold-plating the grid. Generally, in. most
small-voltage amplifier tubes, the negative grid current will be considerably less than
one microampere.
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Each of the two opposing current components becomes predominant in different
regions of the applied grid voltage. At low values of bias, the positive current is the
greater, and at high values the negative current is the greater. The intermediate
point between these regions is a value of bias for which there is no net grid current.
This value of bias can be established for a given operating condition by determining
the potential of the ‘‘floating’” grid. This is done by measuring the plate current
with the grid floating and then duplicating this current while operating the grid from
a variable-voltage source and observing the required bias. For high-u triodes which
are operated with moderate to high plate voltages, the zero grid current point will
usually be in the region of —1 to —2 volts of bias.

3.8b. Effect of Positive Grid Signals on Input Resistance. A positive grid-cathode
voltage E: causes grid current to flow and consequently represents a load on the grid
signal source. For most receiving-type tubes with a positive grid signal, the value of
Rgx is between 500 and 1,500 ohms. These values are representative only when the
positive grid-cathode voltage is greater than a few tenths of a volt and when the
screen or plate voltage is high compared to Eg. As Eji: becomes very small, the value
of R, becomes large, and when the grid-cathode voltage is zero or slightly negative,
R, reaches a value which can usually be considered as being equal to one or more
megohms. When Ej approaches or exceeds the screen voltage in pentodes or the
plate voltage in triodes, the minimum values of B will be reached.

3.8c. Effect of Interelectrode Capacitance on Input Impedance. The phase angle
between the grid signal voltage and the current that flows through the interelec-
trode capacitances is dependent on the magnitude and phase angle of the plate load
impedance,

1. Resistively Loaded Amplifiers. In a resistively loaded amplifier capacitive
currents will flow from the grid to the other electrodes through the interelectrode
capacitances. If a signal voltage exists at any electrode other than the grid, the
instantaneous grid input current due to capacitance between the grid and this elec-
trode will be equal to the instantaneous difference in the two voltages divided by the
reactance of the mutual capacitance. Multiple current paths are additive in deter-
mining the total input current.

An amplifier with a registive load will have an effective input capacitance larger
than the sum of ¢, control-grid to screen-grid capacitance c¢gige, and e,. This
effect is sometimes referred to as “Miller effect.”” The input capacitance ¢; of a
registively loaded amplifier with a gain A4 is given by Eq. (3.37). :

¢i = gk + cgrg2 + cop(|Al + 1) 3.37)

Equation (3.37) applies to amplifiers in which no signal exists at either the cathode
or screen grid. In the case of an amplifier with a degenerative cathode, ¢; is given
by Eq. (3.38).

¢ = ca(l — Ag) + corpz + Cvr(!A,1 + 1) (3.38)

where A’ = grid-plate gain with cathode degeneration [see Eqs. (3.16) and (3.17)]
Age = grid-cathode gain [see Eq. (3.114)]

The superiority of the pentode is evident because the very small value of ¢, mini-
mizes both the total input capacitance and the variations in input capacitance with
variations in the grid-plate gain. If the screen circuit impedance is not bypassed,
.Eqs. (3.37) and (3.38) will apply if the term c,1,2 is modified by the factor (1 + [Aggl).
The term A1,z is the voltage gain from the control grid to the screen grid.

In the case of the cathode follower where both the plate and screen grid are at
signal ground, ¢; is given by Eq. (3.39).

¢ = ca(l — Ap) + Cotga + Cop (3.39)
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Example 3.6

Assume that a triode amplifier has a gain of 12 and has the circuit capacitances given
below. If the plate load is resistive and the cathode is bypassed at the signal frequency,
what is the input capacitance?

Cop = 4 puuf ok = 3 ppuf
From Eq. (3.37)
¢ =3 +4(12 4 1) = 55 puf

2. Reactively Loaded Amplifier. An amplifier that operates into a reactive plate
load will have a phase angle ¢ associated with the gain term, that is, 4/¢. If the

plate load of an amplifier is capacitive, the input impedance has a positive resistance
component. Similarly, an inductive plate load produces a negative resistance com-
ponent at the input to the amplifier, A positive resistance in the input-impedance
term indicates that the signal source will be required to supply power. A negative-
resistance component indicates that the amplifier will supply power to the external
grid circuit. The latter case is the basis of many oscillator circuits.

The input impedance, due to the interelectrode capacitances and reactive load,
can be reduced to a resistive component R, and a capacitive component c;.

—1
RB. = e s (3.40)
6 = Cu + Cgro2 + Cop(1 + |A] cos ¢) (3.41)
where w = 2xf
¢ = phase angle of output voltage caused by reactive load, that is, ¢ = ¢1 — ¢2
where ¢; is the phase angle of the load and ¢. is the phase angle of the
load impedance plus r,

Equations (3.40) and (3.41) are valid only if there is neither cathode nor sereen-grid
degeneration.

Neutralization of tuned triode amplifiers is necessary at the frequency the load
becomes inductive and feeds back enough power to the grid to cause oscillation.
Neutralization consists of providing another path from the output to the input through
which current can flow to compensate for the interelectrode current.

Example 3.7
Find the grid-input resistance and capacitance to an amplifier utilizing a triode tube and
which has the following circuit constants:
u =20 ok = 3 pupf
rp = 8,000 ohms Cop = 4 ppui
Frequency = 2 Me

Plate load 12,000 ohms in series with 2.5 mh
1. Find X.
X1 = 2xfL = 6.28 X 2 X 108 X 2.5 X 1073
= 31,400 ochms
2. Find Zg.

Z; = R +jXr = 12,000 + 331,400
= 33,600/69.1° chms

3. Compute A.

wZr 20 X 33,600/69.1°
A= - =

7+ Zz 8,000 + (12,000 + j31,400)
= —18.1/11.6°

4, Compute R, from Eq. (3.40).
R,

-1
T 8.28 X 2 X 10¢ X 4 X 10712 X 18.1 X 0.201
= —5,460 chms
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5. Compute ¢; from Eq. (3.41).
6 =3 4 4[1 + (18.1 X 0.98)] = 78 upf

3.8d. Effect of Transit Time on Input I'mpedance. In a vacuum tube the electron
flow between the cathode and plate, which is initiated by the grid signal voltage,
causes a current to flow in the external grid circuit. Electrons approaching the grid
plane from the cathode cause electrons to flow from the grid to the cathode through
the external grid circuit, and electrons passing from the grid plane to the plate cause
an electron flow from the eathode to the grid through the external grid circuit. At
low and moderate frequencies, the induced grid current appears as a predominantly
capacitive load on the grid signal source. As the signal frequency is increased, the
transit time, expressed in degrees of the applied signal, becomes larger and larger. This
in turn causes the impedance loading the signal source to approach a pure resistance
and to have a small enough value that it may severely load the input signal source.
It has been shown by Llewellyn! that the grid input resistance due to transit time
varies inversely as the square of frequency. An expression for input resistance due
to electron transit time is given by Eq. (3.42).

1

B = W (3.42)
where R, = tube input resistance in ohms due to transit time
K = a constant which is a function of cathode-grid and grid-plate transit times
gm = grid-plate transconductance, mhos

f = frequency, cps
T = transit time from cathode to grid, sec

For conventional voltage amplifier tubes, transit time loading usually becomes
apparent in the region of 10 Mc and above. The degree of input loading becomes
very pronounced for most of these tubes in the region of 50 Mc and above. Specially
constructed tubes such as the lighthouse tube, which has closely spaced planar elec-
trodes, have been designed to permit operation as high as 3,000 Mec¢ and above.

Some typical values of input resistances at 100 Mec are given in Fig. 7.34. These
values include the effects of cathode lead inductance (see Sec. 3.8f).

8.8e. Effect of Transconductance on Input Capacitance. In addition to the increase
in grid-cathode capacitance due to electron transit time, ¢, is increased as the trans-
conductance is increased because of the movement of the space charge toward the
grid.

The incremental change Ac in the grid-cathode capacitance for a hot and cold tube
represents the combined effects of transit time and transconductance. It is possible
to introduce complete compensation for this effect by placing an unbypassed resistor
R; in the cathode circuit whose value is given by Eq. (3.43).

Acly
Ry = Tmcols ohms (tetrode or pentode) 3.43)
= & ohms (triode)
ImCok

where A, = cold-to-hot increase in the tube grid-cathode capacitance, uuf
gm = grid-plate transconductance at the operating point, mhos
e = grid-cathode capacitance of the cold tube, uuf
I, = plate current
I = cathode current

1F. B. Llewellyn, “Electron Inertia Effects,” Cambridge University Press, New York,
1941.
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3.8f. Effect of Cathode Lead Inductance on Input Capacitance. At high frequencies,
the plate-signal current flowing through the cathode lead inductance may cause a
significant voltage to exist at the cathode which is leading the grid-signal voltage.
Because of the phase relationship between the applied grid voltage and the cathode
voltage, the current which flows through the grid-cathode capacitance has a com-
ponent which is in phase with the grid voltage. The value of the input resistance due
to cathode lead inductance is given by Eq. (3.44).

1

Ry =
v Imw 2LlcCak

(3.44)
where B, = tube input resistance in ochms due to cathode-lead inductance
gm = grid-plate transconductance, mhos
w = 2af
L; = cathode lead inductance, henrys
cor = grid-cathode capacitance, farads

The value of ecathode lead inductance for most miniature receiving-type tubes is
between 0.01 and 0.02 zth. Equation (3.44) is based on the reactance of the cathode
lead inductance being small as compared to the reactance of the grid-cathode capaci-
tance. Compensation can be made for the effects of ecathode lead inductance as
described in Sec. 7.4h.

3.9. Gain-bandwidth Product, Pulse Rise Time, and Tube Selection for Wideband
Amplifiers. The significant considerations in the choice of vacuum tubes for wide-
band amplifiers and the equations for gain-bandwidth product, pulse rise time, and
figures of merit for comparing tubes are given in this section.

3.9a. Gain-bandwidth Product of a Resistively Loaded Amplifier. The gain of a
resistively loaded amplifier stage can be determined from Eq. (3.14). At the —3-db
upper frequency f», the circuit resistance as measured at the plate of the tube, that is,
ro7o/(rs 4 73), 18 equal to the reactance of the shunt capacitance C;. From these two
relationships the absolute value of the midband gain |A| can be expressed by Eq. (3.45).

-
4] = g0 (3.45)

C, includes the stray wiring capacitances, the output capacitance of the amplifier
tube, and the input capacitance to the following tube. From Eq. (3.45) it can be
seen that the product of |4] and f, that is, the gain-bandwidth product, is dependent
only upon the tube constants and the circuit capacitances. This is based on the
assumption that f; is very much larger than fi.

Gain X bandwidth = [Alf, = (3.46)

_fm_
2xC,

The gain-bandwidth product indicates that for an increase or decrease in gain
there is a corresponding decrease or increase in bandwidth. If the bandwidth is
increased until it equals the gain-bandwidth product, unity gain will be realized.
The gain-bandwidth product ean be increased, however, by video compensation in the
form of series and/or shunt peaking. Feedback methods, including cathode com-
pensation, will not increase this product.

8.9b. Figures of Merit for Tetrode and Pentode Tubes. To permit the comparative
evaluation of tubes in wideband amplifiers, independent of wiring techniques, the
figure of merit term Fwa is established from Eq. (3.47).

= _gn
Fwa = Py (3.47)
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where Fwa = figure of merit for a wideband amplifier tube

¢ = input capacitance to the tube, uuf

¢, = output capacitance of the tube, uuf

gm = grid-to-plate transconductance, umhos

Note that Fw,4 is evaluated with the input and output capacitances of the same

tube and is therefore not readily converted to a gain-bandwidth product except where
two or more identical tubes are used successively.! The figure of merit values for
several tubes are given in Table 3.1.

TasLE 3.1. Ficures oF MERIT FOR SEVERAL VacuuMm TUBEs

Tube type | gm, umho | c¢i, ppf | co, uuf | Fwa
6AGH 5,000 6.5 1.8 603
6AH6 9,000 10 3.6* 661
6AK5 5,000 4 2 .8* 735
6CB6 6,200 6.3 1.9 756
6AU6 5,000 5.5 5 476
807 6,000 12 7 316
829 8,500 14.5 7 395

* With shield.

Where wide bandwidth and a large output voltage are required simultaneously,
different tube considerations apply. To develop a large voltage across a low-imped-
ance load it is necessary to have large plate current excursions. For output signals
that have equal positive and negative values, a high d-c plate current must flow.
This current must be equal to or greater than the peak value of the output signal
divided by n. In the case of a plate-loaded amplifier, negative output pulses only
- can be obtained without high steady-state plate current. For positive pulses, the
use of a highly biased cathode follower will eliminate the need for a high quiescent
current.

Maximum plate current rating and low output capacitance are usually the prime
considerations in the choice of a tube for a large output voltage with wide bandwidth.
This is based on the assumption that g. and c¢; are of less importance because the
input signal can usually be supplied from some appropriate generator. When this
is true, the figure of merit Fo for an output tube is given by Eq. (3.48).

1, -
Fo = o (3.48)
where Fo = figure of merit for output tube
I, = maximum possible value of average plate current for desired plate load

For a given tube type, the value of Fo is not constant but is a function of the plate
load. It permits, however, the comparison of different types of tubes. The prac-
tical considerations in supplying the drive signal for such a stage usually require
that gm and c; enter into the tube selection. The final choice for this case will usually
be a compromise hetween Fw,4 and Fo.

3.9¢c. Pulse Rise Time as a Function of Bandwidth. In some cases, pulses or other
transient waveforms are to be amplified rather than sine waves. For these applica-~
tions, it iz usually more appropriate to consider the maximum rate of rise of output
voltage that can be obtained rather than the frequency response to a sine-wave

18ince ¢; in a triode is a function of stage gain, no figure of merit can be established for
a triode.
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input. Rise time is defined as the time required for the output-voltage waveform to
rise from 10 to 90 per cent of its final value in response to a step-function input signal.t
The following relationship for uncompensated resistively loaded amplifiers will give
the rise time as a function of the circuit parameters.

2.24C,

m

Rise time, sec =~ 2.2r,C; ~ (3.49)

Equation (3.50) can be used to express the relationship between bandwidth and
rise time for a single uncompensated stage.

0.35

bandwidth, cps (3.50)

Rise time, sec o~

To express the over-all rise time of a multistage amplifier, the composite rise time to a
step function input is given by the square root of the sum of the squares of the indi-
vidual rise times. This relationship assumes that the individual amplifiers do not
have an overshoot that exceeds a few per cent. For input signals with rise times
appreciably greater than that of the amplifier, the amplifier may be considered to have
negligible waveform distortion of the leading edge. In the case where the input signal
rise time approaches that of the amplifier for a step function input, the output signal
will have a rise time equal to the square Toot of the sum of the squares of the input
and amplifier rise times.

Example 3.8

In an uncompensated video amplifier using cascaded 6AKS tubes, determine the maxi-
mum midband gain per stage and the plate-load resistances if the desired stage bandwidth
is 4,25 Mc and the distributed wiring capacitance Cu is 6 puf per stage.

From Table 3.1

Ce =¢co+ ¢ + Co ——72.8 + 4 + 6 = 12.8 puf

From Eq. (3.45) '
5X 1073
4] =

2 X 3.14 X 495 X 10" X 12.8 % 101 ~ 146

In this problem the grid-to-plate capacitance of the succeeding tube (0.02 puf) multiplied
by (JA| + 1).is a negligible quantity and can be disregarded. In some cases it will be neces-
sary to add this term to the other capacitances.

To determine the value of the a-c plate load 7, consistent with the calculated value of 4,
the simple expression for midband gain can be used. *

A 14.6 . .
o %’—nl 5% 10— = 2,920 ohms ' (assuming no degeneration)
Example 3.9
An oscilloscope deflection amplifier must be capable of supplying a 110-volt rms sine
wave to the deflection plates. Using an 807 tube, determine the operating conditions for
2-Me bandwidth if the sum of the deflection plate input and wiring capacitances is 20 uuf.
From the tube manufacturer’s data:

Co = 7 ppf
The a-c plate-load resistance must be equal to or less than °

1

™ T SapC

_ 1

T 27X 814X 2X 108X (20 +7) X 1071
= 2,950 chms

1 With reference to the input signal, a step functlon is an mstantaneous change in the d-c
value to some new d-c¢ ‘value.
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and eo(peak) = V2 erme = 1.414 X 110 = 155.6 volts
155.6
Quiescent plate current I, > —56536 = 52.8 ma
155.6
and Ipimaxy 2 Ibo + 2.050 = 105.6 ma

If the 807 screen voltage is assumed to be equal to 250 volts, the quiescent plate voltage
equal to 300 volts, and the quiescent control grid voltage equal to —12 volts, gm will be
approximately 6,000 umhos. TUnder these conditions the quiescent plate current will be
approximately 100 ma and the tube will not be driven into the positive grid region.
Therefore,
JA] ™~ gmm, = 6 X 1073 X 2,950
~ 17.7

8.10. Effect of Bypassed Cathode and Bypassed Screen-grid Resistors on the
Frequency Response. In determining the low-frequency
response, it is necessary to consider the effects of the inter-
stage coupling as discussed in Seecs. 3.5¢, 3.6a, and 3.7b in
addition to the effects of cathode and screen-grid circuit
3 bypassing which are discussed in the following sections.
%/?; Both the db loss and phase shift due to interstage coupling
add to the db loss and phase shift due to the cathode and /or
screen-grid bypassing. An amplifier employing screen-grid
{ and cathode bypassing is shown in Fig. 3.26.
~2 3.10a. Low-frequency Gain and Phase Characteristics as
Determined by Bypassing the Screen Grid to a Grounded
Cathode. At high, medium, and relatively low frequencies,
<% the screen-grid circuit which employs a dropping resistor
can be stabilized with respect to the cathode by bypassing
the screen grid to the cathode. At very low frequencies,
however, the screen-grid circuit becomes degenerative since
= the reactance of the bypass capacitor becomes sufficiently
Fra. 3.26. Amplifier jarge that it has negligible effect on the circuit. In Figs.
:x:fih bz:l}t‘lhs:gien'gg;f 3.27 and 3.28 are the amplitude and phase characteristics of
passing. an amplifier as determined by screen-grid circuit bypassing
as a function of f/f, for several values of A,/A: provided that
the cathode is either grounded or very well bypassed at those frequencies in the region
of f. The terms f. and A,/A. are determined from Eqs. (3.51) and (3.52).

1
fo= 2 R.Cx (3.51)
'At R.
— =1 —_ .
A + e (3.52)

where 7,2 = dynamic screen-grid resistance, ohms
R, = screen voltage dropping resistor
Ca = bypass capacitor between screen grid and cathode, farads
f. = frequency in cycles per second at which reactance of C,, = R,
A, = gain without screen circuit degeneration
. A, = gain with screen circuit degeneration
It is of interest to note that the total loss in gain due to the screen circuit degenera-
tion at low frequencies is dependent only on the value of R,/r.
The frequency fi, that is, the low frequency at which the amplifier gain is 3 db less
than at midband, can be found as follows: (1) compute A./A., (2) from Fig. 3.27
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Fia. 3.27. Amplitude characteristics of an amplifier with a bypassed cathode resistor or a
screen-grid resistor bypassed to the cathode.
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Fra. 3.28. Phase characteristics of an amplifier with a bypassed cathode resistor or a screen-
grid resistor bypassed to the cathode. !

determine the value of f/f, which causes a 3-db loss, and (3) determine the value of f

from Eq. (3.53).
fi = (value from step 2) X f. (3.53)

3.10b. Low-frequency Gain and Phase Characteristics as Determined by a Bypassed
Cathode Resistor. With the application of Eqs. (3.54) and (3.55) and Figs. 3.27 and
3.28, the low-frequency amplitude and phase characteristics of a triode can be deter-
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mined. These same equations and figures apply to a tetrode or pentode amplifier
provided that the screen-grid bypass capacitor to the cathode is large enough that
a very small proportion of the a-c screen current flows through R, and Ei at fre-
quencies in the region of fi. The terms f; and Ay/A; are determined from Eqgs.
(3.54) and (3.55).

1

fr = _21FR——1¢Ck (3.54)
Ay Ri(pw +1)
_ u+1) 3.55
A T ©:59)
and if r, > n,
A o1 4 guR (3.56)
A

where R, = cathode resistance, ohms
Cr = cathode bypass capacitor, farads
A, = gain without cathode degeneration
A}, = gain with cathode degeneration
fir = frequency in cycles per second at which reactance of Ci = R,

The value of fi is determined in a manner similar to the one described in
Sec. 3.10q, except that Az/Ay, f/fi, and fi are substituted for A./AL, f/fs, and f.,
respectively.

8.10c. Low-frequency Gain and Phase Characteristics as Determined by the Combina-
tion of Screen-grid and Cathode Bypassing. Equation (3.19) is applicable for the
determination of gain if both cathode and screen-grid degeneration exist. The
applicable equation for the case of the cathode being bypassed to ground and the
screen circuit being bypassed to the cathode is considerably more complicated. This
is partially caused by the fact that the screen-grid bypass capacitor is in paraliel
with the series combination of B, and R; and prevents the substitution of the term
Zy (Cor in parallel with the sum of R, and Rx) for R, in a manner similar to the pos-
sible substitution of the term Zi (parallel combination of R; and C;) for Ry in Eq.
(3.19). Because of the form of this new equation, it does not lend itself to usable
simplification and consequently prevents the creation of a convenient and accurate
means for determining the low-frequency amplitude and phase characteristics due
to the combination of screen-grid and cathode bypassing.

A practical means of making a fairly good approximation as to the amplitude and
phase characteristics is to assume that the attenuation in decibels and the phase shift
in degrees can each be determined for screen-grid and cathode bypassing separately
and then the results added so as to obtain the composite amplitude and phase char-
acteristics. This method, although not exact, permits the determination of a response
curve which usually does not deviate from the true responsc curve by more than
about one decibel.

8.10d. Ezxtension of the High-frequency Response by Cathode and/or Screen-grid
Circuit Compensation. The high-frequency response of an amplifier which is degen-
erative, because of either an unbypassed cathode and/or an unbypassed screen-grid
resistor, can be extended by reducing this degeneration at those upper frequencies
where the plate load is reduced by the reactance of the shunt capacity. This can
be accomplished by bypassing the appropriate resistor or resistors, viz., either the
screen-grid resistor to the cathode and/or the cathode resistor to ground, with a small
capacitor which is effective only at high frequencies. This permits the extension of
the upper —3-db frequency by a factor equal to or larger than A/A’ as shown in
Fig. 3.29. The factor A/A4’ is equal to A:/A4, if only cathode circuit compensation
ig used, A,/A. if only screen-grid compensation is used, and Aw/A; + A./ALf both

]
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cathode and screen-grid compensation are employed [see Eqs. (3.52) and (3.55)].
Note that this permits the realization of the same gain-bandwidth product that
could be obtained by effectively bypassing the applicable resistor or resistors at all
frequencies. - The same gain-bandwidth product is obtained, however, with reduced
gain and increased bandwidth. :

2
1 =3
o g 125
z
z "I 0
g AN
g
5 \
w
3 -3
-3
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= \
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< -5
¥ \VIA\
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FREQUENCY —
Fia. 3.29. High-frequeney response of an amplifier as modified by cathode or screen-grid
eircuit compensation,

If only the cathode resistor is unbypassed, the high-frequency compensation which
can be realized by bypassing the cathode resistor with a small capacitor can be deter-
mined from Fig. 3.29. The value of d should be determined from Eq. (3.57). In
Fig. 3.29, the factor A/A’ is equal to Ax/4; [see Eqs. (3.55) and (3.56)].

— RkC};
d= G (3.57)

Similarly, if only the screen-grid resistor is unbypassed, 4/A4’ in Fig. 3.29 is equal to
A./A. [see Eq. (3.52)] and d should be determined from Eq. (3.58).

= Rscak

Ce (3.58)

If both the cathode and screen-grid resistors are unbypassed, the curves shown in
Fig. 3.29 can also be utilized to establish the factor by which the upper —3-db fre-
quency can be extended by properly bypassing these resistors. For thiscase, A/A'is
equal to A./A; + A./A.. To obtain correct compensation, either Egs. (3.57) and
(3.59) or Egs. (3.58) and (3.60) must be satisfied.

fo= A;fk (3.59)
“Lx
ju= o (3.60)

The curves shown in Fig. 3.29 show the high-frequency response of an amplifier
as a function of frequency for four different values of d. The optimum value for d
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is usually taken as 1 since with this value the bandwidth is increased by the factor
A/A’ without overcompensation. Where a slight amount of overcompensation is
permissible, the value of d equal to 1.25 will cause the bandwidth to be increased by
the factor 1.124 /A4’ as shown in the figure. Severe overcompensation results if the
value of d is much greater than 1.25.

Example 3.10

Determine f1, the —3-db lower frequency, for an amplifier which has the following circuit
values:

u =20 Ri; = 2,000 ohms
= 10,000 ohms re = 25,000 ohms
Cp = 10 uf

1. Compute Ax/Ax'.
From Eg. (3.55)

Ar _ 1+ 2,000(20 4+ 1)

Ar 10,000 + 25,000

= 2.2

2. Determine the value of f/f which causes a 3-db loss (see Fig. 3.27).

By interpolation between the curves for Ax/A:’ equal to 2 and 3, the value of f/fx which
causes a loss of 3 db is seen to be approximately equal to 1.7.

3. Determine f1.

Determine fx from Eq. (3.54).

1
2 X 3.14 X 2,000 X 10 X 1078
7.96 cycles

fr =

#

and from Eq. {3.53)
1.7 X 7.96
13.53 cycles

f1

Note: To determine the over-all low-frequency response of an amplifier it is also neces-
sary to add the db loss and phase shift introduced by the interstage coupling as discussed in
Secs. 3.5¢, 3.6a, and 3.7b.

Example 3.11

A pentode amplifier with r; of 2,000 ohms and an unbypassed Ry of 240 ohins is operating
with a transconductance gm of 5,200 umhos. If the uncompensated bandwidth is 4 Me,
determine (' for the greatest bandwidth without overcompensation.

At the upper —3-db frequency, the reactance of C; shunting the load is equal to rs.
Therefore

1 1
C = =
T onfay, 2 X 3.14 X 4 X 105 X 2 X 108
= 19.9 puf

For maximum bandwidth without overcompensation d = 1, therefore

_ RiCi
h rC
2 X 10% X 19.9 X 10712
Cr =
240
= 166 uuf

The factor by which the bandwidth is increased is equal to A;/A4,, therefore from
Eq. (3.56)

A 1+ gnke = 2.25
A;; _— gm k = L.
Actual bandwidth with compensation ~ 2.25 X 4

i 9 Me
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3.11. High-frequency Compensation. In this section, several different types of
compensating networks and their associated amplitude and phase characteristics
are discussed. For each type of compensation it has been assumed that the a-c plate
resistance 7, of the tube is much larger than the plate-load impedance. The phase-
shift characteristics for several different types of compensating networks have been
normalized so as to indicate the degree of phase distortion (see Figs. 3.32, 3.35, 3.37,
3.40, and 3.42). A network introduces phase distortion if it produces phase shift
which is not directly proportional to frequency. Normalized phase-shift curves for
networks introducing no phase distortion are horizontal lines. The vertical positions
of these lines are determined entirely by the amount of phase shift at any given
frequency whereas the fact that they are horizontal lines indicates that the phase
shift is directly proportional to frequency. Note that it is the actual magnitude
of the deviation from a uniform normalized phase-shift value rather than the per-
centage deviation which determines the magnitude of the phase distortion. The phase
shift of a sine wave can be converted into an equivalent time delay as described on the
referenced figures.

A repetitive signal having a complex waveform will be distorted if there is unequal
amplitude response and/or phase distortion to the frequency components which make
up the waveform,

In an amplifier having no phase distortion but having a nonuniform amplitude
response as a function of frequency, the output waveform to a square wave input
will be symmetrical. However, the top of the output waveform will not be flat.
If the top of the output waveform tends te be convex, the high-frequency response ig
inadequate, and if the top of the waveform is concave, the low-frequency response is
inadequate.

Phase distortion, with or without a uniform amplitude response as a function of
frequency, will cause a square wave to become nonsymmetrical. If the top of the
output waveform has an upward slope, the low-frequency components are delayed
more than the high-frequency components. This is caused by either insufficient
phase lead at low frequencies or insufficient phase lag at high frequencies. If the
top of the output waveform has a downward slope, the high-frequency components
are delayed more than the low-frequency components. This is caused by either
excessive phase lead at low frequencies or excessive phase lag at high frequencies.

A compengating network which provides critical damping will have a normalized
phase-shift characteristic which decreases with increasing frequency. With reference
to a step function input, critical damping will cause the output signal to have the
minimum rigse time without overshoot (see Fig. 18.4). In general, critical damping
is not considered in video amplifiers since the rise time is usually considered to be
excessive. In the multistage amplifier in which a certain per cent overshoot to a
step function input is desired, the permissible overshoot per stage is inversely propor-
tional to the number of stages.

For single input functions such as a step or for repetitive complex waveforms, an
amplifier which has been compensated to optimize its phase characteristics, i.e., to
minimize the deviations of the normalized phase shift from a constant value, is fre-
quently considered to provide the best compromise in the reproduction of the refer-
enced input functions.

If a single sine wave of varying frequency is to be amplified, the compensation
which provides the best amplitude characteristics is usually used.

3.11a. Shunt Compensation.  The conventional resistance-coupled amplifier without
cathode or plate-circuit compensation will provide a specific value for the upper
—3-db frequency f for a given a-c plate-load resistance. Equation (3.61) shows that
f» is the frequency at which the reactance of the shunt capacitance C, is equal to 7.
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At this frequency, the impedance of the load is equal to 0.707r, and continues to
decrease with increasing frequency.
1

f2 = 21”.ch (3-61)

where f, = upper frequency in cycles per second at which resistance-coupled ampli-
fier gain is 3 db less than at midband without compensation
total shunt capacitance in farads across plate-load resistor (includes
input capacitance to following stage)
s = a-c plate-load resistance, ohms
If an inductor having the proper value is added in series with the plate-load resistor
as shown in Fig. 3.30, a low-Q resonant circuit will be obtained in the region of f,.
The parallel resonant circuit so formed will present an increased plate-load impedance
to the tube for a limited range of frequencies,

C

*+epp thereby :causing the amplifier upper —3-db
frequency to be extended beyond fi;. The
(7 value of the inductor is given by Eq. (3.62).
P F Ly = kyry®C, (3.62)
=W
R where L; is in henrys, ks is an arbitrary con-

stant, 75 i8 in ohms, and C; is in farads.

In Figs. 3.31 and 3.32 are the amplitude
% l P L 6 : £ <k and normalized phase-shift characteristics of
_L‘ l—j— = ’T - a shunt-compensated amplifier having several

1 .1 different values of compensation.

= The best phase and amplitude character-
fgr‘; zl?sc; te?iutputl gucuxt of a shunt-  jgtics are obtained when k, is approximately
P amphiier equal to 0.35 and 0.50, respectively. The
maximum value that k; can have without overcompensation is 0.44. Critical damp-
ing occurs when &, = 0.25.
8.11b. Series Compensation. The upper —3-db frequency limit can be extended
beyond f. [see Eq. (3.61)] by the use of a series compensating circuit of the type shown
in Fig. 3.33. The values of L. and R, can be determined by Eqs. (3.63) and (3.64),
respectively.
L. = kers®(Cy + C9) (3.63)

where L. is in henrys, k. is an arbitrary constant, C, = ¢, 4+ (wiring capacitance on
plate side of L.), and C: = ¢; + (wiring capacitance on grid side of L.) (both C, and
C,y are in farads).

Ry = kany (3.64)

where R4 and r, are in ohms and k. is an arbitrary constant.
The ratio of C; to C, is given by Eq. (3.65).

Cs

= z (3.65)

Amplitude and normalized phase-shift characteristics are plotted in Figs. 3.34 to
3.37 for various combinations of a, k., and ks. Most vacuum tubes have an input
capacitance which is approximately equsl to twice the output capacitance, and, con-
sequently, the value of a is frequently very nearly equal to 2.

Capacitor C; can be located on either the plate or grid side of L. so as to add its
distributed capacitance to the side which will be most beneficial in obtaining the
desired ratio C;/C\.
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3.11c. Combination of Shunt and Series Compensation. Both shunt and series
compensation are sometimes employed as shown in Fig. 3.38.
Shown in Figs. 3.39 to 3.42 are several combinations of shunt and series com-
pensation and the associated amplitude and normalized phase-shift characteristics.
The value of a has been made equal to both
+&pp 1 and 2. Utilizing the values of k, and k.
T given in the figures, the required values of L
and L, can be determined from Egs. (3.62)
- £>Ry and (3.63). It should be noted that the
b THEREFORE ry~F values of L, and L, are dependent on the total
shunt capacity C; which is equal to Oy + Ca.
The reference frequency f» used in the figures
refers to the frequency determined by Eq.
(3.61).
Examples of optimum amplitude and opti-
mum phase compensation for a square-wave
input signal having a frequency of f, are

P S
————

] : 27}
1
=4

Fia. 3.33. Output circuit of 2 series- shown in Fig. 3.43. ) )
compensated amplifier. 8.11d. Low-pass Filter as a Two-terminal

Compensating Network. By the use of a
two-terminal compensating network of the type shown in Fig. 3.44, it is possible to
make the frequency response of an amplifier constant up to a frequency which is
equal to 2f.. The network consists of a capacitor Cr shunted across the midshunt

ERRESGA

\§§
\ 3

™~
4\
%

F1e. 3.34. Amplitude characteristiecs of an output eircuit of the type shown in Fig. 3.33
when ¢ = 1.
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image impedance of a properly terminated constant-k low-pass filter section whose
cutoff frequency is 2f:. If the reactance of C, at 2f; is equal to the terminating
resistance of the filter, the parallel combination of the capacitive reactance due to
C., and the midshunt impedance of the filter will be an impedance having a magnitude
equal to the filter terminating resistance and will be absolutely constant at all fre-
quencies up to 2f.. The midshunt input capacitor C, of the constant-k low-pass
filter section will be equal to Cn. The sum of the two capacitors C,, and C, represents
the total shunt capacitance C, for the tube. The value of the series inductance and
the elements in the terminating half section are given in Fig. 16.11. With reference
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Fi6. 3.35. Normalized phase-shift characteristics of an output circuit of the type shown in
Fig. 3.33 when a = 1.
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Fra. 3.36. Amplitude characteristics of an output circuit of the type shown in Fig. 3.33
when a = 2.

to Fig. 16.11, €y, = Co = C/2 and 2f: = f.. The normalized phase-shift character-
istics are shown in Fig. 3.46.

The normalized phase-shift characteristics can be made fairly constant when the
cutoff frequency f. for the filter is made approximately equal to 2.44fs. In this case
the calculated value of C from Fig. 16.11 will be less than C; and the amplifier gain
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will not be constant up to the frequency of cutoff. The —3-db frequency will be
approximately equal to 2.3f..

8.11e. Low-pass Filter as a Three-terminal Compensating Network. The three-
terminal compensating network shown in Fig. 3.45 can also be employed to extend the
frequency response. This type of compensation takes advantage of the fact that

-70
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F1a. 3.37. Normalized phase-shift characteristics of an output circuit of the type shown in
Fig. 3.33 when a = 2.

the output capacitance C, is composed of two terms, €, and C; (do not confuse with C
and C in the figure), which can be used as circuit elements in a constant-k low-pass
filter. If C, is equal to Cs, the frequency response can theoretically be made abso-
lutely constant up to 4fs. If C. is equal to 2C,, the upper limit is 3f;. In Fig. 3.45,
the value of € must be determined from
Fig. 16.11, If C, = C., the value of f;
is equal to 4f; and C = C; = C,. If
C, = 2(C4, f. is equal to 3f: and

C = Cz =2C;

+Epp

In this latter case, it is necessary to par-
allel C; with another capacitance of the
same value. The normalized phase-shift
characteristics are shown in Fig. 3.46.

3.11f. High-frequency Boost in Audio
Amplifiers. In an audio amplifier, there
is not the severe requirement for obtain-
ing as exact compensation as in a video
amplifier. The amplifier gain can devi-
ate above or below the midband value by
several decibels, and in addition there
can be considerable deviation from a linear phase characteristic without causing
the signal to be unpleasant to the human ear. Since many persons prefer high-
frequency components to be emphasized, most audio amplifiers are designed with
the provision for high-frequency boost.

High-frequency boost can be obtained by employing special equalizing networks
of the type discussed in Sec. 17.2 or by employing impedance elements as plate loads

Re>> Rp

THEREFORE rp Ry
F1g. 3.38. Output circuit of an amplifier
using both series and shunt compensation.
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Fig. 3.39. Amplitude characteristics of an output circuit of the type shown in Fig. 3.38
when a = 1.
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F1a. 3.40. Normalized phase-shift characteristics of an output circuit of the type shown in
Fig. 3.38 when a = 1.

whose values increase in the high-frequency region where the boost is desired. An
example is a parallel R, L, and C network in series with the plate-load resistance.
The resonant frequency for L and C determines the region in which the boost will be
obtained, and the value of R, the inductance @, the plate-load resistance, and the
tube characteristics determine the amount of boost.

High-frequency boost can also be obtained by bypassing the cathode and screen-
grid circuits with capacitors whose values are such that they are ineffective at low
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F1ia. 3.41. Amplitude characteristics of an output circuit of the type shown in Fig. 3.38
when a = 2.
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F1a. 3.42. Normalized phase-shift characteristics of an output circuit of the type shown in
Fig. 3.38 when a = 2.

AYAYERAvRY

{g) PHASE DISTORTION CAUSED BY THE COMPENSATION
GIVEN BY CURVE 3 OF FIGS. 3.39 AND

() DISTORTION CAUSED 8Y THE COMPENSATION GIVEN
B8Y CURVE 6 OF FIGS. 3:39 AND 3.40 (DISTORTION
1S DUE PRIMARILY TO THE NONUNIFORM AMPLITUDE
RESPONSE AS A FUNCTION OF FREQUENCY)

Fia. 3.43. Examples of the distortion to a square wave at frequency f2 in passing through

two different output circuits.

Small dip in (b) is due to reduced amplitude of 5th harmonic.
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frequencies but which provide the desired increase in amplifier gain at high frequencies.
Boost will be realized if either the product RiCx or R,C,: is greater than rC; (see
Fig. 3.29). The term r,is the a-c plate-load resistance, and C. is the shunt capacitance
aCTOSS T3,

Another common means of obtaining treble boost is to employ negative feedback
in which the feedback loop has a transfer function which decreases with increasing

VOLTAGE AMPLIFIERS

7,
Ro 5>y THEREFORE 7y~ Ay 2> Ry THEREFORE rgfy

+Epy
Fig. 3.45. Output circuit of an amplifier

employing a low-pass filter for compen-
sation.

+Epp
Fia. 3.44. Output circuit of an amplifier
employing a low-pass filter for compen-
sation. The shunt capacitance C; is repre-
sented by Cm and C,.

frequency. The reduced feedback causes an associated increase in gain at high
frequencies.

Example 3.12

Determine the value of Ly for a shunt-compensated amplifier employing a tube having &
1,500-0hm load and an output capactance of 5 uuf. Let ky be equal to 0.5. Cy is 8 uuf,
and the following tube has an input capaci-

tance of 13 uuf. Therefore 100
S| e
C=co+oi + Co X 4 2
OBTAINED BY MULTIPLYING THE
=5+13 +38 TN -80 [—— NORMALIZED PHASE SHIFT BY THE
= 26 puf &> FACTOR /3601, WHERE f3 IS IN
w i MEGACYCLES
and from Eq. (3.62) 2 -6 I !
o
Ly = 0.5 X 1,500% X 26 X 10712 se U //
= 29.3 X 107¢ henry, or 29.3 uh a= w0 a
Ef 2
Example 3.13 £z
For the amplifier in Example 3.12, deter- & -20 l |
mine (1) fi, the —3-db frequency without =92 CURVE 1-FOR CIRCUIT SHOWN IN FIG. 3.45
compensation and (2) f.’, the —3-db fre- Z CURVE 2-FOR CIRCUIT SHOWN IN F16. 3.44
quency with compensation. o | L | LU
From Eq. (8.61) 04 10 10
f

fr = 2 X 3.14 X 1,500 X 26 X 10712

= 4.08 Mec

Fic. 3.46. Normalized phase shift in output
circuits shown in Figs. 3.44 and 3.45.

The gain-bandwidth improvement factor is determined from Fig. 3.31 and is found to be
equal to 1.8. Therefore

fi' = 1.8 X 4.08
7.34 Mc

[

3.12. Low-frequency Compensation. The low-frequency response of an amplifier is
usually established by one or more RC network combinations such as a cathode
resistor and its bypassing capacitor or an RC interstage coupling network. In addi-
tion to the frequency-response considerations, caution should be exercised in using
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RC networks in plate, screen, cathode, or interstage circuits if the signal being ampli-
fied has a d-c component. A unipolar signal is an example of a signal having a d-¢
component since the average value of the signal is not equal to zero. If a video
amplifier having a plate-circuit decoupling network is used to amplify large positive
unipolar input signals of long duration, the average plate current will increase con-
siderably above that value caused by smaller signals of shorter duration. For this
reason, the voltage drop across the decoupling network will not be constant; con-
sequently, the effective supply voltage for the tube will not be constant and will
result in a shift of the operating point and may cause a change in the amplifier gain.
This same type of d-c shift will occur in cathode circuit self-biasing networks and
screen~-circuit decoupling networks. In video amplifiers which must be decoupled
from the supply voltages and which are used to amplify nonsymmetrical signals
having varying amplitudes, the recommended procedure is to minimize the size of the
screen and plate decoupling resistors and maximize the size of the decoupling capaci-
tors. In many instances it is necessary to incorporate special regulated supplies for
the plate and screen circuits to achieve both the desired isolation and the desired
stability in the supply. If possible, the bias should be obtained by returning the
grid circuit to a biasing network. If self-biasing must be used, avoid bypassing the
cathode resistor if the change in average tube current caused by a typical change in
signal level will shift the operating point and noticeably affect the gain or limit the
size of the signal being amplified. If an RC interstage coupling network is used, it is
possible to employ a clamping network to avoid an appreciable shift in the operating
point in the following stage provided only unipolar signals are being amplified. In
the absence of a clamping network, the shift in the operating point will be equal to the
d-c component in the signal. Typical inter-
*bb stage networks for clamping the signal to a
given level are shown in Fig. 12.13.

The design information contained in Secs.
3.12a to 3.12¢ is intended for class A
amplifiers with sine-wave input signals;
therefore the problems associated with
changes in the level of nonsymmetrical

gignals do not exist.
© 8.12a. Low-frequency Compensating Net-

work for an Amplifier. The low-frequency

s amplitude and phase characteristics of an

amplifier as modified by the components

R, and C. shown in Fig. 3.47 can be deter-

mined with the aid of Figs. 3.27 and 3.28

Fre. 3‘.47' Output circuit of an amplifier prox'rided that the dynamic plate resistance

with the low-frequency compensating s .ls much larger than R, - Ra. The

network consisting of R, and Ca. decibel scale on Fig. 3.27 should be read

as decibel gain rather than loss, and the

phase angle as determined from Fig. 3.28 should be read as lagging instead of leading.

The individual curves are then for different values of A./A., and the abscissas are

plotted in terms of f/fs. The terms f, and A,/A., can be determined from Eqs. (3.66)
and (3.67), respectively.

1
fo = 57 R.C. (3.66)

where R, is in ohms, C, is in farads, and f. is the frequency in cycles per second at
which the reactance of C, is equal to R.. If r, is much larger than R, + R,, the value
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of 4./A, to be used when referring to: Figs. 3.27 and 3.28 can be determined from
Eq. (3.67).

A R
Tt (3.67)

For all other cases, it is not possible to employ Figs. 3.27 and 3.28, and the amplifier
gain and phase characteristics as modified by B, and C,; must be determined experi-
mentally or from Eq. (3.68).

A(f) — I‘-[Rb +Ra/(1 +.7f/fa)]
o + By + Ra/(1 + if/fe)

8.12b. Low-frequency Compensalion of a Bypassed Cathode and/or a Bypassed Screen-
grid Resistor. If rpis much larger than E. + R, it is possible, with the proper choice
of values for R, and C,, to exactly compensate for both the loss in gain and the leading
phase shift caused by a bypassed cathode resistor and/or a bypassed screen-grid
resistor. - Equations (3.69) and (3.70) express the relationships required for exact
compensation of both the amplitude and phase distortion caused by a bypassed
cathode resistor.

(3.68)

Ra = ngbRk (3.69)
R.C, = RiCy 3.70)

Exact compensation for both amplitude and phase distortion caused by bypassing a
screen-grid resistor to the cathode can be obtained by satisfying Eqs. (3.71) and (3.72).

R, = ok 3.71)
Ty2
RaCa = RaC;k : (3.72)

To compensate simultaneously for both a bypassed cathode resistor and a screen-
grid resistor bypassed to the cathode, it is necessary that f,, fx, and f, have a specific
relationship to one another. These relationships are obtained by satisfying either
Eqgs. (3.70), (3.73), and (3.75) or Eqgs. (3.72), (3.74), and (3.75).

Aifa
fs 4, (3.73)
AU 8
fe = A{ i (3.74)
A, Ar A,
ZZ ZZ + 4 (3.75)

8.12¢c. Low-frequency Compensation for the Effects of Inierstage RC Coupling. If
the value of R, were infinite and if r, were large compared to B, and R., it would be
possible to provide perfect low-frequency compensation for the effects of RC inter-
stage coupling. In practice, where this type of compensation is desired, R, is made
as large as the amplifier stage will permit and the value of C, is determined from
Eq. (3.76).
RDCO

C. = A

(3.76)

where R, and C. = interstage coupling elements

If r, is not large compared to R and R., the value of C, is best determined experi-
mentally.

3.12d. Low-frequency Compensation for the Combined Effects of Bypassing, Coupling,
etc. In an amplifier, there are usually several sources which contribute to the loss in
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gain'and the leading phase characteristics at low frequencies. It is desirable to com-
pensate each stage individually; however, it is not possible to choose values for R,
and C, which will exactly compensate for the three possible sources which contribute
to the inadequate low-frequency characteristics. Consequently, if good low-frequency
response is required, it frequently is necessary either to use very large bypass and
coupling capacitors or to avoid cathode and screen-grid bypassing and to use direct
coupling between stages whenever possible. - In those stages which have no frequency-
sensitive networks, it is then possible to employ values of B, and C, which will con-
tribute to the over-all amplifier compensation.

It is very difficult to determine the effectiveness of the over-all compensation by
using a sine-wave signal generator and attempting to measure the amplifier amplitude
and phase characteristics. The most effective means is to employ a square-wave
generator and observe the output signal. The procedure is to adjust experimentally
the values of the compensating networks until the output signal has the optimum
characteristics.

3.12¢. Low-frequency Boost in Audio Amplifiers. As discussed in Sec. 3.11f, there
is not the severe requirement for obtaining as exact amplitude and phase compensa-
tion in an audio amplifier as in a video amplifier. Actually, low-frequency boost in an
audio amplifier is frequently desirable even though it is obtained at the expense of
phase distortion.

Low-frequency boost can satisfactorily be obtained by employing special equalizer
networks of the types discussed in Sec. 17.2 or by employing impedance elements as
plate loads whose values increase in the low-frequency region where the boost is
desired. A typical example is a parallel R, L, and C network in series with the plate-
load resistance, The resonant frequency for L and C determines the region in which
the boost will be obtained, and the value of R, the inductance @, the plate-load resist-
ance, and the tube characteristics determine the amount of boost. Another example
might be a network consisting of B, and C, as shown in Fig. 3.47. The value of R,
is chosen so that the value of 4,/A4, determined from Eq. (3.67) is sufficient to produce
the desired boost. The next step is to determine from Fig. 3.27 a value for f, which

will cause the boost to be realized at the

+Eph desired frequencies. The value of C,; can

then be determined from Eq. (3.66). It

should be remembered that when using

Figs. 3.27 and 3.28 for determining the

effects of B, and C,, the decibel values

given in the figure are gain values, phase

angles are lagging, and the abscissa scale
is in terms of f/f..

Another means of obtaining low-fre-
= quency boost is to employ a series capaci-
Fic. 3.48. An amplifier with feedback for tor in the feedback loop of a negative feed-
bass boost. back amplifier. At low frequencies, the

reactance of the capacitor increases and
the amount of feedback decreases with an associated increase in amplifier gain. An
example of a circuit of this type is shown in Fig. 3.48.

8.18. Gain and Phase Characteristics of Multiple-stage Amplifiers. The over-all
gain of a multistage amplifier can be expressed as the product of the individual stage
gains, However, if the individual stage gains are given in decibels, the over-all gain
in decibels will be equal to the sum of the individual stage gains in decibels. The
over-all phase shift in a multistage amplifier is equal to the sum of the phase shifts
in the individual stages.

3.18a. Gain of an Amplifier with n Stages. A multistage amplifier composed of n
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stages will have an over-all power, voltage, or current gain 4, equal to the product
of all the individual stage gains.

Ao = 41445 . . . As

The value of A, will vary as a function of frequency since the individual stage gains
vary with frequency. The values of the individual stage gains must be determined
when operating into the load imposed by the succeeding stages and with the output
load connected. If all the stages are identical, the over-all gain A, will be equal to
A" where n is the number of stages and 4 is the gain of each stage.

The power gain of the individual stages of an amplifier can also be expressed in
decibels.
power output from stage

power input to stage

Power gain, db = 10 log:s

If the power gains of the individual stages of a multistage amplifier are expressed in
decibels, the over-all power gain A, in decibels can be expressed by the sum of the
individual gaing

Aop(db) = Ai(db) + As(db) + - - - 4 A.(db)
power output from final stage

power input to first stage 3.77)

= 10 logo

Voltage or current gain can also be expressed in decibels. In general, most text-
books state that the input and output voltages or currents must be referred to the
same impedance level in determining the voltage or current gain in decibels. In
practice, however, the over-all voltage gain 4.. in decibels ordinarily refers to the
actual ratio of the output voltage to the input voltage, and the over-all current gain
A,; in decibels refers to the actual ratio of the output current to the input current.

output voltage from final stage
input voltage to first stage

output current from final stage
input current to first stage

A, (db) = 20 logyo

(3.78)

Aoi(db)

20 logo

The incremental difference in gain A4,(db) of an amplifier at two different fre-
quencies is often expressed in decibels. The decibel change in gain can be determined
by the ratio of the output voltages at the two frequencies with a constant value of
input signal. In general, the incremental gain is expressed as a plus or minus num-
ber of decibels with respect to the gain at the frequency chosen as a reference, e.g.,
the midband frequency.

AAy(db) = Adui(db) = Ados(db) = 20 logso %2 e:‘;‘;&;‘ffbifg“emy

8.13b. Determination of the Gain of a Multistage Amplifier by Graphical Methods.
Graphical methods are frequently used to determine the over-all gain of an amplifier
over a wide frequency range if the individual stage gains are known. A logarithmic
plot of the gains of the individual amplifier stages as a function of frequency, as shown
in Fig. 3.49, permits the determination of the gain of the over-all amplifier. If the
curves A; and A, represent the numerical gains of two amplifier stages, the sum of the
heights of the respective curves above the unity gain base line, at any frequency, will
be equal to the total gain of the amplifier at that frequency. The over-all amplifier
gain can easily be plotted by performing the curve addition with a pair of dividers.

When the curves of gain versus frequency for the individual stages are plotted on
a linear decibel gain scale, the over-all gain curve can also be determined by successive
summadtion.
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3.18c. Phase Response of an Amplifier Having n Stages. The expression for the
gain of a single-stage plate-loaded amplifier including the phase respense can be
written in the form A4/180 4+ 6. The 180° component is the normal relationship

between the plate circuit output signal and the input signal for an amplifier in which
the plate, screen, and cathode circuits are resistive and electron transit time is negligi-
ble. The ¢ component denotes the departure from the 180° relationship due to circuit
reactances. For a steady-state sine-wave input signal, the phase angle # represents
an equivalent time delay ¢ between the input and output terminals.

_ &
t = égaf
where ¢ = time delay, sec
f = frequency, cps
6 = phase shift, deg
At any given frequency, the total phage shift is the sum of the phase angles associated
with the individual stages.

106 £ g A S BN = -
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T, \
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'‘FREQUENCY IN CYCLES PER SECOND

Fia. 3.49. Graphical computation of the gain as a function of frequency for a two-stage
amplifier.

If sinusoidal or audio signals are to be amplified, the over-all phase shift is usually
unimportant or at least noncritical. The satisfactory reproduction of complex signal
waveshapes, however, can be achieved only with amplifiers having relatively uniform
gain and linear phase characteristics for the major frequency components which make
up the complex signal waveshape. A linear phase characteristic, i.e., the character-
istic of introducing the same time delay to all frequency components, ensures that each
frequency component in the output will have the same time relationship to all other
frequency components as existed in the input signal.

8.14. Cathode Followers. A cathode follower is an example of a feedback amplifier
which has 100 per cent negative voltage feedback. This amount of feedback accounts
for the lack of gain and the low output impedance. Typical cathode-follower circuit
configurations are shown in Fig. 3.50.

8.14a. Gain, Input Capacitance, and Input and Output Resistances. The gain 4
of & cathode follower is given by either Eq. (3.79) or (3. 80) Note that the gain can
never exceed u/(u + 1).

_ BT
A= T T D @.79)
~ GmTk
and ~TF g (3.80)
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where 7, = a-¢ circuit resistance between the cathode and ground, ohms

Il

dynamie resistance,
ohms

gm = tube transconductance, mhos

The input capacitance ¢; for a tetrode

or pentode with the screen grid bypassed

to the cathode is given by Eq. (3.81).

Ci = Cgp + (00102 + qu)(l - A) (381)

If the tube is a triode, ¢41,2 I8 equal to
Z€ro.

If the bottom end of the grid resistor is
returned either to ground, or to a bias sup-
ply, or is bypassed to ground as shown
in Figs. 3.50a and 3.50b, the output
resistance R, is determined from Eq.
(3.82) or (3.83) and the input resistance
R; is determined from Eq. (3.84).
Equation (3.84) is based on the electron
transit time and the cathode lead induct~
ance being equal to zero.

1

Tp plate

O e g vy 7 (382)
1

=~ (3.83)

R: = R, (3.84)

If the bottom end of the grid resistor
is returned to a tap on the cathode re-
gistor, as shown in Fig. 3.50¢, the output
resistance is determined from Eq. (3.85)
or (3.86) and the input resistance is
determined from Eq. (3.87). Equation
(3.87) is valid only when neglecting
such effects as transit time, cathode
lead inductance, etc., and assuming that
R./(1 — A) is large compared to R.

*&pp
(23
It hoymped
T 119
s
£ ”‘. T
8s p/{ .
R "
= 70 GROUND OF

BIAS SOURCE X NEGATIVE SUPPLY =
OR TO GROUND

{0) SELF OR EXTERNAL BIASING

+epp

70 GROUND OR
NEGATIVE SUPPLY

{0) CONTROL GRID DECOUPLED FROM CATHODE CIRCUIT

tEpp

i

s

L

70 GROUND OR
NEGATIVE SUPPLY
(C) CONTROL GRID WITH COUPLING TO THE CATHODE CIRCUIT
Fic. 8.50. Typical cathode-follower circuit
configurations. Note: If tube is a tetrode
or pentode, screen grid should be bypassed
to the cathode.

Ra

R;

= it (3.85)
7o T reln T 1) = sBaBr/i(Br + B (R, + Ba) F RiFa) “
- , -
75 = gnRaB (R + Ba) (R ¥ B F Bilal (3.86)
= T 4R/ (B T By (3.87)
In the

3.14b. Quiescent Operating Point, Signal Handling Capabilities, and Gain.

case of a triode, the quiescent operating point is determined graphically by the inter-
section of the d-¢ plate-load line and the bias line as described in Sec. 3.3a.

If the tube is a pentode, the bias line must be drawn on the d-¢ transfer character-
istic to determine the quiescent operating point.. The d-c¢ transfer characteristic is
constructed from the d-¢ plate-load line as described in See. 3.4b.

For a triode, the slope of the d-c plate-load line is equal to the negative reciprocal
of the d-c resistance B in the cathode circuit and is drawn from Ey, on the abscissa.
In establishing the d-c resistance Ry of the circuit, the effect of any external d-c load
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should also be included. If the tube is a pentode, the value of the cathode circuit
resistance used to determine the d-¢ plate-load line must be modified as described in
Sec. 3.4a because of the presence of the screen current. In those instances where the
cathode resistor is returned to a negative supply, the d-¢ plate-load line must be drawn
from a value on the abscissa which is equal to Ep, plus the absolute value of the nega-
tive supply.

The bias line for the circuit shown in Fig. 3.50¢ is constructed as detailed in Secs.
3.3a and 3.4c. If the circuit is of the type shown in Figs. 3.50b and 3.50¢, the bias
line is established in a similar manner. However, the &ffective resistance to be used
in the construction of the bias line is R1Rx/(B1 + R:), where Ry is the net d-¢ resistance |
in the cathode circuit and includes R;, R,, and any d-c load resistance.

Having determined the quiescent operating point, it is necessary to locate the a-c
plate-load line. If the cathode circuit a-c resistance is the same as the d-c resistance,
the a-c load line is identical with the d-c¢ load line. However, if the cathode circuit
a-c resistance differs from the d-¢ resistance, it is necessary to calculate this new resist-
ance and construct the a-c load line with its proper slope through the quiescent oper-
ating point.! From the a-c load line it is possible to directly determine the amplifier
signal-handling capabilities and the cathode-follower gain.

Assuming no shunting capacitance across the cathode circuit impedance, it is quite
simple to analyze the performance of a cathode follower. For a given output signal
which is measured along the abscissa, the required input signal is equal to this output
signal plus the absolute value of the change in tube bias associated with the assumed
output signal.

3.14c. Maximum Sine-wave Output-signal Amplitude as Limited by Plate Current
Cutoff. The maximum negative output-signal amplitude is determined by the
quiescent plate current and the cathode circuit impedance. Due to capacitance
shunting the cathode circuit a-c resistance, the cathode circuit impedance decreases
with increasing frequency. It follows that the maximum output-signal amplitude
also varies inversely with frequency. The maximum rms value of a sine-wave output
signal, as established by plate current cutoff, can be determined from Eq. (3.88).

eotonsy = 10T Lors
V1 + (F/f?

where eo(maxy = Mmaximum rms voltage in volts of a sine-wave output signal
f = frequency in cycles per second at which é(max) is to be determined

(3.88)

Ji = 1/2xmCs
I, = quiescent plate current, amp
rr = cathode circuit a-c resistance, ohms

3.14d. High-frequency Response. The —3-db upper frequency limit f,, which is
determined by the tube and circuit parameters, can be calculated from Eq. (3.89)
provided the output-signal amplitude is equal to or less than the value determined
by Eq. (3.90). If the output-signal amplitude is larger than the value established
from Eq. (3.90), distortion will result because of plate current cutoff.

(e + 1)
fo=1fr [1 + ™ ] (3.89)
2 fi(1 + gmre)
0.7071 1y,
e, =
V1 + 1+ (e + 1)/rP
0.7071 7%

o~ \/———-——~—1 s g (3.90)

1To be exact, this a-c load line does not pass through the quiescent operating point
because of harmonic distortion. See Sec. 3.3b.
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where g., is in mhos, r; is in ohms, and 7, is in ohms.

limits of a cathode follower as established
by excessively large signals and the out-
put shunting capacity are shown graph-
ically in Fig. 3.51.

3.14e. Transient Response. The tran-
sient response of a cathode follower is
dependent on the quiescent plate current,
cathode impedance, and the amplitude
and shape of the input signal. For
positive pulses, the requirements for

A= 0707 Ipry

P 4] 8=0.500 Ipry
b4 £ =077 Lory
g =0707 fork
- Vi+i+gmrn ¥
a
5 84
o
w LIMITING QUE TO PLATE
s 4 CURRENT CUTOFF
S 2 A\
(= M
T R ~308 UPPER
= L% . FREQUENCY ~a
(23 WO
Z c- -
0
o % Urgmri) g
FREQUENCY

Fra. 3.51. High-frequency characteristics of
a cathode follower. Output signal ampli-
tude and frequency must fall in shaded area
in order to avoid distortion due to plate
current cutoff and/or losses greater than
3 db.

3-55
The high-frequency operating
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(@) POSITIVE PULSE AND ASSOCIATED
CURRENT WAVESHAPE

] fzr—
[ {

Ipbm e e
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(4) NEGATIVE PULSE AND ASSOCIATED
CURRENT WAVESHAPE

Fi1ag. 3.52. Plate current waveshapes re-
quired to produce sample positive and nega-
tive output pulses.

PLATE
CURRENT —>

satisfactory pulse reproduction are given by Egs. (3.91), (3.92), and (3.93). Refer
to Fig. 3.52 for typical current waveshapes.
I, > O'STC"” (3.91)
2
0.8Ck 1
I,,,=1,,+e( o (3.92)
and for best results,
R,C, < T or T whichever is smaller (3.93)

5 5

where I, = quiescent plate current, amp

Ci = cathode shunt capacitance, farads
T, T; = transition periods in seconds of leading and trailing slopes of the signal

between 10 and 90 per cent amplitude points (see Fig. 3.52)

rr = cathode circuit a-c resistance, ohms

R, = output resistance of cathode follower, ohms

e = peak amplitude of cathode pulse, volts

I,, = maximum plate current, amp (must be obtained without grid being
driven positive unless grid driving source has impedance which is low
as compared to resistance of positively driven grid)
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The requirements for transmitting negative pulses are contained in Egs. (3.93),
(3.94), and (3.95). Refer to Fig. 3.52 for typical current waveshapes.

(0 8Ck ) (3.94)
Tk
O.SCke

2

In =1, + (3.95)

Example 3.14

For the cathode follower shown in Fig. 3.53 and assuming the tube characteristics to be
those given in Fig. 3.54, determine the quiescent operating point and the low-frequency
gain, i.e., the gain when neglecting the effects of Ck.

+300 v

P
100

16
tm A-C LOAD LINE
8IAS LINE
% i
12 N N !
2-¢ NG b
LOAD /
10 pLINE ;’

[~
.
\‘:/2
\yq

\/
LUX]
Jﬁ% ‘A0
SIS LS D,
0 /// I /X/W /,//%

Q 100 137 170 200 300 400 500
PLATE VOLTS

Fia. 3.54. Graphical solution for Example 3.14.

65 |——

PLATE MILLIAMPERES
o
' [
SHp
\\ H\

The d-c plate load line is drawn with a slope of —1/(750 + 19,250) and from the 300-volt
point on the abscissa as shown in Fig. 3.54. The bias line is drawn by connecting the
specific values of plate current on the bias curves which are required through B: to obtain
the associated values of bias. The point of intersection of the bias and load lines deter-
mines the quiescent operating point. ‘The quiescent plate voltage and current are 170
volts and 6.5 ma.

The a-c¢ load line is drawn with a slope of —1/10,000 through the quiescent operating
point.

A low-frequency input signal which causes the instantaneous grid to cathode voltage to
vary between —2 and —8 volts will develop a 63-volt output signal (137 to 200 volts as
measured on the abscmsa) The amplifier gain under these.conditions is therefore equal to
63/(63 + 6), that is, (output signal) /(output mgnal + absolute change in bias), which is
equal to 0.91. If Eq. (3.79) is used and if rp and p are taken as 7,700 and 20, respectively,
A is caleulated to be equal to 0.92,
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Example 3.15

For the cathode follower shown in Fig. 3.53, determine (1) the largest 1-Mc sine-wave
catput signal which can be obtained and (2) the best rise time possible for a negative 18-volt
output pulse.

From Eq. (3.88)

1
fr = 32X 10,000 X 600 X 10-%
= 26.54 ke
0.707 X 6.5 X 10~* X 10,000
and €o(max) =

loﬂ 2
\/1 + (2.654 X 104)

1.22 volts (rms)

From Eq. (3.94)

) 12 1
6.5 % 101 = 18 (osxeooxm )

T 10,000
" T = 1.84 usec

Note: For best performance R,Cx should be equal to or less than 7'1/5 as specified by
Eq. (3.93). In this example R,Cx is equal to 0.212 usec; therefore the calculated rise time
can be achieved.

Epp
Ept
ﬁﬂ fp
N :
P Ry 7 5 Rs| Ce ?
74 l | ¢ Rk
¥ Q) |
r [
(g) ¥4

F1a. 3.55. Grounded-grid amplifiers.

3.16. Grounded-grid Amplifiers. A grounded-grid amplifier is nonphase-inverting
and provides good isolation between the input and output circuits due to the low
internal cathode-to-plate capacitance. At high frequencies it is more stable than a
grounded-cathode stage, and, for this reason, they are frequently used in i-f and r-f
amplifiers as described in Sec. 7.4¢. The inherent characteristics of grounded-grid
amplifiers permit the use of triodes at frequencies where grounded-cathode triodes
are unstable because of their high input-to-output capacitance. The input resistance
to grounded-grid amplifiers is relatively low; consequently they are often used to
match low impedance lines.

The grounded-grid amplifier is unconventional in that the input signal e, is applied
to the cathode and the grid is grounded (see Fig. 3.55). The input signal is in series
with the amplifier, and the circuit therefore acts as though the tube had an amplifica-
tion factor of (u + 1).

The gain of the amplifier shown in Fig. 3.55 is given by Eq. (3.96).

A=§g___(u+1)Rb

2 - (3.96
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The input resistance R; is given by Eqs. (3.97) and (3.98).

Tp+Rb
w+1

Rk(Tp + Rb) . 3.08
BetD iR (for Fig. 3.55b) (3.98)

R; = (for Fig. 3.55a) (3.97)

Ri =

The output impedance Z, is given by Eq. (3.99).

Rrp + BoZi{u + 1)

2o = Rty Zau + 1)

(3.99)

where Z; = impedance in cathode circuit at the frequency of interest.

The grid of this circuit can be used as an independent element for the application of
positive or negative feedback in a multi-
stage amplifier. The feedback signal is
usually applied across a resistor from
grid to ground. Such a resistance should
not be large in a wideband amplifier as
degeneration may result because of the
cathode driving the grid through the
cathode to grid capacitance.

Example 3.16
= A generator with an open-circuit voltage
Fia. 3.56. Cathode-coupled amplifier. of 4 volts and an internal resistance of 500
ohms is to drive the amplifier of Fig. 3.55b.
Determine the gain A, the input resistance Ry, the amplifier input signal e,, the output volt-
age e,, and the output impedance Z,. Assume that

g =30 By = 27,000 ohms
rp = 9,000 ohms Ry = 1,000 ohms
From Eq. (3.96)
3 3
4 =(0+1)27>< 10 — 23.2

(9 4 27)108
From Eq. (3.98)
103(9 + 27)108

P = 10°G0 £ 1) £ @ + 27)108 = 537 ohms
_ R; 537
€s = €gen R+ R 4 X 500 + 537 — 2.07 volts

e, = Aes = 23.2 X 2.07 = 48.0 volts

For computation of Z, it is necessary to evaluate Zy.

g, — BB _ 500 X 1,000
TR ¥ R 1,500
From Eq. (3.99) '

= 333 ohms

- (27 X 108 X 9 X 103) 4 (27 X 10% X 333 X 31)
27,000 + 9,000 + 333(31)
= 11,300 ohms

Z,

8.16. Cathode-coupled Amplifiers. A cathode-coupled amplifier provides a high
degree of isolation between the input and output circuits. The amplifier is nonphase-
inverting and has a high input impedance.

The cathode-coupled amplifier, shown in Fig. 3.56, is essentially a cathode follower
driving a grounded-grid amplifier. The common cathode resistor Ry is the coupling
impedance for signal transfer from V1 to V2. The signal developed across Ry and
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the output signal are in phase with the input signal at low frequencies. At high
frequencies, the reactances of the shunt capacitances across RBx and R cause a phase
angle to exist between the input and
output signals,

This type of amplifier is exceptionally
free from changes in input admittance
due to changes in the load. Because of
this property, it frequently is used as a T—
buffer, e.g., between an oscillator and a &
varying load.

The analysis of the amplifier can be
f51mpllﬁed by separating it l.nt,o a c:?.thode F1c. 3.57. Circuit for the analysis of a cath-
ollower and a grounded-grid amplifier as  ,ge coupled amplifier.
shown in Fig. 3.57. The unloaded gain
of the cathode follower 4., and its output resistance R,: can be computed from Egs.
(3.100) and (3.101).

€o1 Fle
Ac, €s - Tp1 + Rk(l"l + 1) (3.100)
~ gmle
T 1 + gmiBy
1

T 1/Re + Gu 4 D/rm
1

o

B, (3.101)

‘]7Rk + Gm1
The input resistance B;; to V2 can be computed with Eq. (3.102).
Rir = %"iﬁ’ (3.102)

~ L provided rp2 > s
2

The gain of the loaded cathode follower A:, is computed from Eq. (3.103).

Ay = Ay X5 Bz (3.103)

o+ Rz

The gain A, of the grounded-grid stage is given by Eq. (3.104). The product of
this value and the loaded cathode follower gain A/ ; determines the over-all gain 4.

_ o _ (st DR

4y =22 = g (3.104)
> Gl If rpe > R

A=%_ 44, (3.105)

€a

The output resistance R, of the over-all amplifier is equal to the output resistance
for the single stage V2 when functioning with the same plate load R, and a cathode
resistor whose value is equal to the output resistance R, of V1.

_ Rifrse + Rl + 1
* T Bt ¥ Bl F D) (3.106)

To determine the values of the dynamic plate resistances and the amplification
factors, the operating condition of each tube must be known. The common cathode

R
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resistor makes it necessary to determine the quiescent operating points by means of a
simultaneous graphical solution. This procedure is illustrated in the following

example.
Example 3.17

Determine the quiescent operating points and the gain of a dual-triode cathode-coupled

amplifier in which

Ry = 4,000 ohms

R, = 30,000 ohms

Ew = 300 volts (for cathode-follower section)

Eu, = 400 volts (for grounded-grid amplifier)
Assume that the tube characteristics shown in Fig. 3.58 apply to each half of the dual
triode. :

1. Determine the quiescent operating points.
A. Plot plate current versus bias for the cathode follower section.

LII7L
I
e

IQ/ f/P//VTﬂ
6 / / /7’&} Z%SE\M;‘ / CURVE 1
. / //////’\yp/cmsz//
WSROI >
LN AANALLL A N T

0 100 200 300 400 -20 -18-16-14-12 -10 -8 -6 -4 -2 O
PLATE VOLUTS GRID VOLTS
Fia. 3.58. Graphical analysis for Example 3.17.

7

/

PLATE MILLIAMPERES
@

Assume values of bias between cutoff and zero bias and plot the values of plate current
associated with the assumed values of bias. For example, if the bias is assumed to be
--10 volts, the voltage across V1 is 300 — 10, or 290 volts. The plate current for a bias of
—10 volts and a plate voltage of 290 volts is 8.7 ma (see tube curves) and is shown as point
A in Fig. 3.58. Curve 1 represents a series of points similarly located.

B. Plot the bias line.

The bias line is constructed on the same coordinates as the transfer characteristic drawn
in the preceding step. The slope is —1/R;, that is, —1/4000. The resulting line defines
the bias as a function of the total cathode current.

C. Construct the curve that defines the values of I: which satisfy the requirement that
the sum of the quiescent values of I1 and I: must equal the value of current determined by
the bias line.

This is accomplished by plotting those values of current obtained by subtracting curve 1,
that is, I versus bias, from the bias line, that is, J1 + I: versus bias. The new curve is
curve 2.

D. Calculate the plate voltage which would exist across V2 for the values of bias and
plate current determined by curve 2. For each value of bias and the calculated value of
plate voltage, determine from the tube curves the associated value of plate current. Plot
these values of plate current as a function of bias.

If the bias is assumed to be —13 volts, the value of I: must be 0.6 ma (from curve 2).
For a bias of —13 volts and a voltage drop across V2 of 369 volts, that is, E» — |bias| — drop
across Rp, or 400 — 13 — (30,000 X 0.6 X 1073, the plate current through V2 would be
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approximately 10.5 ma. This value is shown as point B. Curve 3 is a plot of similarly
located points.

E. Determine the quiescent operating points for V1and V2.

The intersection of curves 2 and 3 determines the quiescent bias for both V1 and V2 and
the quiescent plate current through V2. The quiescent plate current through V1 is read
from curve 1. ‘

Iz =24 ma
I = 1.2 ma
E. = —14.4 volts

F. Determine the dynamic plate resistances and amplification factors for both V1 and V2
From tube curves,

Epp
w1 = 17.5
rp1 = 25,000
u2 = 17.5
rp2 = 17,000 ohms
2. Compute A.s from Eq. (3.100).
a = 17.5 X 4,000
/= 25,000 + 4,000(17.5 + 1)
= 0,707

70 GROUND OR
NEGATIVE SUPPLY

Epb

.(;_:’
.||—L

3. Compute R, from Eq. (3.101).

1
] L7541

4,000 © 25,000 Py A
= 1,010 chms

Ral

4. Compute Ri2 froxh Eq. (3.102).

17,000 + 30,000
175 + 1
= 2,640 ochms

5. Compute A.; from Eq. (3.103).
2,540

LA 70 GROUND OR
1,010 + 2,540 NEGATIVE SUPPLY

Ris =

A = 0707 X

= 0.506 (VA
Epp
6. Compute A2 and A from Egs. (3.104) l
and (3.105). hé s o é s
Ag = (17.5 + 1)30,000 o] o
*~ 17,000 + 30,000 Vi ve .
- 118 % é '
A = 0.506 X 11.8
= 5.97 X L
€of ¢ Rs p5 &2
7. Compute R, from Eq. (3.106). s/ és2
R - 30.000(17,000 + 1,010(17.5 + 1)} Ra '
° 30,000 + 17,000 + 1,010(17.5 + 1) a
= 16,300 ohms __]:_ v ¢ —
. - TO NEGATIVE
3.17. Differential Amplifiers. An ideal te) SUPPLY

di.ﬁl erentiz?l amplifier i.s an amplifier “{hiCh Fia. 3.59. Differential-amplifier configur-

will amplify only the instantaneous differ- .. " -

ence between two input signals. Practical

differential amplifiers, however, are not perfect and, consequently, amplify with a

small amount of gain those signals which are common to the two input channels:
The differential amplifiers shown in Fig. 3.59 are essentially identical to cathode-
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coupled phase inverters and differ only in the application and design considerations
(see Sec. 3.18¢). These circuits can be designed to have much lower gain for identical
input signals than for differential signals. It is important to note that this dis-
crimination will occur even when two identical signals are components of larger signals
having differential values, e.g., power-supply ripple voltage which is in phase on the
two sides of a balanced line. For balanced signals, i.e., push-pull signals, this circuit
is simply a balanced amplifier. The gain of the differential amplifier for balanced
input signals is given by Eq. (3.107).

T N

= 51 = — € 107
e on TR (for es €s2) (3.107)

When a single-ended input signal is applied, as when e, = 0, the gain to each plate
is approximately equal to A /2 provided pR; is large compared to 7, + RB. The value
of e;; will be slightly larger than e,.. For example, if e, is a positive input signal
and e, is zero, e,; will be a negative output signal whose amplitude is slightly larger
than Ae,/2 and e, will be a positive output signal whose amplitude is slightly less
than Ae,1/2. The plate-to-plate signal will be Ae,1. Anexact expression for the gain
of V1 when e, is equal to zero is given by Eq. (3.108).

A, =gt BARLFD (3.108)

€s1 rp + By + 2Ri(p + 1)

The gain A’ for identical, i.e., common mode, input signals is given by Eq. (3.109).

y _ €ol __ €o2 __ —uRy _
Al = poliaiuti P E T ¥ 2R F ) for es1 = es2 (3.109)
A significant design parameter for differential amplifiers is the ratio of the gain for a
push-pull input signal to the gain for identical input signals. This is often referred to
ag the common mode rejection ratio Ren. With reference to the circuits shown in
Fig. 3.59, the common mode rejection ratio as measured at the plate of either V1 or
V2 can be determined from Eq. (3.110).

_ A 2Bu(u + 1)
Rcm_A'_1+ s + Ry

If a plate-to-plate load is employed, the common mode rejection ratio will be equal to
infinity provided the system is balanced.

If the plate load resistor of the tube not being loaded is deleted, both the gain and
the common mode rejection ratio can be increased somewhat beyond that given by
Eq. (3.107) and Eq. (3.110). In this case, the common mode rejection ratio R.. as
measured at the single-ended output is given by Eq. (3.110a), the gain A; from the
grid of the tube being loaded to the single-ended output is given by Eq. (3.110b),
and the gain A; from the grid of the other tube to the single-ended output can be
determined from Eq. (3.110c).

(3.110)

Bem =14 &k%j—l) (3.110)
P
o _ __#Biry + Bu(u + D]
A= ralrs + Ry 4 Ri(x + 1)B] (3.110b)
5 ey (3.110¢)

* " rlry + By + Ran + 1)B)

where B = 2 4+ Ry /7,
The importance of using large values of R: can be seen from Egs. (3.110) and
(3.110a). To avoid an excessively large bias produced by a large value of Ry, the
cathode can be operated from a negative supply with the grids returned to ground,



VOLTAGE AMPLIFIERS 3-63

the grids can be returned to a tap on Rx, or B; ean be grounded and the grids returned
to a positive voltage.

When extremely high rejection of identical input signals is desired, a tube can be
used in place of R, Such a circuit is shown in Fig. 3.59¢c. If V3 has an unbypassed
cathode resistor, Rs, and constants u; and r,, the value to use in the preceding equa-
tions for Ry is given by Eq. (3.111).

Ri=1ps + Re(us + 1) (3.111)

where R, = equivalent cathode resistance due to V3 and R,

The design of the circuits shown in Fig. 3.59 is facilitated by assigning voltage drops
to Ri, the tube, and R, such that the ratio Ri/R; can be made as large as desired
[see Eq. (3.110)]. The sum of these voltages must equal the applied d-c potential.
With an assigned value of plate-to-cathode voltage E,, it is possible to establish a
suitable operating current I for each tube and the associated bias E, from the tube
curves. Hach plate-load resistor R, will have a value determined by the assigned
voltage drop across the resistor divided by I;,. The value of the cathode resistor is
equal to the assigned voltage drop across the resistor divided by 2I,. For the cathode
circuit shown in Fig. 3.59¢, it is first necessary to select a tube type for V3 and a value
for Rs which will maximize the equivalent value of R as established by Eq. (3.111).
The value of E.s, which is consistent with the desired plate voltage E.;, voltage drop
across Rs, and current 21, can be determined from the Eu-I, curves for V3. The
divider network consisting of R; and R; can then be designed to place the desired
bias on V3.

The bias for V1 and V2 required for the assigned tube current I, and the plate
voltage E, can be obtained by several methods as shown in Fig. 3.59. For the circuit
shown in Fig. 3.59a, the voltage drop assigned to the cathode resistor must be such
that the amplitude of the cathode voltage above ground is equal to the required
amplitude of E.. For the circuit shown in Fig. 3.59b, the value of R, is made equal
to E./2I,. The amplitude of the quiescent voltage on the grids of V1 and V2in Fig.
3.59¢, due to the divider network composed of B, and R;, must be less than the quies-
cent cathode voltage of V1 and V2 with reference to ground by an amount equal to
the absolute grid bias voltage on the tubes. The method of grid biasing shown in
Fig. 3.59c is satisfactory if the power supply is free from objectionable amounts of
ripple. If this is not the case, decoupling should be employed. Whenever the
cathodes of the differential amplifier tubes are at an elevated potential with respect
to ground, the maximum cathode to heater potential rating should not be exceeded.
This may require a separate elevated heater supply.

The quiescent operating points for V1 and V2 can easily be determined graphically.
Since each of the two tubes is operated under identical conditions, it is necessary only
to consider one tube. The cathode resistor, however, must be treated as though it
had a value equal to 2R. In this manner, the effects of the other tube are included.

Example 3.18

If a dual triode is operated under the conditions where E. = —2 volts, g = 70,
rp = 44,000 ohms, Iy = 2.3 ma (each half section), and Ep = 250 volts:

1. Design a differential amplifier to operate from a negative supply of —150 volts and a
positive supply of 300 volts and to have both grid resistors returned to ground as shown in
Fig. 3.59%a. ‘

With the grid resistors returned to ground, the cathode voltage Ey is equal to —E, or
+2 volts.

_ |Enel +1{EJ _ 150 + 2

Ry YA = 5.0048 " 33,000 ohms
R, = B = (B + En _ 300 — (250 + 2)
* I = 0.0023

= 20,900 ohms
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2. Assuming the output is to be taken from either the plate of ¥i or V2, determine the
gain for differential and identical input signals and determine the value of A/4’.
From Eq. (3.107)

—170 X 20,900

A = 2000 + 20900 = ~228
From Eq. (3.109)
—70 X 20,900
= = —0.308
A" = 12000 120,900 & (2 X 33,000 X 71)
A 225
S = oo = T3l

8.18. Phase Inverters. A phase inverter is used when it is necessary to convert a
single-ended signal, i.e., unbalanced to ground, to a push-pull or balanced signal.
Although this result can be achieved with a transformer having a center-tapped
secondary or an inductor having a center tap, this discussion is limited to tube methods.
The desirable properties of a phase inverter are equal output signals, relative inde-
pendence from effects due to power-supply variations, and long-time stability. In
some cases bandwidth, output resistance,
or number of components required will be
of importance.

s The most common types of phase in-

Rt Rz
A
“/ 1 ‘T verters are:
y
T !
R,
e 2
i Re s
O —I— >0

£pp

. Side-branch phase inverter

1
2. Split-load phase inverter

¢or 3. Cathode-coupled phase inverter
4. Floating paraphase inverter

3.18a. Side-branch Phase Inverter.
Ideally, if the plate ecircuits of the phase
inverter shown in Fig. 3.60 are symmetri-
cal and linear, a common unbypassed cathode resistor can be used without causing
degeneration. In practice, where the tube characteristics are not linear or symmet-
rical, the balance of the outputs will be improved if the cathode is unbypassed, since
the resulting degeneration will tend to equalize the currents through V1 and V2. The
voltage divider consisting of R, and R, must satisfly Eq. (3.112).

Fia. 8.60. Side-branch phase inverter.

1 o Y 3 (3.112)

g =
R, Tp2 + To2

To preserve plate circuit symmetry, B3 should be made equal to the sum of R; and
R,. The output resistance R, at either plate is given by Eq. (3.113).

- TpTh
R, Py (3.113)

Disadvantages of this eircuit are that changes in either the circuit elements or the

characteristics of V2 will cause an unbalance in the two outputs. The circuit sim-
plicity and small number of components are advantageous.

Example 3.19

Determine the values of the circuit components for a phase inverter using tubes having
the constants listed below:

20 Ry1 = Rpz = 33,000 ohms
12,000 ohms R3 = 470,000 chms

I3
Ty

it
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1. Determine the sum of R and R..
To preserve plate circuit symmetry:

Ry + Ry = R; = 470,000
2. Determine the a-c plate-load resistance ry2 for V2.

Ry2Rs 33,000 X 470,000

= 30,800 ohms

Toz =

"B+ R 503,000
3. Determine 4..
From Eq. (3.112)
—20 X 30,800
4: = 13,000 + 30,800 = ~14¢
4. Determine the values of Ry and Ra.
From Eq. (3.112)
Ry + R:
R = 14.4
470,000
R: = 144 = 32,600 ohms

R: = 470,000 — 32,600 = 437,400 ochms

In practice a potentiometer is usually used to provide the correct values of R; and R..

Epp 2
Rp Rp
Rs T
* ot l
Y Y
=
()

(¢c)
Fia. 3.61. Split-load phase inverter.

3.18b. Split-load Phase Inverter. An amplifier with an equal load in the plate
and cathode circuits comprises a very simple phase inverter as shown in Fig. 3.61a.
In a triode circuit, the plate current flowing through the two resistors results in two
equal voltages of opposite phase. Pentodes or other multielement tubes are not as
satisfactory, since the cathode and plate currents are not identical and do not neces-
sarily retain the same ratio from tube to tube.
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The gain of the split-load phase inverter to either output is less than unity. How-
ever, the following stage is driven by a signal which is the sum of é,1 plus ¢,, indicating
that the total stage gain is double the gain to either output. The gain from the input
to either output for the circuits shown in Fig. 3.61 is given by Eq. (3.114).

_ f_o_l . —&€o9 _ l‘Rk
A= = T IR ARGED (3.114)

where B; = R,

Equation (3.114) indicates that with large values of Rx the gain can approach
n/{u + 2) as a limit. In the circuit shown in Fig. 3.61a, any attempt to make Ry
extremely large will not be practicable since the bias on the tube would be increased
to cutoff. The circuits shown in Figs. 3.61b and 3.61¢ make it possible to obtain any
reasonable value of bias with any given value of Ry and thus permit the gain to become
very nearly equal to x/(u + 2). Another big advantage of these modified circuits
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is the ability to handle larger signals than is possible with the simple eircuit. The
configuration shown in Fig. 3.61a can never deliver a sinusoidal output signal with a
peak value greater than the bias voltage.

In the split-load phase inverter the two outputs have different source resistances R,.

_ Ry(rp + R»)
o = R+ Bau + ) )
R,y = olrs + Rl + 1)) (3.116)

T orp - By + Ralu + 1)

Disadvantages of this type of circuit are the low gain and the ability to handle
only approximately one-half of the peak signal level delivered by the other types of
inverters. This fact is apparent since the sum of the two peak-to-peak output
signals plus the minimum tube-plate voltage can never exceed the supply voltage Evs.

Example 3.20

Design a split-load phase inverter for maximum signal handling ability (see Fig. 8.61b or
Fig. 3.61¢) assuming that the tube to be used has the characteristics shown in Fig. 3.62.
Use a 300-volt power supply and 22,000-ohm loads for R and R;. Determine the maxi-
mum peak-to-peak output voltage, the gain, and the output resistances.
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1. Determine the quiescent operating point and the maximum peak-to-peak output
voltage.

It is necessary to draw a load line to establish the optimum operating point. In Fig. 3.62
a load line is drawn for 44,000 ohms (RBr 4+ R,). The maximum plate current occurs at
zero bias and is equal to 5.4 ma. The plate current can therefore swing between 0 and
5.4 ma. If the midpoint, i.e., 2.7 ma, is selected as the quiescent operating point, the static
voltage at the cathode will be equal to 22,000 X 0.0027, or 59.4 volts. The maximum
peak-to-peak output voltage swing will therefore be between 0 and 2 X 59.4, or 119 volts.

Along the load line, the bias E. corresponding to 2.7 ma is —7.5 volts. The other
constants taken at this operating point are:

20
14,000 chms

I
Tp

[

2. Determine the circuit values.
If the circuit of Fig. 3.61b is used, the grid divider composed of Bs and REs must be selected
to apply 59.4 — 7.5, or 51.9 volts, to the grid. For the circuit of Fig. 3.61c¢, the resistor B,

£pp

Epp

) (b1
Fia. 3.63. Cathode-coupled phase inverter,

provides the bias. The required value of R, would be 7.5/0.0027, or 2,780 ohms. The
resistor R: is made equal to 22,000 — 2,780, or 19,220 ohms.
3. Determine the gain to each output and the two output resistances.
From Eq. (3.114)
20 X 22,000

= 14,000 + 22,000 + 22.000(21) ~ °%8

A

From Eq. (3.115)
__22,000(14,000 + 22,000)
Ro1 = 12,000 F 22,000 + 22,000(21) 1,590 ohms

From Eq. (3.1186)
Roz £ 22v000[14,000 + 22,000(21)] = 21,000 oth

14,000 + 22,000 4+ 22,000(21)

8.18¢. Cathode-coupled Phase Inverter. In Fig. 3.63a, the signal current 4, through
V1 produces a voltage across the cathode resistor By which in turn causes an out-of-
phase current 7, to flow through V2. The value of i; will always be greater than iy;
consequently, for a balanced output Ry: must theoretically be larger than R,;. The
required value of Ry for a balanced output is given by Eq. (3.117).

_ Ryi[rps + (u2 + 1) R4 17
Ry = (a2 + DRx — Rt - (3.117)

Tt can be seen that if the value of (u: + 1)Ryx is very large compared to rp; and Re,
R, can be made equal to Ry;. The circuit shown in Fig. 3.63b permits a large value
of R; since the desired bias can be obtained by selecting the proper value for Ri.
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Having selected the values of R, and R, for a balanced output, the gain can be
determined from Eq. (3.118).

Aot _ € el ’ I3 @18
es € rp1 + By + RBu(p + 1) (1 . R:—:

The cathode-coupled phase inverter offers the advantages of a simple circuit and a
voltage gain. The disadvantages are that changes in s, 752, Rk, Ru, and Ry will

Ifao

Fia. 3.64. Floating paraphase inverter.

affect the degree of balance. The larger the value of R:, the less the balance will be
affected for a given percentage change in R:.

Example 3.21

Determine the value of Rz for balanced output and the gain for the cathode-coupled
phase inverter in which V1 = V2, p = 20, r, = 14,000 ohms, RBx = 1,500 ohms, and
Ry1 = 10,000 ohms.

1. Determine the required value of R;; from Eq. (3.117).

B, = 10:000(14,000 + (20 + 1)1,500]
# =720 + 1)1,500 — 10,000
= 21,200 ohms

2. Determine the gain to the plate of V1 from Eq. (3.118).
—20 X 10,000

14,000 + 10,000 + 1,500(20 + 1) (1 -

= —4.92

A =

10,000
21,200

3.18d. Floating Paraphase Imverter. The circuit illustrated in Fig. 3.64 is char-
acterized by the addition of the two output signals e,; and e,; to develop the input
signal for V2. The feedback around V2 tends to stabilize the performance of this
part of the circuit. The cathode resistor should be bypassed unless the plate loads
for V1 and V2 are identical. In the case of identical plate loads, an unbypassed
cathode resistor will tend to improve a faulty signal balance and will introduce no
degeneration when the output is balanced.
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To produce equal output voltages it is necessary to satisfy Eq. (3.119).

R:Rs(JA5] — 1)
R: + R:(|45] + 1)
—Rys(uaRs — sz)
Ra(rpz + Rus) + rpefse

This circuit offers relatively good balance and stability.

R, = (3.119

(3.120)

where A, =

Example 3.22

Determine the required value of R: for a balanced output and the resulting gain if
V1l = V2, u = 20,r, = 10,000 ohms, RB: = 220,000 ohms, B3 = 1 megohm, and

Ry2 = 40,000 ohms.
1. Determine A; from Eq. (3.120).

A, = —40,000(20 X 220,000 — 10,000)
! 220,000(10,000 + 40,000) + 10,000 X 40,000
= —154

2. Determine Ri from Eq. (3.119).

R, — 220,000 X 10%15.4 — 1)
' T 220,000 + 106(15.4 + 1)
= 191,000 ohms '

3.19. D-C Amplifiers. D-C amplifiers are used primarily in instruments, servo-
mechanisms, analog computers, and other devices in which the amplification of either
a d-c voltage or & slowly varying voltage is required. The basic types of d-c amplifiers
are direct-coupled amplifiers, carrier amplifiers, and amplifiers employing the com-
amplifier ordinarily employs a particular
type of carrier amplifier known as a T
amplifier is usually referred to as a
chopper-stabilized amplifier.

\—9

bination of a direct-coupled amplifier and
chopper amplifier. The combination of Es 3

a carrier amplifier. This latter type of vt T vz
< [
a direct-coupled amplifier and a chopper _L _ + _ .
for i [ 4
£

8.19a. Direct-coupled D-C Amplifiers, ') D¢ AMPUFIER WITH CASCADED POWER SUPPLIES
These amplifiers use direct coupling
between stages, and, in general, the basic vi ve
design is either limited or complicated by Lo—T 4 =i f

design considerations which fall in one or
more of the following categories:

o

M
1

1. Interstage coupling techniques . 4

2. Variable attenuators £pb

3. Level adjustment {5) D-C AMPLIFIER WITH SINGLE POWER
4. Stability SUPPLY AND DIVIDER

. Fi1a. 3.65. Methods of supplying power to
1. Interstage Direct-coupling Techniques. multistage d-c amplifiers.

Conductive coupling is required from
input to output terminals. The use of reactive elements, e.g., capacitors and peaking
coils, must be restricted to those cases where the resulting frequency response is
acceptable or desirable.

Since the plate voltage on a tube must be hlgher than its grid voltage, cascaded
power sources are required for a multistage amplifier if the plate of each tube is
connected to the grid of the following stage. In Fig. 3.65a, a cascaded power supply
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using batteries is illustrated. A single power supply may be used with a voltage
divider supplying the specific potentials as shown in Fig. 3.656. For amplifiers with
more than two stages, higher voltages are required and other interstage coupling
methods usually become more desirable. Inherent disadvantages of the type of
coupling shown in Fig. 3.65 are the high cathode operating potentials in the latter
stages, the fact that the output is superimposed on a high d-c¢ voltage, and undesirable
degeneration or regeneration due to common power source impedances. One advan-
tage, however, is that there is no coupling attenuation between stages.

A form of interstage coupling that avoids the problem of cascaded power sources
is one which utilizes a coupling divider which is returned to a negative supply as
shown in Fig. 3.66a. This type of coupling results in reduced gain since the signal
is attenuated between the plate and the following grid by the ratio R./(R; + R,).
As the voltage of the negative supply becomes larger, the value of this fraction
increases, reducing the attenuation. This type of coupling will have impaired high-
frequency response because of the resistor B;, through which signal currents must flow,
and the input capacitance ¢, of the following tube. This condition can be corrected

Vi vo

L
Sy § <A
< 192 - ﬁ> b
Epp e £pb Eec
(g} vy te)

Fia. 3.66. Interstage coupling networks utilizing a negative supply.

by paralleling R; with a capacitor C;. The value of C; to form a frequency-com-
pensated voltage divider is given by Eq. (3.121).

_ Raee
Cy = &,

(3.121)

In Fig. 3.66b, a tube having a combination of fixed and self-bias has been sub-
stituted for R;. The circuit can be adjusted to have the desired d-c resistance to
place the required bias on V2 and will have an a-c resistance equal to rps 4+ Rs(us + 1).
If the a-c resistance is sufficiently large, the signal loss incurred by the divider will
be negligible.

A thyrite element is a passive nonlinear device having an a-c resistance which is
smaller than its d-c resistance for any value of d-c current through the element. For
this reason, thyrites are sometimes used in d-c interstage coupling networks as shown
in Fig. 3.66¢, since they provide less attenuation to a signal than does a resistor which
has a value equal to the d-c resistance of the thyrite element.

The type of d-c coupling illustrated in Fig. 3.67a employs a gas tube, usually a
voltage reference type, to introduce a nearly constant voltage drop between the plate
and the succeeding grid. Gas tubes introduce several problems which limit the
possible application of this circuit. The current through a gas tube must be equal to
or greater than some minimum value below which the regulation is poor. This
stipulates that the resistors R, and R; must be made small enough to ensure that
more than this minimum current flows. By limiting the value of the resistors that
constitute the plate load for the amplifier, the available gain is also limited. Other
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problems associated with gas tubes are random noise and changes in d-¢ resistance
as a function of temperature and ambient light level. Gas tubes generate wideband
noise currents and random d-c voltage level changes as great as one volt. The band-
width of the noise current can be reduced by a capacitor shunting the gas tube. The
maximum value of this capacitor is specified by the manufacturer, In general, the
noise and random d-c¢ level changes prohibit the use of this type of coupling in sections
of an amplifier where the signal levels are low. The gain can be computed in the
normal manner where the plate load is assumed to be equal to R, in parallel with R,.
This is based on the assumption that the a-c resistance of the gas tube is much less

Epps

Eppy Eee
(g) 14
F1a. 3.67. D-C amplifier coupling utilizing gas tubes.

Eppo Epps Eppz

f@) D-C COUPLING WITH SCREEN (&)} HIGH-FREQUENCY COMPENSATION FOR
INJECTION SCREEN "INJECTION CIRCUIT

Fic. 3.68. D-C coupling to screen grid.

than the value of RB;. If this assumption is valid, the signal at the grid of the foliow-
ing tube is approximately equal to the signal existing at the plate of the first tube.
The resistor RB; may be returned to ground or to a negative supply.

Figure 3.67b illustrates an improved circuit for use of the gas tube, but the improve-
ment is obtained at the expense of adding a cathode follower to supply the current
for the gas tube which permits R, to be determined by amplifier considerations only.
The gain of this composite stage will be the amplifier gain multiplied by the cathode-
follower gain provided Ry is much larger than the a-c resistance of the gas tube. As
in the other gas-tube circuit, the noise can be reduced by shunting the gas tube with a
capacitor.

The circuit in Fig. 3.68a makes it unnecessary to drop the d-c level between the
output of one tube and the input to the next. This is possible because of the ability
of the pentode to operate with the screen potential equal to or higher than that of the
plate. The low input resistance of the screen grid makes it desirable to drive the
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screen from a cathode follower to avoid loading the preceding amplifier. The gain
of a pentode with signal injection in the screen grid is low compared to that possible
with grid injection. The gain of this type of amplifier can be evaluated in the con-
ventional manner if the screen-grid constants u,s or gsep are substituted for the con-
trol-grid constants. The control grid of
Epby the second stage can be used to extend
the high-frequency response far beyond
the normal upper frequency limit. The
circuit of Fig. 3.68b shows a method of
a~¢ coupling the signal to the control
grid. This must not be done within the
normally flat response range of the
amplifier since it will cause a pronounced
hump in the gain-frequency characteristic.
If, however, the coupling of the signal
into the control grid becomes appreciable
only at those frequencies where the plate-
load impedance is dropping because of
shunt capacitance, the region of essenti-
ally flat response will be increased.
Another type of interstage coupling which does not require & negative supply is
that shown in Fig. 3.69. The quiescent cathode voltage on V2 and V3 can be made
relatively high if the value of R; is made sufficiently large. In this manner, the

Fia. 3.69. D-C coupling \:sing a cathode
follower and cathode coupling.

pb

SET TO GROUNO
POTENTIAL IN AB-
SENCE OF SIGNAL

TO NEGATIVE SUPPLY
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F1a. 3.70. Variable attenuators for d-¢ amplifiers.

quiescent grid voltage on V2 can also be made relatively high, thereby permitting a
small signal loss in the divider composed of R, and R,. If signal inversion is desired,
the grids of V2 and V3 can be interchanged.

2. Variable Attenuators for Direct-coupled Amplifiers. In general, the operation of a
variable attenuator in a direct-coupled d-c amplifier must not produce any change in
the quiescent output voltage.

A basic principle to be followed in the location of an attenuator within an amplifier
is that the two points joined by the potentiometer or step switch must have the
same steady-state potential with no input signal. The simplest variable attenuator
is illustrated in Fig. 3.70a. This type is satisfactory where one terminal of the gen-
erator is grounded and the zero signal level is ground potential. Another attenuator
of this type is illustrated in Fig. 3.70b where a signal on a d-c base is applied to a
cathode follower operating between a positive and a negative power supply. The
attenuator has one of its reference points taken as ground; hence, the other end of the
attenuator must be connected to a point on the cathode-follower resistor so as to be
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at ground potential in the absence of an input signal. A reference voltage other than
ground potential can be used by employing a voltage regulator for the stable reference
point. If a voltage divider is used to pro-
vide the reference potential as shown in
Fig. 3.70¢, complete attenuation of the
signal cannot be realized. With the
potentiometer E,, the achievable ratio K
of the maximum output to the minimum
output is given by Eq. (3.122).

R.(Ry + Ry)
R\R.

fb

K=1+ (3.122)

f, ADJUSTABLE
BIAS SOURCE

In Fig. 3.71, V1 and V2 constitute a
cathode-coupled amplifier whose gain can
be varied by the potentiometer R,. If 1
tﬁe b;f' s onh I(’i2 lsllmtlally ad:,)ustedl 50 Fia. 3.71. Method of introducing attenu-
that the cathode voltage on V2isequalto  g4ion in a cathode-coupled amplifier. If
the cathode voltage on V1 in the absence the bias on V2 is adjusted so that the cath-
of an input signal, different settings of B.  ode voltage on V2 is equal to the cathode
will introduce different values of attenua-  Voltage on V1 in the absence of a signal,
. . . . . different settings of R:; will not cause d-c
tion to the signal without disturbing the j..6) shifts in the output.
quiescent output level. For this circuit,

the ratio K achievable with R, is given by Eq. (3.123).

R
roiR1/[rsn + Bi(ur + 1] 4 Ra(rpe + Ro) /Irpe + Ro + Raps +1)]

(3.123)

K=1+

In a push-pull d-c amplifier, the method of introducing attenuation shown in Fig.
3.72 is frequently used. The available attenuation is infinite, and if the maximum
value of R, is much greater than R, + R, essentially all of the potential gain of the
stage can be realized.

8. Level Adjustment of a Direct-coupled Amplifier. Because of the fact that there
may be changes in the output voltage as a result of tube replacements, variations in

heater and supply voltages, temperature
£pp changes and aging effects in components,
it is necessary to provide a means of ad-
justing the quiescent output voltage level
in a high-gain direct-coupled amplifier.
In general, the procedure is to place the
amplifier input terminals at the zero sig-
nal input level and adjust the level con-
trol to obtain the desired quiescent output
voltage. This is usually referred to as
“balancing” the amplifier. The balane-
ing control must be in a low-level stage;
otherwise excessive drift in the input
stage might cause either the second or
third stage of the amplifier to be cut off
or driven into the positive grid region. In many applications, it is important that the
gain not be changed by an adjustment of the balance control.

An amplifier having s push-pull or differential input can be balanced by the addition
of a potentiometer as shown in Fig. 3.73. Balancing of a differential input stage can
also be achieved by connecting one end of a small potentiometer to the cathode of

F1a. 3.72. Attenuator for a balanced d-c
amplifier.
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one tube and the other end to the cathode of the other tube. The cathode resistor
should be connected to the potentiometer arm. With either circuit, a minor adjust-
ment of the balance potentiometer causes no significant change in gain.

Other methods of providing output level adjustments without causing objectionable
gain changes utilize the coupling networks shown in Figs. 3.66b and 3.69. Balancing
is accomplished by an adjustment of Rs.

With reference to Fig. 3.67a or b, the signal level is very nearly the same at both
the cathode and anode of the gas tube. Therefore, if a potentiometer is shunted
across the gas tube, the signal voltage at the arm will remain very nearly the same as
the potentiometer is adjusted. The d-c¢ level, however, will change appreciably.
If the grid of the following stage is connected to the arm of the potentiometer, the
potentiometer will serve as a satisfactory balancing control.

+ £pp
/ LEVEL ADJNSTMENT

Ay
ey Fpz

PUSH-PULL OUTPUT
— . TOFOLLOWING
STAGES

0-C INPUT #1

4

0-C WPYT #2

]

Fi1a. 3.73. Method of adjusting the output level of a d-¢ amplifier having a differential input
stage.

4. Stability of a Direct-coupled Amplifier. In a high-gain direct-coupled amplifier,
a very small drift in the input stage can result in a significant error in the d-¢ output
voltage. Drift in the input stage can ordinarily be attributed to one or more of the
following:

1. Variations in grid current

2. Variations in heater voltage

3. Variations in the d-c¢ supply voltages

4, Variations in the input tube and other circuit components

Effect of Grid Current Variations. A constant value of grid current in the input
stage of a high-gain direct-coupled amplifier is usually not detrimental since the
balance control can be used to compensate the bias component introduced by the
grid current flowing through the grid circuit impedance. However, a small change
in the grid current through the grid circuit impedance can produce a sufficiently large
bias change to introduce an undesirable change in the d-c output voltage. Replace-
ment of tubes of the same type having considerably different values of grid current
will also necessitate a readjustment of the balance control. If the balance control
is in a low-level stage, this should not present a problem. If the balance control is
not in one of the low-level stages, variations in grid current in the input stage may
require that the balance-control voltage range be exceptionally large.

Changes in grid current are introduced by heater voltage changes, aging of tubes,
and variations in the grid, screen grid, and plate voltages. Grid current can be either
positive or negative even though the grid-to-cathode voltage is negative (see Sec.
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3.8qa).

3-75

A typical plot of grid eurrent as a function of bias voltage for a constant value

of plate voltage is shown in Fig. 3.74. - At the larger values of bias, the grid current is

negative and has the minimum rate of change as a function of bias voltage.

important consideration is that the changes in
grid current resulting from heater voltage
changes will be considerably less for larger
values of grid bias since a change in heater
voltage: essentially shifts the grid current curve
horizontally. In general, the transition be-
tween negative and positive grid current will
occur at a bias voltage between —1 and -2
volts for most receiving-type tubes.

In the design of a low-level input stage, the
input tube should be operated in the negative
grid current region so as to minimize grid cur-
rent changes. Also, a type of tube which has
low mierophonics and which has small tube-to-
tube variations in both grid current and other
characteristics is ordinarily selected in prefer-
ence to a tube type which has high gain only.

Another
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Fic. 3.74. Typical plot of grid current
as a function of grid bias for a con-
stant value of plate voltage.

GRID CURRENT IN MICROAMPERES

Therefore it is suggested that experimental test

data be obtained for the tube types being considered for the input stage of a high-gain
direet-coupled amplifier. The bias region in which the grid current remains fairly
constant as a function of grid voltage should be established, and a comparison of many
tubes of the same type should be made, in order to determine the expected variations
from tube to tube. Differences in grid currents among tubes of the same type appear
to be significantly larger for subminiature tubes than for miniature and octal receiving-
tube types. A further consideration which often is of importance is that the plate
current associated with the operating conditions required to optimize the grid cur-
rent characteristics must be sufficiently large to permit operation in the regions
covered by the published tube characteristics. Otherwise, the performance of the
tube cannot be predicted and, in some cases, may vary appreciably from tube to tube.

Effect of Heater Voltage Variations. The effect of heater voltage changes is most
pronounced in the input stage of a direct-coupled amplifier. Variations in the heater
voltage cause changes in both the grid current and the voltage required between the
cathode and the other electrodes to maintain a given value of plate current. Assum-
ing a low value of plate current, approximately a 100-mv increase in grid bias is
required to maintain a constant plate current if the heater voltage of a tube having an
oxide-coated unipotential -cathode is increased by 10 per cent. This relationship
can also be expressed by stating that there is an equivalent grid bias change of 100-mv
as the result of a 10 per cent heater voltage change. As the plate current increases,
the effect becomes somewhat greater and more erratic.

Although heater voltage changes can be satisfactorily minimized by regulating the
line voltage or by applying a regulated d-c heater voltage to the input tube, more
economical methods are ordinarily used. As an example, a fraction of the output
voltage of an unregulated power supply is sometimes used to vary the control grid,
screen grid, or cathode voltage of the input tube so as to compensate for the heater
voltage changes. However, more typical methods of compensating for heater voltage
variations include the use of an additional tube. The plate current variations in
the added tube due to changes in heater voltage causes the voltage across a common
cathode resistor to vary. This change in cathode voltage introduces a change in the
grid-to-cathode potential of the input tube of the correct polarity so as to tend to
hold the plate current of the input tube constant.
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A compensating circuit of the above type is shown in Fig. 3.75a. The cathode
follower V2 and the amplifier input stage V1 have a common cathode resistor K.
The value of R should be approximately equal to r5s/us Where rp; is the dynamic plate
resistance of V2 under the bias condition established by the value of B;. In practice,
it is usually found that the value of R should be in the order of one to three times as
large as B;. In order to operate V1 and V2 at approximately the same values of plate
current, it is usually necessary to make the value of the plate supply voltage for V2
much lower than the plate supply voltage for V1. In practice, the values of R:
and R, are usually established experimentally, which accounts for the use of the
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¥1a. 3.75. Circuits which compensate for variations in heater voltage.

potentiometer. For best results, the tubes should be aged and the heater voltage
cyeled numerous times before the adjustment is made. A correct choice of values
for B, and R, can be expected to reduce the effects of the heater voltage changes by a
factor of 15 to 20. In the absence of the compensating tube, the equivalent grid
voltage drift due to.a 10 per cent heater voltage change will usually be in the order of
100 mv. Therefore, with proper compensation, the equivalent drift at the grid for a
10 per cent heater voltage change can be expected to be as small as 5 mv, A dis-
advantage in using this circuit is the significant reduction in the gain of V1 and
the fact that the optimum adjustment of R changes with tube aging and tube
replacements, : :
In Fig. 3.75b, a diode is used as the compensating tube. In order to maximize
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the compensating voltage at the cathode of V1, the value of Ry should be large com-
pared to the resistance changes in V, caused by heater voltage changes. For given
supply voltages and bias on V1, the value of B, must not be too large, otherwise V2
will be cut off. Larger values of R can be used as the value of the negative supply
becomes more and more negative. The gain of the input stage will not be appreciably
affected by using a larger value of Ry since the cathode circuit resistance is equal to Rx
in parallel with the a-c resistance of the diode. With this particular circuit, the
equivalent drift at the grid of V1 for a 10 per cent heater voltage change can be
expected to be as low as 10 mv. The gain of V1 with respect to the uncompensated
cireuit will usually not be reduced as much as when the circuit shown in Fig. 3.75a
is used. In an effort to achieve similar cathode characteristics, one-half of a dual
triode is often used as the input tube and the other half is used as the diode. Best
performance can be expected if V1 and V2 have the same cathode as in the diode-
triode and diode-pentode tubes.

The operation of the circuit shown in Fig. 3.75¢ is similar to that of Fig. 3.75b
since the control grid serves as a diode. For this application, a pentode with &
relatively high screen grid to plate amplification factor is desirable. If the circuit
values are correctly chosen, a 6V6 or a 6AQ5 will provide a stage gain comparable
to that of a medium-u triode with relatively good stabilization against the effects of
heater voltage variations. For the circuit shown in Fig. 3.75¢ the gain is approxi-
mately 25, and the equivalent drift at the screen grid is approximately 5 mv for a 10
per cent change in heater voltage.

The circuit shown in Fig. 3.75d can be adjusted to provide complete cancellation
of the equivalent grid voltage drift due to heater voltage changes. If V1 and V2
are identical, complete compensation and a gain equal to u/2 results when R, is equal
to R,. Since the characteristics of V1 and V2 will very likely be noticeably different,
R, should have a value between 50 and 150 per cent of R: in order that it can be
adjusted to provide complete compensation. As in the case of the circuit shown in
Fig. 3.758a, the tubes should be aged and the heaters cycled numerous times before
the final adjustment is made.

Differential amplifiers and bridge circuits (see Figs. 3.77 and 3.78) provide very
high rejection to both filament voltage and power-supply voltage variations and are
treated in conjunction with the circuits providing compensation for power-supply
voltage variations.

Effect of Power-supply Variations. The requirement that the power supplies for a
direct-coupled amplifier be well regulated becomes more stringent as the gain of the
amplifier is increased. The actual degree of regulation required can be evaluated
for a specific application only. For example, if a value is assigned to the permissible
deviation of the amplifier,output voltage due to power-supply voltage changes, the
allowable variation at the plate of the input stage can be established by dividing the
assigned tolerance by the gain from the plate of the input stage to the output stage.
This value can then be converted into the permissible power-supply voltage variation
based on the characteristics of the input stage. The seriousness of power-supply
variations can be appreciated by considering as an example a direct-coupled amplifier
which has & gain of 200 from the plate of the input tube to the amplifier output. If a
1-volt variation in the power supply for the input stage should cause & 250-mv change
in the plate voltage of the input tube, the amplifier output voltage change resulting
from the 1-volt power-supply change would be equal to 200 X 0.25, or 50 volts.

The input circuit frequently consists of one of the circuits shown in either Fig. 3.75,
3.76, 3.77, or 3.78. The input circuits shown in Fig. 3.75 have previously been
described and offer no special discrimination against power-supply voltage changes.
The circuit shown in Fig. 3.76 is a differential amplifier with a single-ended output.
V2 provides a moderate stabilizing effect against heater voltage changes and also
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permits the use of a second input! without phase inversion. This circuit has very

low gain for common mode (see Sec. 3.17) input signals on the grids. The single-

ended output voltage, however, is sensitive to power-supply voltage changes. The

common mode rejection ratio and the gain from the grids of V1 and V2 are given by

Eqs. (3.110a), (3.1106), and (3.110c),

Enb respectively, The gain A.n. for common

mode input signals can be determined
from Eq. (3.124).

—uly
7p + Bo + BRy(p + 1)

¢ where B =2 + Ry/r,
‘L Input ecircuits which provide very high
rejection to both heater voltage changes
= and power-supply voltage changes are
shown in Figs. 3.77 and 3.78.
;{gﬁ:’%’%@g};& ; In t}.u? input eircuit shown in Fig. ?{.7'7,
R R . R a precigion voltage divider network is in
Fie. 3.76. Differential amplifier with a 3 ! X N A
single-ended output. parallel with the circuit shown in Fig.
3.75d. R; in the divider is adjusted so
that the voltage at the tap on the voltage divider is equal to the quiescent voltage at
the plate of V2. Increases or decreases in either the d-c supply voltage or the heater
voltage should not disturb this equality. Since the two inputs of the differentia

Aem = (3.124)
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Fre. 3.77. Input circuit which is stabilized against heater and supply voltage changes.
Circuit consists of a bridge circuit and a differential amplifier tircuit having a single-ended
output.

amplifier are connected to the plate of V2 and to the tap on the voltage divider,
respectively, the identical voltage changes which appear at the inputs of the differen-
tial amplifier because of supply voltage changes are common mode signals. As can
be seen from Eq. (3.124), the gain of the common mode input signals to this stage can
usually be considered to be insignificant.

A differential amplifier with a balanced output is used in the input stage of the
circuit shown in Fig. 3.78. If the two halves of the input tube are identical, the
incremental voltage changes at the plates of the tube due to heater and supply voltage
changes will be equal and appear as common mode input signals to the following

1 'The second input is often used in conjunction with balancing (see the input stage of

Fig. 3.78) and, in a chopper stabilized amplifier, as the point at which the chopper amplifier
output is injected into the common amplifier (see Sec. 3.19c¢).
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differential amplifier stage. Since the differential amplifier stage has very low gain
for common mode input signals, the effects of the typical variations in regulated
power supplies are usually insignificant. The same considerations apply to grid
current changes provided the resistances in each grid circuit of the input tube are
identical. Many of the premium twin-triode tubes are well balanced and, con-
sequently, have particular value when employed in differential amplifiers. The
plate-to-plate gain A of a balanced differential amplifier for the case where an input
signal is applied to only one of the grids is given by Eq. (3.125).

nRs
rp -+ Ry

(3.125)

where R, = plate-load resistance

The gain to each plate is approximately equal to 4 /2 provided uR; is large compared
to rp + Ry,

Effect of Changes in. Components. With particular reference to the low-level stages,
variations in tube characteristics and changes in resistor values are sources of unde-
sired changes in the d-c output voltage. In ecritical applications, (1) the tubes should
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Fia. 3.78. Input circuit consisting of cascaded differential amplifiers to provide stabilization
against heater and supply voltage changes,

be aged, (2) resistors having low temperature coefficients should be used, (3) the
amplifier ambient temperature should be stabilized, and (4) the power dissipated
in each resistor should not be more than approximately one-eighth to one-fourth the
wattage rating of the resistor.

3.19b. Carrier D-C Amplifiers. In this type of amplifier, the input signal is filtered
in a low-pass filter and then converted into an a-c signal, viz., a carrier modulated by
the input signal, which is amplified in an a-¢ coupled amplifier. The amplified signal
is rectified and then filtered in a low-pass filter to produce the output signal. If the
bandwidth of the input low-pass filter is equal to or greater than one-half the carrier
frequency, there will be ambiguities in the relationships between the input signal
frequencies and the frequencies at which the carrier is modulated.” For example,
an input signal frequeney f; and all other input signal frequencies which are displaced
from the fundamental and the harmonics of the carrier frequency by a frequency f:
will cause the carrier to be modulated at a frequency equal to f;. Consequently,
the input bandwidth is usually limited to some frequency less than one-half the carrier
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frequency. In addition, the bandwidth of the output low-pass filter must be made
less than the carrier frequency, otherwise the carrier will appear in the output. Since
the carrier type of d-¢c amplifier does not employ direct-coupled amplifiers, the prob-
lems of drift normally encountered with multistage direct-coupled amplifiers do not
exist.

The circuit shown in Fig. 3.79a represents one type of carrier d-c amplifier. The
input voltage level establishes the magnitude of the a-c voltage, i.e., the carrier, which
is fed into the amplifier. The output is obtained by rectifying and filtering the
amplified carrier.

A carrier amplifier which employs two choppers is shown in Fig. 3.795. The
choppers are usually operated at the power-line frequency. One of the choppers is
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F1a. 3.79. Sample configurations of carrier type d-c amplifiers.

used to alternately switch the amplifier input between the d-c¢ input signal level and
ground potential. In this manner, a square wave carrier is generated which has an
amplitude and phase determined by the magnitude and polarity of the d-e¢ input
voltage. The resulting square waves, after amplification, are synchronously rectified
by switching the amplifier load circuit, viz., a low-pass filter, between the amplifier
output and ground potential. This is accomplished by means of the second chopper.
For any given polarity of the d-c input signal, the polarity of the d-¢ output signal
can be reversed by either adding another amplifier stage for phase reversal, by moving
the amplifier output lead to the unused contact on the output chopper (see Fig. 3.79b),
or by reversing the phase of the a-c¢ driving voltage at the coil of one of the choppers.
If an a-c voltage at the line frequency should be introduced on the input lead to the
chopper contact, there will be a d-¢ component introduced in the output since the
chopper is synchronous with the a-¢ voltage pickup. For this reason, the chopper
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eoil and its leads are often shielded in order to minimize pickup at the chopper contact
terminals.

The circuit in Fig. 3.79¢ is the more common type of chopper amplifier and requires
a single-pole double-throw switching arm. It is necessary to use the proper number of
amplifier stages to achieve the desired phase relation between the input and output
signals. When high-gain a-c amplifiers are used, the chopper contacts should be
make-before-break to minimize the switching transients introduced into the amplifier
input which might otherwise introduce oscillations. If break-before-make contacts
are used, it is usually necessary to use separate input and output choppers as shown
in Fig. 3.79b to isolate the input and output stages.
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WHERE 44,
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Fie. 8.80. Block diagram of a typical chopper-stabilized amplifier. ’
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F1a. 3.81. Circuit configuration of an operational amplifier employing a chopper-stabilized
amplifier.

8.19¢c. Chopper-stabilized Amplifiers. A chopper-stabilized amplifier is an amplifier
which contains both a direct-coupled amplifier and a chopper amplifier. A block
diagram of a typical configuration is shown in Fig. 3.80 where a chopper amplifier
is placed in parallel with a direct-coupled amplifier which has considerably less gain.
The d-c outputs of the two amplifiers are mixed and amplified in 8 common direct-
coupled amplifier. The reason for the incorporation of the chopper amplifier is to
provide increased stability against drift in the direct-coupled amplifier when over-all
negative feedback is employed.

Chopper-stabilized amplifiers are often used as shown in Fig. 3.81. By the correct
choice of components for Z; and Z;, specific mathematical operations, e.g., integration,
differentiation, summation, etc., can be performed. Chopper-stabilized amplifiers
with the associated input and output impedances so employed are referred to as
operational amplifiers and are used in analog computers. In many operational
amplifier applications utilizing chopper-stabilized amplifiers, there is a gain require-
ment from direct current to several kilocyeles. Since reliable choppers have not,
as yet, been made to operate at such high frequencies, it is not possible to use a chopper



3-82 ELECTRONIC DESIGNERS' HANDBOOK

amplifier only. The chopper amplifier, therefore, provides gain at low frequencies
only, and the higher-frequency requirements are satisfied by the direct-coupled
amplifier.

Drift in a Chopper-stabilized Amplifier. The particular function which an opera-
tional amplifier performs is dependent on the characteristics of the input impedance
Z; and the feedback impedance Z; of Fig. 3.81. The accuracy and stability are
dependent on the stability and precision of Z; and Zy and the drift in the d-c amplifier.

Consider a direct-coupled amplifier having a gain of —1,000 which has been bal-
anced so that the output voltage is equal to zero when the input terminal to the
amplifier is grounded. Assume, after balancing, that the heater voltage is changed
sufficiently to cause the output voltage to change from 0 to —10 volts. The drift
caused by the heater voltage change can, therefore, be expressed as an equivalent
input voltage change Ae, equal to —10/—1,000, or 0.01 volt. If d-c negative feedback
is applied as shown in Fig. 3.82, the feedback will cause the input terminal voltage
at point 2 to have a value Ae; very nearly equal in magnitude to the equivalent
input voltage change Ae, except that it will have the opposite sign. It should be
noted that negative feedback in a direct-coupled amplifier does not tend to reduce
the input voltage to zero if the drift is due to any of the referenced sources. Instead,
d-c¢ negative feedback in a direct-coupled amplifier causes the input voltage to be
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F1a. 3.82. D-C amplifier with negative feedback.

approximately equal to —Ae,. Also, it follows that d-c feedback does not tend to
reduce the output voltage offset caused by the referenced sources of drift to zero but to
a value equal to (R; + Ry) Ae;/R:. In contrast, a chopper amplifier with d-c nega-
tive feedback in a configuration as in Fig. 3.82 tends to reduce both the input terminal
voltage (point 2) and the output voltage to zero; hence the term automatic balancing
is often applied to chopper-stabilized amplifiers. Therefore, in operational amplifiers,
a chopper amplifier is usually used in parallel with a direct-coupled amplifier as shown
in Fig. 3.80. With reference to Fig. 3.80, the factor by which the chopper amplifier 4,
reduces the input and output voltages resulting from drift in the direct-coupled ampli-
fier A1A4;is approximately equal to A4:/(4; + As), where A, is the gain of the direct-
coupled amplifier which parallels the chopper amplifier. For this reason, A, should
be high compared to A;. )

Another major source of drift is grid current. With the proper choice of tubes and
operating conditions, i.e., usually —2 to —3 volts bias, low-plate current, and low
plate, screen, and filament voltages, the grid current can be fairly small, e.g., —10~4
pamp or smaller. Grid current flowing through the grid circuit impedance develops a
d-c input voltage which is a source of error in an operational amplifier. D-C negative
feedback around either a direct-coupled amplifier or a chopper amplifier, however,
tends to reduce this input voltage to zero. The output voltage will be driven to a
value approximately equal to the product of the total grid current and the feedback
resistance.

To eliminate the problems associated with grid current flowing through the imped-
ances Z; and Z;, the input to the direct-coupled amplifier A, is sometimes capacitively
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coupled (see Fig. 3.86). This is especially desirable in the case of an integrator or a
holding amplifier. If the chopper amplifier input and output low-pass filter time
constants are established by Egs. (3.126) and (3.127), respectively, the time constant
of the added input capacitor C and grid resistor E should be 10/f. or larger, where f, is
the chopper frequency. This time constant will place the low-frequency break point
(Fig. 3.87) for the amplifier consisting of 4; and A; below f.. Precautions must be
exercised in the use of capacitive coupling since the input capacitor can acquire an
appreciable charge when the operational amplifier is driven to saturation. The
result is that the input stage may be cut off for a relatively long period after the input
voltage has been reduced to zero or reversed in polarity. A satisfactory solution
consists of reducing the input voltage to zero and shorting out the input capacitor
with a relay whenever it is necessary to reset the amplifier after an overload.
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Fiq. 3.83. Summing and inverting operational amplifier.

Balancing an Operational Amplifier. The balance control is usually adjusted so
that the amplifier output ¢, is equal to zero when the input terminal, i.e., point 1
of Fig. 3.81, is grounded. Balancing is usually done just prior to the use of the
amplifier so as to minimize the interval during which drift can occur. During the
balancing adjustment, it is important that the grid circuit resistance have a value
identical to that which it has when used in the computing operation so as to ensure
that the amplifier will be properly balanced when in the compute condition. As an
example, the summing amplifier shown in Fig. 3.83a can be balanced when points 1
through 3 are grounded, or, if more convenient, the grid circuit can be switched as
shown in Fig. 3.83b for balancing.

In the process of balancing, a d-c offset voltage is introduced at some point in the
direct-coupled amplifier so ag to make the d-c output voltage equal to zero. The
chopper section tends to maintain the output voltage equal to zero except for the
drift resulting from grid current changes.
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Stability Considerations. Since chopper-stabilized amplifiers are usually employed
with feedback, they should be designed to minimize the external circuitry required
to prevent oscillations or undesired transient behavior. Inverting, summing, inte-
grating, and holding operational amplifiers present no particular problems as far as
attaining over-all stability. However, if the chopper-stabilized amplifier has a phase
shift in the order of —90° in the frequency range where the operational amplifier open-
loop (see Fig. 3.84) gain is equal to unity,
it is not possible to design a stable dif-
ferentiator utilizing a single capacitor for
Z; and a single resistor for Z; (see Fig.
3.81). A differentiator of this type would
oscillate since the feedback resistor and
capacitor would introduce an additional
phase lag of 90°. Therefore, in the case
of a differentiator, it is necessary to in-
clude a lead network in the feedback path

= to reduce the open-loop phase shift to a
WHERE Zy 15 THE WPUT IMPEDANCE T0 THE value significantly less than 180° at the
CHOPPER-STABIL IZEQ AMPLIFIER frequency where the open-loop gain is
Fre. 3.84. Open-loop configuration for the unity. The required phase lead can usu-
stablhty am.atlysns of the operational amplifier ally be obtained by either placing a re-
shown in Fig. 3.81. sistor in series with the differentiator
capacitor or a capacitor in parallel with the feedback resistor as shown in Fig. 3.85.
The considerations in the design of a chopper-stabilized amplifier having a maximum
phase lag of approximately 90° in the frequency range where the amplifier gain is
unity are discussed in the remainder of this section.
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F1a. 3.85. Typical differentiating circuits with stabilizing components.

As shown in Fig. 3.80, the chopper amplifier is in parallel with a direct-coupled
amplifier. The over-all gain through the chopper-stabilized amplifier is equal to
A3(A; + Az). In a typical amplifier, A, is much larger than A4, at direct-current
and at frequencies small compared to the chopper frequency. At higher frequencies,
A; is larger than A, A partial wiring diagram of a typical amplifier is shown in
Fig. 3.86, and a Bode plot (see Sec. 18.5b) in Fig. 3.87. The Bode plot is typical of
the desired frequency response for a chopper-stabilized amplifier. This type of
response can be achieved, in part, by establishing the chopper input and output time
constants B,C, and R,C; (see Fig. 3.86) from Eqs. (3.126) and (3.127).

RiCy = 1f'—‘3 (3.126)
. 6.44,
By~ 20 3.127)
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where A; = d-¢ gain of the direct-coupled amplifier paralleling the chopper amplifier
A, = d-c gain of the chopper amplifier
f. = chopper frequency

The time constant R,C: establishes the break frequency f, in Fig. 3.87. The break
point at f, is determined by making the time constant R,C, less than 6.4/f..
Since Eq. (3.126) establishes R,C; to be approximately equal to A,R;C>/44.,, the
break point at f, is assured. If the recommended time constants for R.C: and R.C,
are used, it can be assumed that the over-all amplifier consists only of the chopper
amplifier 4, and the direct-coupled amplifier A; for d-c input signals and input signals
having frequencies below f,. However, for frequencies greater than f,, the gain 4,4,
will be greater than A4,A4;, and, consequently, the chopper section can then be dis-
regarded. The break frequency f, is determined by the time constant E,C; and,
as established by Egs. (3.126) and (3.127), is two octaves above f,. The break
frequency f; is dependent on the desired bandwidth of the amplifier. In typical appli-
cations, this break frequency is made one or more octaves greater than f, and is accom-
plished by introducing a lag circuit, e.g., a shunt capacitor across one of the plate-
load resistors, in the common amplifier A;. With reference to the Bode plot shown
in Fig. 3.87, the lag circuit in the common amplifier 4; has a time constant equal to
0.8/f.. The natural —3-db upper cutoff frequency for the amplifier consisting of 4,
and A; in series, viz., the —3-db upper frequency before the introduction of the lag
circuit in the amplifier A, should be considerably higher than the frequency at which
the over-all amplifier response curve crosses the 0-db gain line. If this is not the
case, a special lead-lag network will be required to minimize the phase shift in the
frequency region where the amplifier gain is near unity. The 0-db gain crossover
frequency will be equal to A4;f, provided the amplifier response curve has a slope
of —6 db per octave from the frequency f; to the 0-db gain frequency.

It
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4.1. Class Al Single-ended Transformer-coupled Power Amplifiers. Class Al
transformer-coupled power amplifiers are used primarily in audio and video applica-
tions. In a class Al amplifier, the input signal never causes the grid-to-cathode volt-
age to become positive, Consequently, there is no grid input power requirement.
Transformer coupling to the load is ordinarily used in a power amplifier since it
provides d-c isolation between load and tube and, by utilizing a transformer having
the correct turns ratio, the optimum a-c¢ plate-load resistance can be presented to the
tube.

Typical operating conditions for power tubes used as class Al single-ended trans-
former-coupled power amplifiers are published by the tube manufacturers. The data
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F1a. 4.1. Basic power amplifier circuits.

usually include typical tube quiescent operating points and the associated signal
voltages and currents, power outputs, and distortion percentages for different a-c
load resistances. If the actual operating conditions do not correspond with the pub-
lished typical conditions, a complete graphical analysis of the amplifier must be made
to establish its performance.

The output stage of an amplifier is usually a power amplifier. It ordinarily requires
a relatively large amount of d-¢ power and usually distorts the signal more than all
the preceding stages combined. This distortion occurs because the plate current
swing is so large that the tube is operated in nonlinear regions. Ordinarily, the
a-c plate-load resistance and the quiescent operating point are selected to minimize
the harmonic distortion and to maximize the output signal power. In determining
the maximum power output for any given load line and operating point, the grid
input signal is assumed to be adequate to drive the grid to either zero bias or tn
the value of bias which produces the maximum allowable distortion.

4.1a. Fundamental Power Relationships in the Plate Circuit of a Class A1 Power
Amplifier. In Fig. 4.1 are triode and pentode single-ended transformer-coupled
amplifiers having fixed bias. For each amplifier, the quiescent operating point is
established by the intersection of the d-¢ load line and the grid-bias curve which has a
value equal to the bias supply voltage! E... The d-¢ load line is drawn from the plate
supply veltage Ey, on the abscissa and has a slope of —1/R, where R, is the resistance
of the transformer primary winding. Neglecting transformer core losses, the a-c¢ plate-

L If self-bias is employed, the quiescent point for a triode amplifier is established by the
intersection of the bias line and the d-c load line (see Sec. 3.3a), and, for a tetrode or pentode

amplifier, the quiescent point is established by the intersection of the bias line and the
d-c transfer characteristic (see Sec. 3.4).
4-2
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load resistance 75 is given by Eq. (4.1). If self-bias is used, it is assumed that the
cathode resistor is adequately bypassed at signal frequencies. ‘

ro =Ry + (%—f)z (Rs + Ry1) (4.1)

where R, = secondary winding resistance

R = secondary load resistance

N, = number of primary turns

N, = number of secondary turns
The a-c load line is drawn with a slope equal to —1/r, and passes through the quies-
cent operating point only if the tube characteristics are perfectly linear. If non-
linearities exist, the amount of the displacement of the a-c¢ load line from the quiescent
operating point is proportional to the signal amplitude, the degree of nonlinearity,
and the d-c load resistance (primary winding resistance and cathode resistance if self-
bias is employed). The procedure for plotting the a-c load line (Sec. 3.3b) is identical
for triodes, tetrodes, and pentodes. From the d-c and a-c load lines, it is possible
to determine (1) the amplitudes of the signal harmonics, (2) the required d-c input
power to the plate circuit, (3) the signal output power, (4) the plate circuit efficiency,
and (5) the plate power dissipation with and without a signal. The plate circuit
efficiency is defined as the ratio of the output power at the fundamental frequency
to the d-c power supplied to the plate circuit expressed as a percentage.

Determination of Harmonic Distortion., To make a harmonic analysis, it is necessary
to accurately construct the a-¢ load line and the dynamic transfer characteristic.
For the 2nd, 3rd, and 4th harmonics, the method described in Sec. 3.3b permits the
determination of the peak value of each harmonic and the percentage that each
harmonic is of the fundamental.
Plate Circuit D-C Input Power Pg. The d-c input power Py to the plate circuit

can be determined from Eq. (4.2).

Py = Ebb[ba (4.2)

where Ey = d-¢ plate supply voltage
I.. = average value of plate current and can be calculated from (Eq. 3.7) (Isa
= quiescent plate current I, if there is no input signal or if there is no
distortion) .

Signal Output Power P,. Assuming no distortion, the power output P, of a single-
ended class Al amplifier having a sinusoidal input signal can be determined from
Eq. (4.3).

Py = 0.125[es(max) — €s¢min)lllb(mazxy — To(min)] (4.3)

where eymsxy = Mmaximum plate voltage with signal
en(miny = mMinimum plate voltage with signal
Thmaxy = Maximum plate current with signal
Tominy = Minimum plate current with signal
If distortion exists, the power output due to any harmonic component n can be
determined by evaluating Eq. (4.4).

Py = Iy, (4'4)

where /5, = rms value of the nth harmonic
P., = output power due to the nth harmonie

I
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The rms values of the 2nd, 3rd, and 4th harmonics can be determined by multiplying
the peak values given by Eqgs. (3.8), (3.10), and (3.12) by 0.707. The rms value of
the fundamental [ 4, is given by Eq. (4.5).

IHl(rma) = 0-236('ib(mnx) + iz - iy - ib(xnin)) (45)

where %y(max), %z Ty, 80 fo(miny are defined in Sec. 3.3b

The total output power is the sum of the power output terms due to the fundamental
and each of the harmonies.

Plate Circuit Efficiency n. The plate circuit efficiency » is given by Eq. (4.6).

_ P, X 100
n=p (4.6)

where P,; = signal output power due to fundamental component of plate current
P, = d-c input power to plate circuit with signal present

If there is no distortion, P,; can be determined from Eq. (4.3) and P4, will be equal to
Ewlv.. Under these conditions the theoretical maximum value of 4 is equal to 50 per
cent and is obtained when €pminy and Zyminy are equal to zero and esmax) 204 Zo(max)
are equal to twice Ew and I, respectively. In practice, the efficiencies of class Al
power amplifiers are between 15 and 35 per cent. Greatest efficiencies are obtained
with tetrodes and pentodes.

In some instances the over-all efficiency of a power amplifier stage is desired. In
this case, the input power to the screen-grid cireuit and the filament power must be
included with the d-c input power to the plate circuit.

Plate Power Dissipation. The quiescent plate power dissipation P, is given by
Eq. (4.7).

Py, = Epplye — Ino(Bp -+ Ri) .7

where R; = cathode resistor (if used)
I,, = quiescent plate current
R, = resistance of the transformer primary winding
If a signal is present, the plate power dissipation P, can be determined from Eq. (4.8).

Pba = Ebblba - Po - Iba’(Rp + Rk) (48)

where I, = average plate current with the signal present
P, = total signal output power, i.e., power due to fundamental and all har-
monic components of plate current

Ordinarily, P, will be 15 to 35 per cent less than P,,. In class Al operation, the tube
actually operates at a lower plate dissipation with the signal applied than it does in
the absence of a signal.

4.1b. Triode Class Al Single-ended Transformer-coupled Power Amplifiers. The
harmonic distortion in class Al single-ended triode amplifiers is almost entirely 2nd
harmonic. If the distortion is assumed to be entirely due to the 2nd harmonie, the
per cent distortion can be determined from Eq. (4.9).

. —1
Per cent Hy = 5(”/;‘/n +)1x 100 (4.9)

where p = value of the positive plate current peak = Zomaxy — It

= value of the negative plate current peak = Ins — Zo(min)

plate current on a-c load line associated with bias which exists when a
signal is present (see Sec. 3.3b)

2
|

£
I
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Equation (4.9) can be derived from Eq. (3.9) provided ¢, is halfway between 4ymax)
and I, and if 7, is halfway between I and Zp(min;, 28 is the case when the 3rd harmonic
is equal to zero. The ratio p/n can readily be established from the a-c load line.

A compromise between maximum power output and minimum harmonic distortion
can be obtained by careful selection of the operating point and the a-c load resistance
rs. In general, the optimum a-c load

resistance for a triode class Al single- 96
le;‘nd(;ad trar-lsfor;ner-e(})gupled amplifier can 90 P
e determined from Eq. (4.10). 5 @\ohy \\
8_ P B

1y & 27y @) z°>° /s

The curves shown in Fig. 4.2 illustrate the & '7'8 / /

manner in which the relative power out- 3 72 /

put, per cent distortion, and ratio /7, ; / /

are related in a typical triode class Al & 8§ /

single-ended transformer coupled ampli- 60 /

fier, They show that for a given value o ! 2 3 4

of distortion the maximum power out- )

. 4 #
put is obtained when the a-c load resist- Fre. 4.2, C bow 4 tout and
s H IG. 4.2. Lurves showing power output an

ance M 18 aPp roximately equal to 2r,. total distortion as a function of the ratio of
ASS‘OCIated with each Yalue of the a-c kfa'd plate-load resistance to dynamic plate
resistance, however, is also the selection resistance for a typical power triode.
of the optimum operating point.

The optimum operating conditions are obtained by a series of experimental graphical
solutions. For a given supply voltage Es, equal to or less than the maximum rated

160
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F1g. 4.3. Typical power triode characteristics with three different a-c¢ load lines, each of
which causes 5 per cent second harmonic distortion.

voltage for the tube, locate on the tube characteristics the plate current which causes
the maximum rated plate dissipation. This procedure establishes point O, in Fig. 4.3.
At this point, the a-c plate resistance is equal to 2,250 ohms. To illustrate how the
fundamental power output varies as a function of the ratio of the load resistance to
the dynamic plate resistance, assuming a given value of distortion, three load lines
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TasLe 4.1. CarcuraATED VALUEs OF Powkr Outpur ANp HarMONIC DISTORTION
FOR THE A-C Loap Lines Prortep 1y Fic. 4.3

A-Cload | Fundamental . .
. . 2nd harmonic, | Efficiency,
Load line | resistance, | power output,
per cent per cent
ohms watts
A 2,250 0.45 5 4.5
B 4,500 0.95 5 9.5
c 4,500 0.80 5 11.2

have been constructed. Load line 4 has been drawn through point O, for an a-c
plate load of 2,250 ohms; therefore, r,/r, = 1. Load lines B and C have been drawn
for ro/rp = 2. The length of each load line indicates the plate current excursion
which will cause the 2nd harmonic to be equal to approximately 5 per cent of the
fundamental. From Table 4.1, it can be seen that for a total of 5 per cent 2nd har-
monie distortion, considerably more output power can be obtained when the a-c plate-
load resistance is twice as large as the dynamic plate resistance. The tabulated data
for load line C indicate that it may be desirable to consider operation at plate current
values less than the maximum rated value provided comparative values of output
power and improved efficiency can be obtained. If additional load lines and operating
points are evaluated, a family of curves such as those shown in Fig. 4.2 can be con-
structed, thereby establishing the optimum operating conditions.
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Fia. 4.4. Power output and distortion curves for a class Al single-ended amplifier using a
8L6 beam power tube with Ey = E,, = 250 volts, B, = —14 volts, and peak grid signal
voltage = 14 volts. At the quiescent point, r, = 22,500 ohms.

4.1c. Beam Tetrode and Pentode Class A1 Single-ended Transformer-coupled Power
Amplifiers. The principal advantages in using beam tetrodes and pentodes instead
of triodes are that higher efficiencies can be obtained and less grid-drive voltage is
required per unit of output power. These tubes are more efficient than triodes since
the shapes of their E,-I, characteristics permit the path of operation to be extended
more nearly toward zero plate voltage when the grid is driven to zero bias. Typical
efficiencies of beam tetrode and pentode class Al single-ended transformer-coupled
power amplifiers are between 35 and 45 per cent.

The power output and distortion curves of Fig. 4.4 are typical of single-ended
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class Al beam tetrode and pentode power amplifiers and differ appreciably from those
obtained from triodes in similar applications. The power output curve in Fig. 4.4
indicates that the maximum power output for a 6L6 tube is realized when r, is approxi-
mately equal to r,/6. The total harmonic distortion percentage has a minimum
value when r, has a value slightly less than r,/6. In this particular example, the
optimum value of 7 is approximately equal to that value which minimizes the over-
all distortion since the power output under the minimum distortion conditions is
approximately equal to the maximum possible power output. A general relationship
for optimum 7, for beam tetrodes and pentodes is given by Eq. (4.11).

<n < 56’—’ (4.11)

where r, = dynamic plate resistance of tube at quiescent operating point

In addition, the optimum r, is very nearly established by the a-c load line which
passes through the quiescent plate current, as determined by the maximum plate
voltage and maximum plate dissipation ratings, and the knee of the zero bias curve.

The distortion in beam tetrode and pentode class Al single-ended power amplifiers
is appreciably greater than for triodes used in the same type of operation and is
primarily due to the 3rd harmonic when operated in the region of maximum power
output. Figure 4.4 shows that the 2nd harmonic reaches a minimum value when r,
is approximately equal to the value which produces maximum power output.

Precautions should be taken to avoid excessive screen dissipation. The average
screen current can be determined by applying Eq. (3.7) to the dynamic sereen current.
The screen dissipation is equal to the product of the average screen current and the
screen grid-to-cathode voltage.

Example 4.1

A 6L6 is to be operated as a class Al single-ended power amplifier with fixed bias and
with E,; and Ey both equal to 250 volts. Assuming that the d-c voltage drop in the output
transformer is negligible, determine the quiescent and dynamic operating points, a-c plate-
load resistance, power output, total harmonic distortion, and efficiency. The maximum
allowable plate dissipation is 19 watts, and the transformer secondary load impedance is
equal to 600 ohms.

1. Locate the quiescent operating point.

Pyo 19

Lo = g =250

= 76 ma

From Fig. 4.5, the fixed bias is found to be equal to —13.7 volts.
2. Construct a tentative a-c load line from the knee of the zero bias curve through I,,
to —2E., that is, —27.4 volts.
3. Determine the shift in the a-c¢ load line from the quiescent value due to the presence
of the signal (see Sec. 3.3b).
A tentative value for the average plate current I, is calculated based on the tentative
a-¢ load line.
I = 0.167(Gstmaxy + 222 + 2¢y + ib(min))
= 0.167(165 + 236 + 82 4 15)
= 81.5 ma

Assuming Ise, as established from the tentative a-c load line, to be correct, relocate the a-c
load line to pass through the calculated value of Iy.. Recalculating I, based on the shifted
a-c load line establishes Iy, to be approximately 82 ma. Since the second calculated value
of Ip: very nearly agrees with the value of Is through which the a-c load line has been
redrawn, it can be assumed that the new position of the load line is very nearly correct
Since the bias is fixed, the bias does not change with a change in the average plate current.
Consequently, the intersection of the shifted a-c load line and the —13.7-volt bias line
establishes the time axis of the signal. At this point the plate current I;; is approximately
76 ma.
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F1a. 4.5. Average plate characteristics for a 6.6 showing load lines for Class A power
amplification.

4, Determine r, from the slope of the a-c load line.

From Fig. 4.5, the slope is —3.64 X 1071 = —1/rs.

The value of 7 is, therefore, 2,750 ohms.

5. Determine the power output in the fundamental using Egs. (4.5) and (4.4).

IH1ems) = 0.236(158 + 120 — 42 — 15) = 0.0522 amp
P, = (0.0522)2 X 2,750
= 7.49 watts

6. Determine the total harmonic distortion.

%HT = V(%H)? + (%Hs)? + (% Hi)?

The values of %H2, %Hs, and %H can be calculated from Egs. (3.9), (8.11), and (3.13),
respectively. Their values are as follows:

%H, = 8.156
%H; =294
%H, = 2.83

Therefore, %Hr = 9.13.
7. Determine the efficiency, using Eq. (4.6).

_ Po1 X 100

T XD
_ 7.49 X 100
~ 250 X 0.082
= 36.5%

8. Determine the required transformer characteristics.

The transformer must be designed to have a 2,750-ohm primary winding and a 600-ohm
secondary winding, to operate with approximately 82 ma direct current through the
primary winding and to have a power rating of at least 7.5 watts. In addition, the desired
frequency response and maximum distortion which the transformer may introduce should
be specified.

4.2. Classes A, AB, and B Push-pull Transformer-coupled Power Amplifiers. Two
typical push-pull transformer-coupled power amplifier circuits are shown in Fig. 4.6.
In Fig. 4.6a, fixed bias is used, and the circuit shown in Fig. 4.6b has self-bias. The
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input signal can be supplied from a transformer, a push-pull stage, or a phase inverter
(see Figs. 3.60 et seq. for typical phase inverter circuits).

A push-pull transformer-coupled power amplifier has several advantages over a
single-ended amplifier. The most important advantages are (1) elimination of d-c
saturation in the output transformer, (2) no generation of even-order harmonics, (3)
higher efficiency for the same per cent distortion, and (4) the cancellation of power-
supply ripple in the output transformer, thereby minimizing the filtering required
in the power supply.

1. Effect of the D-C Plate Current through the Primary Winding of the Output Trans-
former. The magnetizing force due to the quiescent plate current through one-half
of the primary winding directly opposes the magnetizing force due to the quiescent

=3

e

./
/Vp{

¥4
F1a. 4.6. Typical push-pull transformer-coupled power amplifier configurations.

plate current through the other half of the primary winding. If the tubes have
equal quiescent currents and if the transformer has been properly center-tapped, good
cancellation will be achieved. As a result, the output transformer for a push-pull
amplifier can be made smaller than one designed to have the same power output and
frequency response for use with a single-ended amplifier.

2. Harmonic Components. If the tubes are matched, a push-pull transformer-
coupled amplifier will introduce no even harmonics. However, if the input is dis-
torted and contains even harmonics, these harmonics, and any odd harmonics which
may also exist, will be amplified and appear in the output. It is only the even har-
monics caused by distortion in the output tubes which are canceled.

3. Efficiency. Since only odd harmonies are introduced by push-pull transformer-
coupled amplifiers, it follows that the tubes can be driven harder than in single-ended
amplifiers for the same total per cent distortion, Driving the tubes harder produces
an increase in the output power and results in an increase in efficiency.

4. Power-supply Ripple-voltage Requirements. If the two tubes have identical
dynamic plate resistances, the power-supply ripple voltage will cause equal a-c cur-
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rents to flow in each tube. Because these currents flow in opposite directions through
the transformer primary winding, no voltage is induced in the output winding, If
the tubes are matched at quiescence, power supplies may be used which have con-
siderably more ripple voltage than would be acceptable for single-ended amplifiers.
The presence of a signal, however, causes the instantaneous plate resistance of one
tube to increase and the instantaneous plate resistance of the other tube to decrease,
thereby causing an induced voltage to appear in the output due to the power-supply
ripple voltage. If the power-supply ripple voltage does not cause an objectionable
signal to be induced in the output at quiescence, the ratio of the desired output signal
to the undesired induced signal will usually be sufficiently large that the undesired
signal will be negligible compared to the desired signal.

In Fig. 4.6, the midband plate-to-plate resistance R, presented to V1 and V2 by
the terminated output transformer is given by Eq. (4.12) provided the transformer
exciting current is neglected.

Rpp = Rp1 + Rpe + 4(R1 + RY) (%:—’)2 (4.12)

where N, = number of turns in one-half primary winding

N, = number of turns in secondary winding

R,; = resistance of primary winding connected to V1
R,, = resistance of primary winding connected to V2
R; = terminating resistance

R, = resistance of secondary winding
Neglecting the transformer winding resistances, Eq. (4.12) reduces to Eq. (4.13).

R, = 4Ry %’)’ 4.13)

The analysis of a push-pull transformer-coupled power amplifier is complicated by
the fact that the instantaneous plate voltage across each tube varies not only as a
result of the variations in plate current through that tube but also because of the
inductive coupling of the plate voltage variations existing at the plate of the other
tube. However, general relationships in regard to the loads presented to the indi-
vidual tubes can be stated. If V1 and V2 have equal instantaneous dynamic plate
resistances, each tube will operate into an a-c load resistance equal to R,,/2. If
either V1 or V2 is at cutoff, the other tube will operate into a resistance equal to
Ryp/4. Whenever the dynamic plate resistances of the two tubes are not the same,
the tube having the smaller dynamic plate resistance will operate into an a-c load
resistance having a value between R,,/2 and R,,/4 and the other tube will operate
into an a-c¢ load resistance having a value between R,,/2 and infinity. Consequently,
in a push-pull amplifier, neither tube operates into a fixed load resistance since the
instantaneous values of tube dynamic plate resistance are a function of the instan-
taneous values of E, and I, which change with the instantaneous values of the signal.
The actual analysis, however, can be accomplished in a straightforward manner by
constructing the composite characteristics for the two tubes (see Sec. 4.2a). The
composite characteristics are a composite Ep-I plot which takes into account the
two tubes when used in push-pull operation, thereby permitting the construction of a
single load line for the two tubes.

4.2a. Class A1 Push-pull Transformer-coupled Power Amplifiers Using Triodes.
In class Al push-pull operation, the common cathode resistor used for self-biasing is
usually not bypassed. If the tubes are balanced, the total cathode current will be
equal to the sum of the d-c and the even-order harmonie currents through both tubes.
There will be no fundamental signal component across the biaging resistor. Con-
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sequently, the signal that does exist across the cathode resistor consists primarily
of a d-¢ and a 2nd harmonic term. )

For a given distortion percentage, a triode class Al push-pull transformer-coupled
amplifier can be designed to have more than twice the power output obtainable from
a single-ended amplifier employing the same tube type. The distortion in triode
amplifiers is predominantly 2nd harmonic and will appear in the output of a single-
ended amplifier but will be canceled in a push-pull transformer-coupled amplifier.
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F1a. 4.7. Method of constructing the composite characteristics for a push-pull transformer
coupled amplifier which utilizes triodes. Only the quiescent bias curves for V1 and V2
have been shown in order to simplify the figure.

The efficiency for a triode class Al push-pull transformer-coupled amplifier is usually
between 30 and 45 per cent.

Composite Characteristics. The construction of the composite characteristics for a
push-pull transformer-coupled amplifier consists of properly positioning the individ-
ual E,-I, characteristics and plotting the combined E-I, characteristics, thereby
permitting the construction of a single load line for the two tubes. One of the tube
characteristics is inverted and positioned relative to the other so that the individual
quiescent plate voltage values are coincident. Consider the example in which the sup-
ply voltage is equal to 145 volts; the quiescent plate current through each tube is equal
to 60 ma, and the resistance of each half of the primary winding is equal to 167 ohms.
The quiescent IR drop in each half of the primary winding in this case is equal to
10 volts, and the quiescent plate voltage on each tube is 145 — 10, or 135 volts. It is,
therefore, necessary to position the individual tube characteristics as shown in Fig. 4.7.
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Only the quiescent bias curves for V1 and V2 have been shown to simplify the figure.
If self-bias were employed, the quiescent plate voltage would be equal to 135 volts
minus the bias voltage.

Having properly positioned the tube characteristics, the first step is to construct
the composite quiescent bias line. - This line represents the instantaneous differences
in plate currents which would flow through V1 and V2 if the bias on each tube were
maintained equal to the quiescent value and the plate voltages on the two tubes
varied in equal incremental steps in opposite directions, The line is drawn so that it is
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Fi1a. 4.8. Composite characteristics for push-pull 6L6’s triode connected with E,, = 250
volts, E, = —22.5 volts, and R,, = 4,000 ohms.

equal to %1 — %2 for all the resulting values of plate voltage. The first point is at the
quiescent plate voltage where 4, is equal to lio1 8nd b2 is equal to In.e; hence, g5 — 239
at this point is equal to zero. The other points are located so that the current yz
is equal to yw — yz. The line connecting these points is the composite quiescent
bias line.

The complete composite characteristics for two 6L6 triode-connected tubes operated
in push-pull are shown in Fig. 4.8. The other composite lines have been constructed
in a manner similar to the method used for constructing the composite quiescent bias
line, For example, consider the composite line labeled +7.5 volts. It has been
assumed that the bias on V1 has been decreased by 7.5 volts and the bias on V2 has
been increased by 7.5 volts. If these bias voltages are maintained and the respective
plate voltages varied in equal incremental steps in opposite directions, the instantane-
ous differences in plate currents will be defined by the line labeled +7.5 volts. Itis
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apparent that the composite characteristics are much straighter and more nearly
equidistant than the individual tube characteristics.

Composite A-C Load Line. The composite a-c load line is constructed with a slope
equal to —4/R,, [see Eqgs. (4.12) and (4.13)] and passes through the composite
quiescent bias line at the zero current point. In Fig. 4.8 the value of R,, is equal
to 4,000 ohms, and the composite a-¢c load line has been plotted with a slope equal
to —1/1,000.

The composite a-c load line defines the composite path of operation for the two
tubes, and the two curved dashed lines describe the paths of operation for the indi-
vidual tubes. The curvature is due to the transformer coupling between the two
tubes, and the slope at any given point indicates the instantaneous a-c load resistance
into which the tube is operating. The individual paths of operation are determined
by constructing vertical lines through the points at which the composite bias lines
intersect the a-c load line, e.g., see points labeled b in Fig. 4.8. The dashed lines can
then be constructed by connecting the points defined by the intersections of the
vertical lines and the individual bias lines associated with the composite bias lines,
e.g., see points labeled @ in Fig. 4.8. For class A operation, the quiescent bias for
each tube must not be sufficiently negative for the individual plate currents (dashed
lines) to go to zero for any portion of the eycle. The quiescent bias is not critical, and
relatively large changes in bias do not significantly alter the linearity of the composite
bias lines. The considerations for establishing the quiescent bias are plate current
cutoff during the cycle as one extreme (too much bias) and excessive plate power
dissipation as the other extreme (insufficient bias).

The composite bias lines shown in Fig. 4.8 have been labeled in terms of input signal
amplitudes. To determine the output signal peak amplitude for a given input signal,
consider the example in which the input signal at the grid of each tube is a sine wave
having a peak amplitude of 22.5 volts. Along the composite a-¢ load line, the com-
posite path of operation will be between the points at which the load line intersects
the composite bias lines labeled +22.5 and —22.5 volts. The plate-to-plate peak
output signal amplitude is, therefore, equal to 343 — 157, or 186 volts for a 22.5-volt
input signal since the plate voltage on one tube increases to 343 volts as the plate
voltage on the other tube decreases to 157 volts.

The optimum composite load line for a triode push-pull transformer-coupled
amplifier, i.e., the load which maximizes the power output and minimizes the har-
monic distortion, has a slope approximately equal to the negative of the slope of the
composite characteristics. Consequently, the optimum a-c plate-to-plate load resis-
tance is approximately equal to four times the inverse of the slope of the composite
characteristics. The approximate value of the optimum a-c plate-to-plate load resis-
tance can also be determined from Eq. (4.14).

Ryp >~ 2ry (4.14)

where r, = dynamic plate resistance of each tube at quiescent operating point

Harmonic Distortion and Power Output. The distortion in a push-pull transformer-
coupled amplifier is due primarily to the 3rd and 5th harmonics since the even har-
monics are equal to zero. The rms value of the fundamental output current and the
percentage values of the 3rd and 5th harmonic currents can be determined from Eqs.
(4.15), (4.16), and (4.17), respectively. These equations are baged on the instan-
taneous composite plate current values resulting from the instantaneous grid signal
values shown in Fig. 4.9. These particular values of the grid-input signal have been
chosen to maximize the accuracy in determining the value of the fundamental and
the percentages of the odd harmonics.
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_ T4y + 6do.s + 1040.5 — 6703

Iy = — 4.15

o 15 V2 @19
0.33(21 — 270.5)

H; = ————>2 X 100 4.16

% H; V3 Im (4.16)

_ 0.20(11 - 210.8 + 210,3) % 100 (417)

Hy = =
% He V2 Im

where Iy = rms value of the fundamental output current
% H; = Ix; expressed as a percentage of Iy
9% Hs = Iy, expressed as a percentage of I

and 1, 4o.5, %0.5, and 7o.; are determined as shown in Fig. 4.9.
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F1a. 4.9. Composite characteristics for push-pull triodes showing the current points for
power output and distortion calculations.

The power output P,; due to the fundamental can be determined from Eq. (4.18).

2
P, = Lol (4.18)
where P, is in watts, Ix; is the rms value of the plate current in amperes as deter-
mined from Eq. (4.15), and R,y is in ohms. If the 3rd and 5th harmonics are small,
which is usually the case for push-pull triodes, the approximate power output P, can
b> determined from either Eq. (4.19) or (4.20).

)

p, = 1Bsp (4.19)
- 611:1

P, = 5 (4.20)

where P, is in watts, e, is in volts, and is determined from Fig. 4.9, 7, is in amperes and
is determined from Fig. 4.9, and R, is in ohms,
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4.2b. Class A1 Push-pull Amplifiers Using Beam Telrodes and Pentodes. Beam
tetrodes and pentodes have an important advantage over triodes having the same
plate dissipation ratings since the plate voltages of the tetrodes and pentodes can be
reduced to much lower values before there is an appreciable reduction in plate current.
Higher efficiencies can, therefore, be obtained with tetrodes and pentodes since the
path of operation along the load line can be extended closer to zero plate voltage.
Typical efficiencies of tetrodes and pentodes used in class Al push-pull amplifiers
are between 35 and 50 per cent.
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F1a. 4.10. Method of constructing the composite characteristics for a push-pull transformer-
coupled amplifier which utilizes tetrodes or pentodes.

The construction of the composite characteristics for push-pull tetrodes and pen-
todes is similar to that for push-pull triodes. However, the resulting curves are not
nearly as straight as the triode characteristics. In Fig. 4.10 are typical pentode char-
acteristics positioned so that the quiescent plate voltages are coincident (the quiescent
plate voltage and plate current are determined in the same manner as for a single-
ended amplifier). The composite quiescent bias line represents the instantaneous
differences in plate currents which would flow through V1 and V2 if the bias on each
tube were maintained equal to the quiescent value and the plate voltages on the two
tubes varied in equal incremental steps in opposite directions. The difference cur-
rent yz js seen to be equal to yw — yz at all points on the composite quiescent bias
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curve. The composite quiescent bias line goes through zero at the quieseent plate
voltage since yw = yz at this value of plate voltage.

The composite grid signal lines have been constructed similar to the method used to
construct the composite bias line. As an example, consider the 5-volt grid signal
line shown in Fig. 4.10. It has been assumed that the bias on V1 has been reduced
by 5 volts and the bias on V2 increased by 5 volts. If these bias voltages are main-
tained and the respective plate voltages varied in equal incremental steps in opposite
directions, the instantaneous differences in plate currents will be defined by the
+5-volt grid-signal line. The difference current y'z’ is seen to be equal to y'w’ — ¥'2
at all points on the composite +5-volt grid line.
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Fr1a. 4.11. Upper half of the composite characteristics for push-pull transformer-coupled
6L6’s which have a quiescent plate voltage of 250 volts, a screen voltage of 250 volts, and a
bias of —15 volts.

Figure 4.11 shows one-half of the complete family of composite characteristics for
push-pull 6L6 tubes operating with quiescent plate voltages of 250 volts, screen volt-
ages of 250 volts, and a fixed bias voltage of —15 volts. Note that the curvature of
the composite lines is much the same as the individual characteristics.

The optimum composite load line for push-pull tetrodes and pentodes extends from
the knee of the composite curve associated with the most positive grid signal to the
point defined by zero plate current and the quiescent plate voltage (see Fig. 4.11).
As in the case of a triode transformer-coupled amplifier, the composite load line slope
is equal to —4/R;,, where R, is the plate-to-plate a-c load resistance [see (Bq. 4.12)].
The optimum value of the plate-to-plate a-c load resistance is, therefore, equal to
4 times the reciprocal of the optimum composite load line slope. The paths of opera-
tion for the individual tubes can be found in the same manner as for push-pull triodes
(Sec. 4.2a).

The power output can be calculated by the use of either Eq. (4.18), (4.19), or (4.20),
whichever is applicable. The percentages of 3rd and 5th harmonics can be deter-
mined using KEqgs. (4.16) and (4.17) and the composite characteristics as shown in
Fig. 4.11.

Example 4.2

Calculate the maximum power output and the harmonie distortion for the 6L6’s operat-
ing under the conditions delineated in Fig. 4.11. The current values taken from the figure
are as follows:
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21 = 157 ma
t0.s = 126 ma
2.5 = 80 ma
20.3 = 54 ma

From Eq. (4.15)

_ (7 X0.157) + (6 X 0.126) + (10 X 0.080) — (6 X 0.054)

152

Im

= 0.11 amp rms

From Eq. (4.18)

_(0.11)% X 5,000
B 4

15.1 watts

From Eq. (4.16)
0.33[0.157 — (2 X 0.080)]
\/5 Im

—0.64%

% Hs X 100

i

The negative sign indicates that the harmonic subtracts from the fundamental when
the fundamental reaches its positive crest value.

From Eq. (4.17)

.2 157 — (2 .126 2 0.0
o Hi 0.20[0.15 (2 X 0.126) + (2 X 54)]><1

\/E Im

00

i

1.67%

4.2¢c. Class ABI and Class AB2 Push-pull Transformer-coupled Power Amplifiers.
Class AB push-pull amoplifiers are used where higher power is required from a given
set of tubes than is obtainable when class A operation is used. In both class AB1
and class AB2 amplifiers, each tube conducts for more than 180 but less than 360
electrical degrees of each cycle. The class AB2 amplifier differs from class AB1
only in the respect that grid current flows in class AB2 during a portion of the cycle.
As a result of the grid current flow, additional consideration must be given to the
design of the input circuit.

The limiting case for class A push-pull operation is realized if the bias voltage is so
selected that the plate current of one tube reaches zero at the instant the grid signal
and the plate current of the other tube are at a maximum. If the bias were to be
increased, class A operation would no longer exist and class AB would begin since each
tube would be driven beyond cutoff for a portion of each cycle. In class AB operation,
the same tubes will yield a higher power output and an increase in plate efficiency.
The harmonic distortion also increases because the plate current no longer flows for
the full eycle in either tube. Because of the mutual coupling in the output trans-
former, however, the effect of interrupted plate current flow in the individual tubes
is greatly reduced.

In class AB operation, the quiescent value of the plate current is made lower for a
particular plate voltage than in class A operation because of the increased bias volt-
age. Therefore a higher plate supply voltage can be used without exceeding the
quiescent plate dissipation rating of the tube. However, associated with the applica-
tion of the grid signal is an increase in the average value of the plate current. .Hence,
the power supplied by the plate power supply increases with grid signal in the class AB
case, whereas in the class A linear amplifier the input power remains constant. The
plate dissipation may either increase or decrease depending upon the rate at which the
power output and power input change relative to one another. In general, for high
negative grid bias voltages, the plate dissipation increases over the quiescent value
with grid excitation, and for bias voltages approaching class A operation, the plate
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dissipation decreases. The increase in power output over a class A amplifier is due
to the increased plate voltage and the extension of the path of operation into the
nonlinear region of the tube characteristics.

The composite characteristics for push-pull class AB operation are constructed in
the same manner as for class A amplifiers except that in the case of class AB2 it is
necessary to include the positive grid bias curves for the individual tubes. The bias
voltage is selected so that the plate current in each tube will low for more than half
but less than the full electrical cycle.

Fixed bias is recommended in preference to self-bias in class AB amplifiers, unless a
constant amplitude signal is being amplified, since the magnitude of the self-biag is a
function of the average plate current which is a function of the input signal level.

1. Push-pull Class AB1 Power Amplifiers. Class AB1 push-pull power amplifiers
present no specific design considerations beyond those detailed in the preceding
paragraphs. Typical efficiencies will usually be between 45 and 55 per cent.

2. Push-pull Class AB2 Power Amplifiers. Class AB2 amplifiers are used where
higher power output is required than is possible with a given pair of tubes in class AB1
operation, and the distortion is to be less than is obtained with class B operation.
Typical efliciencies for class AB2 push-pull amplifiers are usually between 50 and
60 per cent.

The phase-inverter method of grid excitation, which could be used with class A
and class AB1 amplifiers, cannot be applied to class AB2 amplifiers since a low-
impedance driving source is required to drive the grids in the positive region with a
minimum of distortion. If the output impedance is sufficiently low, the variation in
grid loading, due to driving the grid from the negative region into the positive region,
will not cause the grid input waveform to be objectionably distorted. The most
common low-impedance input system is a step-down transformer with a center-tapped
secondary (see Sec. 4.2d for a discussion of driver stages). Since the driver stage
must supply power to the grid circuit, it also is referred to as a power amplifier.

4.2d. Push-pull Class B Audio Power Amplifiers. Class B push-pull amplifiers
are used in both audio and radio frequency applications. Class B r-f amplifiers are
treated in Sec. 4.3.

Class B push-pull audio amplifiers are used where higher power is required from a
given set of tubes than is obtainable from either a class AB1 or a class AB2 amplifier.
Associated with the increage in power output is an increase in distortion, driving
power, and efficiency. The theoretical maximum value of efficiency in a class B
push-pull amplifier is 78.5 per cent. Practical values, however, are ordinarily between
50 and 65 per cent.

In class B operation, the bias voltage on the two tubes is increased until the indi-
vidual tube currents are very nearly equal to zero at quiescence. The composite
characteristics are constructed in the same manner as for class A, but, because of the
high value of bias, the composite characteristics are essentially the individual char-
acteristics as shown in Fig. 4.12. Only at small values of plate current do the com-
posite characteristics deviate from the individual characteristics.

Class B amplifiers are almost always operated in class B2, where the grids are driven
far into the positive region by the grid input voltage peaks. The optimum load line
for class B push-pull triodes has a slope very nearly equal to the negative of the average
slope of the individual characteristics. In general, the optimum load line for class B
push-pull tetrodes or pentodes can be considered to be that load line which intersects
the knee of the most positive grid-bias curve to which the tube is driven. For exam-
ple, if the quiescent bias were equal to —30 volts, an input signal having a peak
value of 50 volts would drive the grid to a potential of 420 volts. The optimum load
line in this case should be drawn from the knee of the +20-volt grid-bias curve
through the point defined by zero plate current and the quiescent plate voltage. For
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either triodes, tetrodes, or pentodes, the optimum plate-to-plate load resistance R,,
is equal to four times the negative inverse of the optimum load line slope.

The distortion of the grid-input signal caused by driving the grids in the positive
region for a portion of each cycle is often the largest source of distortion in a push-pull
class B amplifier. By utilizing a sufficiently low impedance driver, however, this
source of distortion can be disregarded. The use of a driver stage having a step-down
output transformer or a driver stage consisting of two cathode-follower circuits
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F1a. 4.12. Composite characteristics for push-pull class B triode connected 6L6 tubes.
Ey, = 350 volts and E,, = 52.5 volts.

operated in push-pull represents two of the most common means of obtaining a low-
output impedance, If a transformer is used, it should have a low leakage inductance
since this inductance is effectively in series with the grids. Another reason for mini-
mizing the leakage inductance is that the abruptly changing grid-load impedance
often causes transient ringing in the resonant circuit consisting of the leakage induct-
ance and the capacitance shunting the secondary. The d-c resistance of the grid
current path must also be very low or the flow of grid current will cause a change in
bias. This criterion imposes the requirement of a bias source having a low internal
resistance. In this respect, the push-pull cathode-follower driver has an advantage
over the driver utilizing a step-down transformer since the cathode followers can be
operated so that their quiescent cathode voltages are at the potential necessary to
provide the proper bias on the output stage. Self-bias is never used in class B stages
for the reasons given in Sec. 4.2¢ for class AB amplifiers.
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Although the peak grid input power ordinarily imposes a more severe requirement
on the design of the driver stage than does the average grid-input power, there often
is a need to calculate the average grid input power. If the input signal is sinusoidal,
the grid will conduct for only a small portion of each eycle. Since the grid signal is
very nearly equal to its maximum value during the entire period of grid conduction,
the average grid-input power P, per tube can be determined from Eq. (4.21).

Py = egmiga (4.21)
where e;» = peak value of grid-input voltage
1ga = average value of grid current in each tube

The power-supply regulation for a class B stage should be good, otherwise the large
change in average plate current between quiescence and full output power will cause
a significant change in the operating point.

The power output and plate dissipation of a class B push-pull power amplifier can
be determined approximately if the following simplifying assumptions are made:

1. The grid-input voltage waveform is sinusoidal.

2, The output transformer is an ideal transformer.

3. The plate current through each tube is a half sinusoid.

Based on the preceding assumptions, the power output can be determined from
either Eq. (4.19) or (4.20) where ¢, is the maximum instantaneous value of the plate
current per tube. The average value of the half-sinusoid plate current waveform
per tube and the total power supplied by the plate circuit power supply can be deter-
mined from Eqs. (4.22) and (4.23), respectively.

I = 2 (4.22)

where I, = average current through each tube
71 = peak plate current through each tube

Py, = 2E,1, (4.23)

where P, = total power supplied by plate circuit power supply

In Fig. 4.12 are typical composite characteristics for a class B push-pull amplifier.
The power output with a grid signal having a peak value of 67.5 volts is 16.1 watts
with a total harmonic distortion of 11 per cent. If the 6L6’s are operated as pentodes,
the maximum push-pull power output with a plate voltage of 350 volts is approxi-
mately 50 watts.

4.3. Class B Radio-frequency Power Amplifiers. In a class B r-f power amplifier,
the plate load is resonant and plate current flows for 180° of each electrical cycle.
A class B r-f amplifier is used where the power level of a signal is to be increased, but
with a linear relationship between the input and output voltages. It is frequently
referred to as a “linear amplifier.”” A class A r-f amplifier is also a linear amplifier,
but the efficiency is considerably lower. A class C r-f amplifier (see Sec. 4.4) is some-
what more efficient than a class B amplifier, but a linear relationship between the
input and output voltages does not exist. The linearity of a class B r-f amplifier is
important when it is used to amplify signals such as an amplitude-modulated carrier
or a single sideband suppressed carrier.

A typical linear amplifier is shown in Fig. 4.13. The amplifier does not have to be
push-pull in r-f applications since the plate circuit is resonant. In most r-f power
amplifiers, the maximum power output possible from a given tube is usually desired.
Therefore the input grids are ordinarily driven into the positive grid region during
the peak of the excitation cycle, causing grid current to flow. This means that grid-
leak bias cannot be used since a change in modulation would cause a change in the
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average grid current and result in a change in bias. It follows that the bias source
must be well regulated if nonlinearities between the input and output voltages are
to be prevented.

In the design of a class B r-f power amplifier, the semigraphical method outlined
in Sec. 4.4 for class C power amplifiers should be used with the following modifications:

1. Since the angle of plate current conduction is 180° for class B, the bias voltage E..
can be selected directly from the constant current characteristics for the tube. This
bias voltage is the value which just causes zero plate current to flow with zero grid
excitation.

2. The minimum instantaneous plate-to-cathode voltage is limited to approxi-
mately twice the peak positive grid-to-cathode voltage during the excitation peak.

3. In the selection of a tube for a class B rf power amplifier which is to amplify a
100 per cent amplitude-modulated carrier, the rated plate dissipation of the tube
should be of the order of twice the unmodulated carrier power output. In Eq. (4.39),
the value of k is equal to 2.0.
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Fia. 4.13. Class B radio frequency power amplifier.

The remainder of the design considerations and calculations is the same as for &
class C amplifier. The maximum theoretical plate efficiency for the linear amplifier
is the same as for a class B audio amplifier, i.e., 78.5 per cent. Usual peak operating
efficiencies are between 60 and 70 per cent.

When a carrier is 100 per cent amplitude-modulated by a sinusoidally varying
function, the peak r-f voltage during modulation reaches twice the carrier level and the
minimum voltage drops to zero. Therefore, if the modulated carrier is to pass
through the amplifier without distortion, the unmodulated input carrier level must be
adjusted so that the output voltage is one-half the maximum output voltage that the
tube i3 capable of delivering. The fundamental component of plate current and the
average plate current in a class B r-f power amplifier are directly proportional to the
amplitude of the grid excitation voltage; therefore the efficiency of the amplifier is
directly proportional to the grid voltage provided the amplifier is not overdriven.
Since the efficiency of the linear amplifier is in the order of 60 to 70 per cent with
maximum grid excitation, i.e., at the peak of a 100 per cent modulated carrier, the
efficiency of the amplifier for an unmodulated carrier is in the order of 30 to 35 per
cent. Since the class B r-f power amplifier is linear, the plate circuit d-¢ input power
remains constant and there is a 50 per cent increase in the average output power when
100 per cent sinusoidal modulation is applied to the carrier. With 100 per cent
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mcdulation, the average efficiency is in the order of 45 to 50 per cent. The fact that
the plate current with modulation remains constant indicates that cathede bias can
be used. The absence of a change in the input power as modulation is introduced
does not ensure that the amplifier is linear; hence an oscilloscope should be used for
modulation checks.

4.4, Class C Radio-frequency Power Amplifiers. Class C amplifiers provide high
efficiencies and are used primarily in r-f applications where either an increase in power
level or a multiplication of frequency is required and where there is no need for linearity
between the input and output voltages.

Class C amplifiers can be amplitude-modulated by injecting the modulating voltage
on the plate, screen grid, suppressor grid, control grid, or cathode. They can also
be used to amplify a frequency-modulated carrier. A detailed analysis of modulation
is given in See. 5.

Although plate circuit power efficiencies as high as 85 per cent are possible in clags C
amplifiers, most amplifiers are designed to operate at efficiencies in the order of 75 per
cent since there must be a very significant increase in the grid driving power to increase
the plate circuit efficiency from 75 to 85 per cent. Highest efficiencies are obtained
with high plate voltages.

In a class C amplifier, the grid is biased below cutoff and plate current flows for
less than 180° of each cycle of the grid excitation voltage. Consequently, class C
amplifiers are not used in audio applications since the output voltage is not propor-
tional to the input voltage and the short plate current pulse would cause excessive
distortion even if a push-pull arrangement were used. However, a class C amplifier
can be used as an r-f amplifier if the plate circuit is resonant at either the funda-
mental or some harmonic of the grid excitation frequency.! In an r-f amplifier,
the fundamental component of the plate current pulses is filtered by the plate resonant
circuit to provide an output which is very nearly sinusoidal. When the amplifier
is used as a frequency multiplier, i.e,, when the plate circuit is resonant at some
harmonic of the excitation voltage, the power output is somewhat reduced. Class C
amplifiers used for frequency doubling and tripling will ordinarily have efficilencies
in the order of 40 to 50 and 15 to 20 per cent, respectively.

4.4a. Basic Circuit Configurations. Several typical circuit configurations of class C
r-f amplifiers and associated neutralizing networks are shown in Fig. 4.14.

It should be noted that in those circuits having a balanced grid and /or plate circuit,
the center tap of the inductance is not connected to the rotor of the split stator tuning
capacitor. Connecting these points can result in a reduction in the plate circuit
efficiency due to the increase in circulating currents in the tank circuit if either the
inductor or the tuning capacitor is not exactly symmetrical. In the circuits of Fig.
4.14 the rotor of the tuning capacitor has been put at zero signal potential and the
center tap of the inductance establishes its own signal level since it has been isolated
by either a grid-leak biasing resistor or an r-f choke. In Fig. 4.14b, the rotor of C;
has been placed at zero signal potential by the capacitor Ci;. This permits C; to have
a lower voltage breakdown rating since, with the addition of R, the d-c voltage
drop across Cs has been removed. R is not needed if the amplifier is not to be plate-
modulated and the rotor of C; can be connected directly to the high-voltage power
supply.

Lumped L and C input and output circuits as shown in Fig. 4.14 are seldom used
at frequencies higher than approximately 300 or 400 Mc. Instead, the input and
output circuits usually consist of either coaxial lines or parallel lines. Also, grounded-
grid amplifiers are usually used at these higher frequencies since they are inherently
more stable than grounded cathode amplifiers.

1 In push-pull operation, the plate circuit must be tuned to either the fundamental or an
odd barmonic.
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F1a6. 4.14. Typical class C r-f power amplifier configurations.



424 ELECTRONIC DESIGNERS HANDBOOK

Bias Considerations. Cathode bias, fixed bias, and grid-leak bias can be used indi-
vidually or in combinations to provide the bias for a class C amplifier. Grid-leak
bias is most commonly used and obviates the need of a bias supply. Also, grid-leak
bias is self-regulating, and, consequently, the bias automatically tends to adjust itself
to the peak value of the grid excitation voltage, thereby eliminating the need for a
critical adjustment of the excitation voltage. However, if grid-leak bias is used,
caution must be taken to ensure that excessive plate or screen current does not flow
in the absence of grid excitation. Frequently, this minimum bias requirement is
provided in the form of either cathode bias or fixed bias (see Fig. 4.14d). Protection
can also be achieved by utilizing a current overload relay in series with the high volt-
age supply (this relay is usually placed in the ground lead to reduce the relay insula-
tion requirements). Loss of excitation causes an appreciable increase in plate current
which operates the relay, thereby providing the desired protection. Another means of
obtaining protection when screen-grid tubes are employed is to use a screen-grid volt-
age dropping resistor and to shunt the screen grid with a small tube which uses the
same bias source as the tube to be protected. With the loss of excitation, the added
tube conducts sufficiently so that the voltage drop across the screen-grid resistor
causes the screen voltage of the power tube to drop to an abnormally low voltage,
thereby preventing damage to the power tube in the absence of the operating bias.
When a clagss C amplifier is amplitude-modulated, special bias considerations apply
(see Sec. 5.3a).

Tube Types. Triodes, tetrodes, and pentodes are employed in class C amplifiers,
Tetrodes are often employed in preference to triodes because of their low internal
grid-to-plate capacitance and because of the much lower grid power excitation require-
ments. In uhf applications, the foregoing considerations are of particular importance.
Very few high-power pentodes are manufactured.

Types of Coupling. Both inductive and capacitive coupling have been shown as
the means of coupling power into the grid circuit and out of the plate circuit. Induc-
tive coupling introduces more attenuation to the harmonies coupled to the load than
does capacitive coupling. In addition, a Faraday shield can be placed between the
plate tank coil and the inductive link to minimize the capacitive coupling between
the plate circuit and the load. This shiclding further minimizes the transfer of
harmonics to the load. When the plate circuit is single-ended, the inductive link
should be located at the high-voltage-supply end of the plate-circuit inductance.

A frequently used plate circuit network is the r network! shown in Fig. 4.14a.
This network (1) serves as the resonant plate circuit, (2) introduces increased attenua-
tion to harmonics as compared to a single-tuned parallel resonant circuit, and (3)
provides a means of matching to a wide range of load impedances.

Neutralization. In the circuits shown in Fig. 4.14, the current which flows through
the grid-to-plate capacitance will have a component 180° out of phase with the grid
excitation voltage if the plate circuit is tuned slightly higher in frequency than the
grid excitation frequency. If the grid-to-plate capacitance is sufficiently large and
if the grid losses are not excessive, the plate circuit will couple an adequate amount of
power into the grid ecircuit to cause the amplifier to oscillate. Neutralization con-
sists of applying feedback between the plate and grid so as to reflect a resistive load
into the grid eircuit, thereby canceling the negative resistance effect produced by the
current through the grid-plate capacitance. Several different methods of neutralizing
class C amplifiers over a relatively broad band of frequencies are shown in Fig. 4.14.
A simple narrow band neutralization network for a single-ended amplifier which has
not been shown can be realized by connecting an inductance and capacitance in series
between the grid and plate. The magnitude of the inductive reactance is made greater
than the magnitude of the capacitive reactance by an amount equal to the magnitude

1See E. W. Pappenfus and K. L. Klippel, Network Tank Circuits, CQ, September, 1950.
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of the grid-to-plate capacitive reactance. The result is that the added network has an
inductive reactance which exactly neutralizes the effect of the grid-to-plate capacitive
reactance. This particular type of neutralization is often used in single-frequency
r-f amplifiers.

To make a neutralization adjustment, the filaments or heaters should be turned
on, the high voltage turned off, and grid excitation applied. TUtilizing a sensitive r-f
detector in the plate circuit, adjust the neutralizing network to minimize the power
which can be detected if the plate circuit as the plate circuit is tuned over its operat-
ing limits. In relatively high power class C amplifiers, it may not be possible to
obtain an adjustment for zero r-f power in the plate circuit. Neutralization can
also be achieved by adjusting the neutralizing network to minimize the dip in grid
current as the plate circuit is tuned through resonance. During the adjustment, the
filaments or heaters should be on, high voltage turned off, and grid excitation applied
as before.

With improper neutralization in a plate-modulated class C amplifier, the modula-
tion trapezoidal pattern cannot be driven to a triangle, i.e., the pattern which indicates
100 per cent modulation. Consequently, the final neutralization adjustment in a
plate-modulated class C amplifier frequently consists of adjusting the neutralization
so that the modulation pattern is triangular with sufficient modulation.

In tubes having a screen grid, the control grid-to-plate capacitance is much lower
than in triodes. Consequently, tetrodes and pentodes do not ordinarily need to be
neutralized if the screen grid is at zero signal potential and if the control grid-to-plate
capacitance external to the tube is very small. This latter condition, however,
requires very thorough shielding between the control grid circuit and the plate circuit.
The screen grid can be put at zero signal potential by bypassing the screen grid to the
cathode at the tube socket. If the amplifier is to be used at frequencies where the
effects of the internal screen grid lead inductance become noticeable, the screen grid
should be bypassed only with a small variable capacitor which can be adjusted to
resonate with the screen grid lead inductance.

Parasitic Oscillations. Undesired oscillations are referred to as parasitic oscillations.
Most amplifiers and oscillators are susceptible to parasitic troubles unless special
precautions are taken to prevent them. Parasitic oscillations can result in (1)
abnormal tube currents which may shorten the tube life, (2) the inability to achieve
100 per cent modulation, and (3) interference with other services. These oscillations
ordinarily occur in the frequency band between approximately 50 and 200 Mc or in
the frequency range between approximately 200 and 1,200 ke.

High-frequency parasitic oscillations in class C amplifiers are usually due to the
inductances of the grid and plate circuit leads between the tube and the tank circuits
resonating with the tube interelectrode capacitances and any external shunting
capacitances. High-frequency parasitics can sometimes be eliminated by tuning
the plate circuit of the parasitic oscillator to a frequency lower than the grid circuit
s0 that the amplifier will no longer oscillate. One method of accomplishing such tun-
ing is to make the grid leads considerably shorter than the plate leads so as to cause the
inductance of the plate leads to be much greater than the inductance of the grid leads.
The same effect can also be obtained by placing small inductances, usually only a few
microhenries, in each plate lead. Another method of suppressing high-frequency
parasitics is to reduce the @ of the parasitic circuit by placing small resistors, usually
50 to 100 ohms, in each grid and plate lead next to the tube. The combination of
a small inductance and a shunting resistor in each plate lead is sometimes used. In
this application, the inductance is used to lower the frequency of the parasitic oscilla-
tion to some less critical frequency, e.g., below the frequencies used for television
so as to avoid television interference. The resistor shunting the coil should be
noninductive and should shunt only a sufficient number of turns to suppress the
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parasitic. The resistor should have a value in the order of 50 to 100 ohms, and a
typical inductance might consist of approximately four to six turns with an inside
diameter of 0.25 in. Tuned traps as shown in Fig. 4.15 are also used to eliminate
parasitics. L, should consist of one or two turns, and L, and C, should resonate at
the parasitic frequency. The coupling be-

A tween L, and L, should be increased until
the parasitic disappears. The value of Rz

L is usually 50 to 100 ohms.
TN Tetrodes exhibit the characteristic of
4 being self-neutralized for a limited range of

capacitance of the circuit, and ordinarily
high-frequency parasitic oscillations oceur
at frequencies above this region. Conse-
quently, one method of suppressing a
high-frequency parasitic in a tetrode is to
lower the frequency of the parasitic oscilla-
tion so that it falls in the frequency range
where the tube is self-neutralized. Sometimes this can be done by placing small
inductances in the plate leads. The parasitic circuit may be composed of the control-
grid and screen-grid circuits or the control-grid and plate circuits. If parasitics
should exist in the screen circuit, they can be eliminated by inserting a small unby-
passed noninductive resistor, usually between 50 and 100 ohms, in both the control-
grid and screen-grid leads at the tube base. The introduction of a resistor in the
screen-grid circuit reduces the effectiveness of the screen-grid shielding between
the control grid and plate. Therefore, it is likely that neutralization will be required
between the plate and control-grid circuits if an unbypassed screen resistor is added.
If a tetrode is used at frequencies sufficiently high that the reactances of the grid and
sereen-grid lead inductances become appreciable, the screen grid should be bypassed
to the cathode with a small variable capacitor to achieve proper neutralization. It
may also be necessary to add a neutralizing circuit between the plate and control-
grid circuits if the external control grid-to-plate capacitance is excessive.

Low-frequency parasitic oscillations sometimes exist in class C amplifiers whenever
both the grid and plate circuits utilize r-f chokes. As an example of a typical low-
frequency parasitic circuit, consider Fig. 4.14c. The grid resonant circuit would
consist of the grid r-f choke in parallel with C;, and the plate resonant circuit would
consist of the plate r-f choke in parallel with Cs3. The reactances of L, and L; can
be considered as insignificant compared to the reactances of the r-f chokes. For
low-frequency oscillations to exist, the product of the plate r-f choke inductance and
the plate circuit capacitance which establishes the plate low-frequency resonant cir-
cuit must be less than the product of the grid r-f choke and the capacitance which
determines the grid low-frequency resonant circuit. With the circuit of Fig. 4.14d,
there should be no problem with low-frequency parasitic oscillations since the grid cir-
cuit does not contain an r-f choke. However, it is possible to have low-frequency para-
sitics in Fig. 4.14b if the lead inductance to the bias supply is excessive. In this case,
the grid resonant circuit would consist of the bias lead inductance in parallel with Cs.

When testing a class C amplifier for parasitics, the grid excitation voltage should be
removed, the bias reduced to a small value, and the plate and screen voltages lowered
sufficiently so that rated dissipations are not exceeded. The plate tuning capacitor
should be tuned through its limits for several grid tuning capacitor settings. Changes
in either the grid or plate current as a result of tuning and the detection of r-f power
on the plate leads by means of a neon lamp, absorption meter, ete., are indications of
parasitics.

j frequencies determined by the grid-to-plate

Fra. 4.15. Tuned trap for eliminating
high-frequency parasitic oscillations.
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4.4b. Voltage and Current Relationships. Voltage and current waveforms for a
typical single-ended tetrode or pentode class C amplifier used for direct amplification,
i.e., not frequency multiplication, are shown in Fig. 4.16, To obtain high values of
efficiency, the control grid bias E.. is usually made between 1.5 and 3 times higher
than the value required for plate current cutoff. Biasing the tube beyond plate
current cutoff ensures that plate current .
will flow less than 180° of each electrical +
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operates into a resistive plate load; con-

sequently, the plate voltage is 180° out of §5iTie

phase with the grid excitation voltage.
Control-grid current flows for a fewer

number of degrees than the plate current o : T

since grid current flows only during the ; :

limited portion of the cycle in which the i

control grid is driven into the positive ! I

region. PLATE ! ! bfmx)
The impedance of the screen-grid circuit CURREMT /2 N1 5,

to the a-c component of the screen-grid 0 fe—8p—sl L)

current is usually very nearly equal to zero,

and for most calculations it can be assumed

that the signal voltage at the screen grid -

will be zero. égzzgzn- /2:,\ /czgmn 'rlgz,
Since the control-grid current, screen- CURRENT Z ANE

grid current, and plate current flow for less
than one-half of each excitation cycle, the
ratios of the peak current values to the
average values may be relatively high. These ratios become increasingly greater
as the conduction angle is decreased. In step 4 of the procedure for the design of a

class C amplifier (see Sec. 4.47), a simple

Fia. 4.16. Voltage and current waveforms
for a class C amplifier,

05 method is given for determining the d-c,
04 AMENTAL) fundamental, and the 2nd and 3rd har-
Tunfls UKD monics of the control grid, screen grid,
03 1 Zuz /5] and plate current waveforms.
%’4 02 ///// Ipo/ts — Typical ratios of the d-c, peak fun-
’ e T Y/, damental, and peak harmonic compo-
0. y nents of the plate current waveform to
o bols the peak space current I, are shown in
60 80 100 120 190 Fig. 4.17. I, is the sum of the instan-
PLATE CURRENT -CONDUCTION taneous peak values of the control grid,

. ANGLE'Q” IN DEGREES screen grid, and plate currents, These

F1q. 4.17. Typical ratios of t.he peak values curves are all based on the same peak
of the plate current harmonics to the peak .. id-t h L, 1

space current I, as a function of the plate positive grid-to-cathode exmtatlox? volt-

current conduction angle. age, the same values of peak grid and

peak plate currents, and the same plate

supply voltage. The variables are the plate-circuit impedance, grid bias, and

the amplitude of the grid excitation voltage. It can be seen that for small plate

current conduction angles both I1,/I, and Ix,/I, increase almost linearly as the plate
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current conduction angle increases; while at plate current conduction angles greater
than approximately 120° there is a noticeable increase in the rate at which the slope
of the I'm /I, curve decreases. For this reason, the plate circuit efficiency is reduced
if the plate current conduction angle is made greater than approximately 120°. If
the plate current waveform is analyzed, it will be found that the center portion of the
pulse contributes more to the fundamental component of the plate current than to the
d-c component and the sides of the pulse contribute more to the d-c component than
to the fundamental component. Therefore, for high plate efficiency, a2 narrow plate
current pulse with steep sides is desirable. Such a waveform can be obtained if the
grid bias voltage E.. is made two or three times greater than the plate current cutoff
bias E.,.
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— — —— — LY
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Fia. 4.18. Constant current characteristics for a triode showing an operating line and
associated voltage waveforms.

4.4¢. Constant Current Characteristics, The constant current characteristics are a
modified plot of the familiar E,-I, characteristics. By changing the manner in
which the tube curves are plotted, a more graphic picture of class C operation can be
visualized. The control grid voltage is plotted on the ordinate and the plate voltage
on the abscissa. A family of curves is plotted for the control-grid, screen-grid, and
plate currents. The individual curves in each family represent a constant value of
current. In Fig. 4.18 are typical constant current characteristics for a triode with
typical grid and plate class C voltage waveforms included (see Sec. 4.45 for procedure
in graphical analysis).

4.4d. Plate Circuit Power Relationships. The useful power developed in the plate
circuit can be expressed in terms of the fundamental component of the plate signal
voltage and the fundamental component of the plate current. If the loaded plate
tank circuit @, is greater than approximately 12, the plate voltage can be considered
to consist entirely of the fundamental. The term @, indicates the ratio of the energy
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stored in the tank circuit to the energy dissipated in the tank circuit plus the energy
coupled from the tank circuit during one r-f cycle. When @, is appreciably less than
12, the plate voltage waveform will be noticeably distorted due to the increased
harmonic content. However, the assumption that the plate circuit waveforms are
sinusoidal will usually not result in significant errors in the calculation of the plate
circuit power relationships.

The plate power output P, can be expressed by Eq. (4.24).

P, = emp‘mg’l s (4.24)
where epmaxy = peak value of r-f plate voltage, that is, epimexy = Eup — €b(min)
Ix, = peak value of the plate current fundamental [see Eq. (4.45)]
The peak value of the fundamental current component £y, must be found by analyzing
the plate current waveform. A simple method is described in step 10 of the procedure
for the design of a class C amplifier (see Sec. 4.47). The value of P, less the loss in the
plate tank circuit and the coupling network is the power in watts which would be
indicated on an r-f wattmeter.
The plate power tnput P, that must be supplied from the d-¢c power source is given
by Eq. (4.25).
Py = Epplie (4.25)

where I, = d-c plate current [see Fq. (4.44)]
The plate efficiency np, that is, the ratio of the plate power output to the plate power
input, expressed as a percentage, is

ep(max)]
B = Jé(m)?;ﬁ X 100 (4.26)
Neglecting the higher-order harmonics, the difference between the input power and

the output power is the power lost in plate dissipation P, and can be determined
from Eq. (4.27).

Pyy = Eplye — ﬂ’ﬂ—z"’l—’“ (4.27)

4.4e. Plate-load Resistance. The operating line on the constant current char-
acteristics does not explicitly represent the plate-load resistance r, as does a load line
on the E,-I, characteristics. However, for any one operating line, there is only one
value of load resistance which will satisfy the conditions imposed by the operating
line, and its value can be calculated from Eq. (4.28).

r = 9’}%) (4.28)
— 2
~ g]%)iw)— (tetrode or pentode) (4.28a)

where E... is the screen-grid voltage.
The process of assuming a plate-load resistance and establishing the associated
operating line is a trial-and-error procedure and relatively difficult because of the
graphical methods involved. As is shown in Sec. 4.4j, the recommended procedure
in a clags C amplifier design is to determine graphically 4, and ealculate the required
value of 7.

In the simplest type of plate tank circuit the external load resistance, e.g., an
antenna or an additional stage, which is coupled to a single-tuned plate-resonant
circuit, can be considered as a resistance R, in series with the plate-circuit inductance.
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In Fig. 4.19, R, is the effective series resistance of the inductor itself, i.e., the d-c

resistance plus the resistance due to skin and proximity effects. Ordinarily the

Q of the unloaded tank circuit is sufficiently high that B, can be neglected. The

resistance r, as measured at the terminals of the plate circuit at resonance can be

calculated from Eq. (4.29) provided Q. is greater than approximately 12. The value
of r, as determined from Eq. (4.29) should be

/_fm p—> equal to the desired value of r, as established
from Eq. (4.28).

= —————Lp
(B + BR)C»

The @, of the loaded plate circuit is given by
Eq. (4.30).

T

(4.29)

2nfolp

¢ =% + &

(4.30)
where f, is the resonant frequency

Combining Eqgs. (4.29) and (4.30) results in a
more usable expression for r, which is given by
Eq. (4.31).

F1a. 4.19. Equivalent plate circuit " = Q. (4.31)
of a loaded class C amplifier. 2xf,Cy ’

From Eq. (4.31) it can be seen that there are an infinite number of combinations of
Q. and C, which will result in the same value of .. However, @, should not be too
high, or the circulating current in the tank circuit will be excessive and cause unde-
sired losses which may result in damage to the capacitor or inductor. The rms value
of the current which circulates through the capacitor and inductor can be determined
from Eq. (4.32).

2. = 0.7071 1,Q, (4.32)

where ¢, = rms value of the circulating current
Iy = peak value of plate current fundamental [Eq. (4.45)]

To prevent excessive power losses it is sometimes necessary to decrease ¢, to a value
as low as 3 or 4. This causes the harmonic content to increase in the plate circuit.
In this type of operation the harmonic content in the output, if undesirable, can be
minimized by the use of a filter in the coupling network. In push-pull stages, Q, need
only be equal to or greater than approximately 6 for adequate harmonic suppression
since all even harmonies of the plate voltage waveform are canceled out.

The bandwidth Af of the loaded plate circuit can be expressed in terms of @, and f,
ag shown by Eq. (4.33). p

o =g (4.33)
where Af = bandwidth between the half-power frequencies

Therefore, if @, is too high, the higher modulation frequencies will be suppressed
in an amplitude-modulated class C amplifier.

In practice, a wide variety of plate circuits are used. For example, in Fig. 4.14
the = network! and single-tuned circuits with both inductive and capacitive coupling
to the load are employed. Also, the plate resonant circuit may consist of double-
tuned circuits (see Sec. 13) which are undercoupled, critically coupled, transitionally
coupled, or overcoupled.?

1 Pappenfus and Klippel, loc. cit.

2 R. B. Dome, *Television Principles,” chap. 4, McGraw-Hill Book Company, Inc.
New York, 1951.
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4.4f. Screen-grid Dissipation. The value of the screen-grid dissipation can be deter-
mined from Eq. (4.34).
Pcz = EchIcZa (434)

where E... = screen-grid supply voltage
1.2 = d-c value of screen-grid current
4.4g. Grid Excitation Requirements. In a class C amplifier, the power which must
be supplied to the grid circuit can be divided into three categories: (1) grid dissipation
P.,, (2) dissipation in the biasing source Py, and (3) grid tank and coupling losses,
It has been shown by Thomas® and verified by others that the grid dissipation P.,
can be calculated to a reasonable degree of accuracy by Eq. (4.35).

Pcl = ec(nux)Ica (435)

where e.maxy = peak positive grid-to-cathode voltage (see Fig. 4.16)
I.. = d-c grid current
The power P; dissipated in the bias resistor in the case of grid-leak bias or the power
which tends to charge the bias battery when fixed bias is used is given by Eq. (4.36) or
(4.37).
P, = I..’R, (4.36)
= E.l. (4.37)

where B; = value of grid-leak biasing resistor

For low and intermediate frequencies, the power lost in a well-designed grid-tank
circuit and input coupling network is usually about 10 per cent of the grid excitation
power. The total power P; required from the preceding stage can, therefore, be
expressed approximately by Eq. (4.38).

Pg o~ 11(P¢1 + P[) (4.38)

At higher frequencies, e.g., above approximately 50 Me, the grid and grid circuit
losses tend to increase significantly with increasing frequency. The required excita-
tion power at uhf frequencies in some cases is ten or twenty times greater than the value
determined from Eq. (4.38).

4.4h. Efficiency of a Class C Amplifier. The maximum efficiency of a class C
amplifier having an excess of grid driving power is greater than that of an amplifier
in which the grid driving power is limited. Shown in Fig. 4.20 is a typical plot of
grid driving power versus power output. Note that for the same power output the
grid driving power must be increased more than 100 per cent to increase the plate
efficiency from 75 to 85 per cent. Associated with the increase in driving power is an
increase in the grid bias. In effect, the increase in bias causes a reduction of 6, and
thereby an increase in efficiency as pointed out in Sec. 4.4b.

A problem arises when the grid driving power is increased without modifying the
other circuit parameters. The power output increases with grid drive up to the
point where the minimum instantaneous plate voltage eymin) SWings below the maxi~
mum grid-to-cathode voltage at the peak of excitation. If the input is further
increased, a valley appears in the plate current pulse and the grid current will very
likely be excessive. In a tetrode or pentode, the plate current waveform is similarly
distorted when the minimum instantaneous plate voltage eymin) sSwings below the
screen-grid voltage. In this case, excessive screen-grid current may flow. The same
effect will be realized if the plate-load impedance is increased a sufficient amount to
CaUSse epminy to swing below the control-grid voltage or the screen-grid voltage. There-

1 H. P, Thomas, ‘*Determination of Grid Driving Power in R. F. Power Amplifiers,”
Proc. IRE, vol. 21, pp. 1134-1141, August, 1933.
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fore, in class C amplifiers, the plate should be loaded at all times to prevent over-
dissipation in the control grid and screen grid.

If low driving power is important, the minimum instantaneous plate potential
es(miny Should be at least 1.5e.(max), and the value of 8, should be approximately 150°.
If, however, plate efficiency is important, 8, should be on the low side of 120° with
ebminy Made approximately equal t0 e;(max).

4.4i. Harmonic Operation of a Class C Amplifier. A class C amplifier can be used
as a harmonic amplifier if the plate circuit is tuned to a harmonic of the input signal
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F1a. 4.20. Power relationships for a typical class C amplifier.

and if the grid circuit is tuned to the fundamental frequency. For the most efficient
operation, the angle of plate current conduction should be reduced and the value of
plate-load impedance increased with respect to fundamental operation. Tabulated
in Table 4.2 are recommended values of @, and the relative plate-load impedances
for the amplification of the 2nd, 3rd, and 4th harmonies. Although more grid
excitation power is required for harmonic operation, the power output will be less
than that achievable with fundamental operation (see Sec. 4.4).

TaBLE 4.2. TapurLaTION OF RECOMMENDED PLATE CURRENT CONDUCTION ANGLES
AND RELATIVE PrATE-L.OAD RESISTANCES FOR FUNDAMENTAL AND HarRMONIC

OPERATION
Harmonic
Fund.
2nd 3rd | 4th | 5th
8, (electrical degrees)......................... 120-150(90-120{80-110,70-90,60-75
rv (assuming 1.0 for fundamental operation,
APDTOX.) . et vttt e 1.0 1.5 2.5 [3.3]4.0

4.43. Class C Amplifier Design. The analysis of a class C amplifier is ordinarily
carried out on a single-tube basis. If parallel or push-pull operation is to be used,
the power output, grid drive, and power-supply requirements are multiplied by the
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number of tubes used. A typical design procedure with associated considerations
is as follows:

1. Determine the power output P,. This will include the power lost in the plate
tank circuit and loss in coupling network, and if operation is at frequencies above
approximately 50 Mc, the dielectric loss in the insulating material of the tube envelope
must be considered.

2. Calculate the approzimate plate dissipation Py, per tube.

P, ~ kP,
n

(4.39)

where k = a factor expressing ratio of plate dissipation to power output (see Table 4.3)
number of tubes used in amplifier

3
I

TasrLe 4.3. TyricaL Ratios oF THE PLATE DissIpATION
10 THE PowErR QutruTr PER TUBE

k Harmonic
0.33 Fund.
1.00 2nd
2.33 3rd
3.44 4th
4.35 5th

3. Choose a tube which fulfills the performance requirements. The plate dissipation
capability of the tube must be greater than the value determined in step 2. Several
other considerations in determining the proper tube are:

. Frequency of operation

Plate, screen-grid, and filament voltages required
. Cooling requirements

. Physical characteristics

. Grid driving power

. Vibration and shock

e Rp oe

4. Establish the plate supply voltage Ey.  In the case of a power tetrode or pentode
operating in the vhf and ukhf frequency bands, the combination of (1) higher screen-
grid voltage, (2) reduced plate voltage, and (3) heavy loading of the plate circuit will
minimize tube envelope dielectric heating due to the reduced plate voltage swing.
The plate efficiency will be reduced somewhat, but the tube life will be increased.

Occasionally, it is degirable to operate a tube at voltages other than those shown
on the published constant-current characteristic curves. A conversion method
which is relatively simple and based on the 34 power law can be used provided sec-
ondary emission does not affect the current values. To convert the tube character-
istics to a new scale, the screen-grid, control-grid, and plate voltages must be mul-
tiplied by the desired scale factor, and the associated constant current curves must be
multiplied by the same scale factor raised to the three-halves power. For example,
if the tube characteristics are given for a screen-grid voltage of 300 volts and operation
at 600 volts is desired, the grid and plate voltages must be multiplied by 2 and the
constant current curves must be multiplied by 2%-5, or 2.83. Table 4.4 gives a number
of conversion voltage and current scale factors.

5. Calculale the approzimate average plate current I,, per tube.

1 P/t + Pu
ba — Euw

This should not exceed the maximum plate current rating of the tube.

(4.40)
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TaBLE 4.4, TABULATION OF SEVERAL VOLTAGE AND CURRENT ScALE FACTORS FOR
Use 1N Prorring CoNsTANT CURRENT CHARACTERISTICS TO DIFFERENT

ScaLes
Voltage Current
Scale Scale
Factor Factor
0.25 0.125
0.50 0.35
0.75 0.65
1.00 1.00
1.50 - 1.84
2.00 2.83
2.50 3.95
3.00 5.20

6. Determine the maximum instantaneous plate current tymax) per tube.
ib(max) >~ 411’>a (441)

Equation (4.41), although not rigorous, expresses the approximate relationship
between the peak plate current Z,maxy and the average plate current. It is necessary
to make an approximation of this type since a tentative value of 7y(mex) 18 necessary
to perform the graphical analysis.

7. Locate.point A on the constant current plate characteristics. Point A (see Fig. 4.21)
establishes the peak positive grid-to-cathode voltage e.max), the peak instantaneous
plate, screen-grid, and control-grid currents, and the minimum instantaneous plate
potential eyminy. Point A must lie on the constant plate current line which has a
value equal to that determined in step 6. In the case of triodes having ample grid exci-
tation power, point A should be located near the ‘““diode line,” i.e., the straight line on
the tube characteristics defined by the relationship E, = E;. However, if driving power
is limited, the minimum instantaneous plate potential epmin) should be somewhat
higher than the peak-positive grid-to-cathode voltage e.max). The result, therefore,
is the displacement of point A from the diode line. With tetrodes, point 4 should be
located on the constant current plate line near the point where the curve turns sharply
upward. If point A were to be located at a lower plate voltage, the screen and con-
trol grid currents would be excessive and the increase in power output would be
relatively small.

8. Establish the bias supply voltage E.. and locate point G on the constant eurrent
characteristics. Point @ is determined by E, and E.. However, the value of the
grid bias is dependent on the desired plate current conduction angle 6,. Therefore,
with reference to Table 4.2, it is necessary to select arbitrarily a value for 6, and
determine graphically the value of E.. which causes the plate current conduction
angle to be equal to the selected value. The use of Eq. (4.42) to determine the
approximate value of E. will minimize the number of trial-and-error steps in the
graphical determination of E...
lEcoI -+ €c(max) CO8 (017/2)

1 — cos (8,/2)

(4.42)

B~ —

where E., = grid bias which will cause plate current cutoff at operating plate supply
voltage

As an example, consider the tube whose characteristics are given in Fig. 4.21 and

assume that (1) point A has been previously located, (2) the plate supply voltage

is equal to 2,000 volts, and (3) the desired value of the plate current conduction angle

6, has been established as 140° from Table 4.2.- To apply Eq. (4.42), the values of
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€o(max) 80d E., must be known. Point A establishes e.(max) 88 being equal to 255 volts,
and the plate current cutoff bias for a 2,000-volt plate supply voltage is —375 volts.
Therefore,
375 + 255 cos (140/2)

1 — cos (140/2)
>~ — 702 volts

B, ~ —

Point G is located at the intersection of the 2,000-volt plate voltage line and the
—702-volt grid voltage line. A tentative operating line is then drawn between points

750
_ g0 SCREEN VOLTAGE =500V

—— 065

500 ’J/afo

250
_—
005 T
Ry
== 320
----- 003
== _ oo T 280

GRID VOLTAGE
o

200

~ 250 .
y T—— - .
— N\ H \
H
N = — £y —— 050
PGP R T\ =
-500 i } \ § \ 0
PLATE CURRENT AMPERES \\f/opf/” TING LINE

—~——— GRID CURRENT AMPERES \\ 5 .

— ~—— SCREEN CURRENT AMPERES g OPERATING B1AS(Gp+138°)
-750 ] o — — =702v/(6p:132°)

o} 500 1000 1500 2000 2500 3000 3500
PLATE VOLTAGE -

F1a. 4.21. Typical constant current characteristics for a power tetrode.

A and G. The conduction angle 8, for the calculated value of E.. can be determined
by means of Eq. (4.43), and the calculated value can be compared with the value of 6,
originally selected.

8, = 2 cos™! (HG/AG) (4.43)

where point H = intersection of operating line and zero plate current line
The terms AG and HG@ are linear distances measured along the operating line and .
may be in any units, e.g., inches, centimeters, etc. The value of 8, as established
by the tentative operating line AG and Eq. (4.43) is equal to 132°. Since this angle
is less than the assumed value of 140°, it is necessary to make the bias less negative
in order to increase the angle of conduction. Another operating line is, therefore,
drawn from point A to point G’ which is slightly more positive than G. Based on
the values of H'G’ and AG’, another calculation of the value of 8, must be made. If
the calculated angle is significantly different than 140° it will be necessary to make
another estimate as to the proper position of point @. This process must be repeated
until the calculated value of 6, is approximately equal to the assumed value, i.e.,
140°. The line AG in Fig. 4.21 will provide a plate current conduction angle equal
to 138°.
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9. Calculate the peak grid excitation voltage €ymex). This is equal to the absolute
value of the grid bias E.. plus the peak positive grid-to-cathode voltage e.inax).

10. Delermine the d-c and fundamental components of plate current and the d-c com-
ponents of both the screen-grid and conirol-grid currents. Equations (4.44) to (4.47)
give the d-¢ current, peak value of the fundamental current, and the approximate
peak values of the 2nd and 3rd harmonic currents. The same equations can be used
for the plate, screen-grid, and control-grid currents; however, the appropriate values
must be substituted for 4, B, C, etc.

Is = 008330054 +B+C+D+E+F (4.44)
Im = 0.0833(A + 1.93B + 1.73C + 1.41D + E + 0.52F) (4.45)
Ims ~0.0833(4 + 1.73B + C — E — 1.73F) (4.46)
L ~0.0833(4 + 1.41B — 1.41D — 2E — 1.41F) (4.47)

where A, B, C, etec. = values of currents read off operating line at 15° intervals of
grid excitation voltage
This method is usually referred to as Chaffee’s harmonic analysis.!

Points B to ¥ can be located by calculating the values of the grid excitation voltage
at 15° intervals and graphically establishing the associated values of control-grid,
screen-grid, and plate currents along the operating line. Another method (Fig. 4.22)
is to locate the points on the operating line so that the linear distances along the
operating line are defined as follows:

GB = 0.966 GA GD = 0.707 GA
GC = 0.866 GA GE = 0.500 G4
GF = 0.259 GA

After points B, C, D, E, and F have been located on the operating line, the associated
control-grid, screen-grid, and plate current values can be established. This usually
requires a certain amount of interpolation. To obtain the plate current d-c and
fundamental values, the plate current values at the referenced points can be sub-
stituted into Eqs. (4.44) and (4.45). Equation (4.44) is also used to determine the
average control-grid current 1., and average screen-grid current /.»,, except that the
control-grid and screen-grid current values are taken from the proper points along the
operating line for use in the equation.

After the d-c¢ currents have been determined, they should be compared with the
maximum current ratings specified by the tube manufacturer. If the calculated
current values are too high, either the plate current conduction angle or the peak
instantaneous current point A should be decreased.

The r-f power output can be determined from Eq. (4.24).

11. Determine the power which must be supplied by the plate circuit power supply.

Po = nByple, (4.48)
where n = number of tubes
I, = average plate current per tube (1iq. 4.44)
12. Determine the plate circuit efficiency.

_ P, X 100

o (4.49)

13. Determine the plate dissipation per tube [Eq. (4.27)].

14. Determine the screen dissipation per tube [Eq. (4.34)].

15. Determine the fotal grid driving power P, using Eq. (4.38) as modified by the
number of tubes involved.

1 E. L. Chaffee, A Simplified Harmonic Analysis, Rev. Sci. Insir., vol. 7, p. 384, October,
1936.



POWER AMPLIFIERS 4-37
16. If grid-leak bias is used, delermine the value of the grid resistor.

Bl

B=or

(4.50)

where n = number of tubes
I.. = average control grid current per tube
17. The plate and grid tank circuits should be designed in accordance with Sec. 4.4e.

Example 4.3

Design a class C r-f power amplifier to deliver 300 watts into a 50-ohm load at 20 Me.

1. The power output that the plate must deliver is 300 watts plus approximately 10
per cent for losses. Therefore, P, = 330 watts.

2. The approximate required plate dissipation can be determined from Eq. (4.39).

0.33 X 330
1
~ 109 watts

Py >

3. Assume that a 4-125A tube type is to be used. Its plate dissipation rating is 125
watts. .
4, The maximum ratings for the 4-125A are as follows:

D-c plate voltage . eeieeee..... 3,000 volts
D-c screen voltage . ....... 400 volts
D-c grid voltage (negatlve) ..... 500 volts
D-c plate current. . ) e ... 225 ma

Plate dissipation. . e A 125 watts
Screen dissipation. JR 20 watts
Grid dissipation.................... 5 watts

Assume a plate voltage of 2,500 volts and a screen-grid voltage of 350 volts.
5. Determine the approximate average plate current I.;’ from Eq. (4.40).

330 + 109
2,500
~ 0.176 amp

Iy >~

6. Determine the maximum instantaneous plate current using Eq. (4.41).

Th(maxy >~ 4 X 176
~ 704 ma

7. Locate point 4 on the constant current characteristics shown in Fig. 4.22. Along the
interpolated 704-ma cohstant plate current curve, it appears the plate voita.ge can be
redueed to a value as low as 320 volts without causing an abnormal increase in the screen-
grid eurrent. Therefore, let eymin) be equal to 320 volts, which establishes e:(max) equal to
120 volts. '

8. Caleulate a tentative value of E,, using Eq. (4.42). With reference to Table 4.2, a
satisfactory value of 8, would be 140°. Therefore

82 + 120 cos (140,2)
= —181 volt
1 — cos (140/3) vols

B, >~ —

Locate point G on the tube characteristic and use Eq. (4.43) to establish whether or not the
calculated value of 8; agrees with the assumed value of 140°.

8, = 2 cos™! (HG/AG) = 139°

Therefore, the location of point ¢ can be considered to be satisfactory.

9. The peak grid voltage is equal to 181 + 120, or 301 volts.

10. Determine the current points 4, B, C, etc., on Fig. 4.22 and calculate the electrode
currents [Eqs. (4.44) and (4.45)]. The values as read from Fig. 4.22 are tabulated in
Table 4.5.
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TABLE 4.5. TABULATION OF THE CURRENT VALUES ON THE OPERATING LINE SHOWN
iN Fic. 4.22

A B C D E F
Plate current. . ................... 0.702 | 0.700 | 0.620 | 0.400 | 0.10 0
Screen current. .. ................. 0.200 | 0.155 | 0.060 | 0.009 | O 0
Grideurrent...................... 0.050 | 0.045 | 0.030 | 0.013 | O 0
300
PLATE CURRENT, AMPERES
o250 | 02— SCREEN GRID CURRENT, AMPERES
| 23150 —— ~—— CONTROL GRID CURRENT, AMPERES
200 i 0.200 Erpp =350 VOLTS
70000
VA e L YY)
w A /// - ———— ]
2 S e 1.000
PP S
¥ > T et e o005 0800
2 p A e . 0600
g /1= —— ~ =007 2400
2 0 ;J/\—LI‘ = BERR =~ 0.200
% N / ] g
%{’1 > 0.100
H 1]
h f\\
3
-200
o] 500 1000 1500 2000 2500 3000 3500 4000 4500
PLATE VOLTAGE, VOLTS )
Fie. 4.22. 4-125A constant current characteristics.
Plate currents
Iy, = 0.0833[0.5(0.702) + 0.700 + 0.620 + 0.400 + 0.100]
= 181 ma
I = 0.0833[0.702 + 1.93(0.700) - 1.73(0.620) + 1.41(0.400) + 0.100}
= 316 ma

Screen-grid current

I:2, = 0.0833[0.5(0.200) + 0.155 + 0.060 + 0.009)]

27 ma

Wl

Control-grid current

I.» = 0.0833[0.5(0.050) + 0.045 4 0.030 + 0.013]

9.41 ma

[l

Calculate the power output [Eq. (4.24)].

epmaxyla1 _ 2,180 X 0.316

Po="73 2

= 344 watts

This is slightly higher than the required power output of 330 watts; however, recalculation
is not necessary since the desired power output can be obtained with a slight reduction in
vlate cireuit loading.

11. Determine the power input to the plate circuit.

Py = 2,600 X 0.181 = 453 watts
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Fia. 4.23. Class C power amplifier for Example 4.3,
12. Determine the plate circuit efficiency.
7 = 344/453 X 100 = 75.9%
13. Determine the plate dissipation.
P, — P4 = 109 watts
14. Determine the screen-grid dissipation.
Eccol2a = 350 X 0.027 = 9.45 watts

15. Determine the grid dissipation P.i, the power supplied to the bias source Pi, and the

total driving power Pe.
Grid dissipation = ec(maxylca

120 X 0.00941
1.13 watts
Eee X Ica
181 X 0.00941
1.70 watts

Power supplied to the bias source

{1 1

From Eq. (4.38)
Total grid driving power = 1.1(1.13 + 1.70)
= 3.11 watts

The driver stage should be capable of supplying somewhat more than the calculated power,
e.g., 5 to 10 watts.
16. Assume that a fixed bias of 90 volts is used and the rest of the bias is developed with
a resistor Ri.
181 —~ 90

Ry = m = 9,670 ohms

Therefore, a 10,000-ochm resistor can be used.
17. Design the tank circuit. Assume that a loaded Q of 12 is to be used. The plate load
resistance 7, is, therefore, determined from Eq. (4.28).

2,500 - 320

ry = 0.316 = 6,900 ohms
and from Eq. (4.31)
. = Qo _ 12
P T 2xfors 27 X 20 X 10¢ X 6,900
= 13.8 puf

The output capacitance of the tube is listed as 3.1 puf; therefore the tuning capacitor would
have to be equal to 10.7 uuf. To obtain resonance at 20 Me, the plate inductance must be
equal to 4.59 gh. Assuming link coupling in the output, the coupling should be adjusted
until the calculated d-c plate current Iy, lows. The final circuit is as shown in Fig. 4.23.
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b.1. Introduction. Modulation may be defined as the alteration of one or more of
the characteristics of a signal as a function of another signal. Commonly, the signal
being modulated is a sine wave of constant amplitude and is usually referred to as
the carrier. The signal which varies some parameter of the carrier is known as the
modulating signal. The parameters of a sine wave which may be varied are the
amplitude, the frequency, and the phase. Other types of modulation may be applied
to special signals, e.g., pulse-width and pulse-position modulation of recurrent pulses.

Modulation, demodulation or detection, and heterodyne action are very closely
related processes. Each process involves generating the sum and/or difference fre-
quencies of two or more sinusoids by causing one signal to vary as a direct function
(product) of the other signal or signals. The multiplication of one signal by another
can only be accomplished in a nonlinear device. This is readily seen by considering
any network where the output signal is some function of the input signal ¢;. For
example,

e, = f(e1) (5.1)
In any perfectly linear network, this requires that

e = ke
and, assuming two different input signals

¢o = k(E, cos wgt + Eb» cos wt) 5.2)
where £ = constant
In this case the output signal contains only the two input-signal frequencies. How-
ever, if the output is 2 nonlinear function of the input it can, in general, be repre-
sented by a series expansion of the input signal. For example, let

eo = kiey + kees? + kserd + - - o+ kner” (56.3)

When e; contains two frequencies, ¢, will contain the input frequencies and their
harmonies plus the products of these frequencies. These frequency products can
be expressed as sum and difference frequencies. Thus, all modulators, detectors, and
mixers are of necessity nonlinear devices. The principal distinction between these
devices is the frequency differences between the input signals and the desired output
signal or signals. For example, amplitude modulation in general involves the multi-
plication of a high-frequency carrier by lower-frequency modulation signals to produce
sideband signals near the carrier frequency. In a mixer, two high-frequency signals
are multiplied to produce an output signal at a frequency which is the difference
between the input-signal frequencies. In a detector for amplitude modulation, the
carrier is multiplied by the sideband signals to produce their different frequencies
at the output.

5.2. Amplitude Modulation. In amplitude modulation the instantaneous ampli-
tude of the carrier is varied in proportion to the modulating signal. The modulating
signal may be a single frequency, or, more often, it may consist of many frequencies
of various amplitudes and phases, e.g., the signals comprising speech. For a carrier
modulated by a single-frequency sine wave of constant amplitude, the instantaneous
signal e(?) is given by

e{f) = E(1 4+ m cos wnt) sin (vt + ¢) (5.4)
6-2
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where E = peak amplitude of unmodulated carrier
m = modulation factor as defined below
wm = frequency of modulating voltage, radians/sec
w. = carrier frequency, radians/sec
¢ = phase angle of carrier, radians
The instantaneous carrier amplitude is plotted as a function of time in Fig. 5.1. The
modulation factor m is defined for ungymmetrical modulation in the following manner.

Enux — E

m = (upward or positive modulation) (5.5)
m = E———FE’E’ (downward or negative modulation) (5.6)

The maximum downward modulation factor, 1.0, is reached when the modulation
peak reduces the instantaneous carrier envelope to zero. The upward modulation
factor is unlimited.

e

MODULATION ENVELOPE

F1a. 5.1. Amplitude-modulated carrier.

5.2a. Signal Spectrum and Modulation Sidebands. The modulated carrier described
by Eq. (5.4) can be rewritten as follows:

e(t) = E(1 + m cos wnt) sin (w.i + ¢) 7

= Esin (el + ¢) + "o sin (0 + am)t + 6] + "o sin (o — an)t + 6] (57)

Thus, the amplitude modulation of a carrier by a sine wave has the effect of adding
two new sinusoidal signals displaced in frequency from the carrier by the modulating
frequency. These sinusoids resulting from modulation of the carrier are known as
sidebands. The spectrum of the modulated carrier is shown in Fig. 5.2a. For a
complex modulating signal G(¢) the modulated carrier spectrum is given by

F(w) = F{E[Q + mG®)] sin (wd + ¢)}
= ilflr _: [1 + mG@)] sin (wit + et dt (5.8)

where F(w) = Fourier transform of the time function = F[f()]
When the modulating signal is a regularly recurrent time function and, therefore,
expressible as a Fourier series, each frequency term forms a pair of sidebands dis-
placed symmetrically from the carrier by the modulating frequency. Thus, when the
modulating signal is

em(f) = A €08 wat + B cos (wpt + 6)
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the modulated carrier is given by

e(t) = B[l + mi cos wet + mz cos (wpt + 8)] sin (wet + @)
= E sin (w.t + ¢)
+ 22 gin [, + walt + 9] + Z sin [(0r — wa)t + 9]

+ 2 cin (o + @)t + ¢+ 0] + 2 sin [ — i + 6~ 0] (5.9)

where m; = modulation factor for cos wst

me = modulation factor for cos wyt
This is illustrated in Fig. 5.2b. There is no interaction between the various modulat-
ing frequencies provided that the modulation process is linear; i.e., even though the

W, wp a/c+
FREQUENCY

“n

{@) CARRIER MODULATED BY A SINUSOID OF FREQUENCY &

£
lll L, ,lllllllllh
° “ FREQUENCY —
L% ~v— r] [ v r
SPECTRUM OF SPECTRUM OF MODULATED CARRIER
HODULATING
SIGNAL

(5) CARRIER MODULATED BY A COMPLEX SIGNAL
COMPOSED OF SEVERAL SINUSOIDS

F1a. 5.2. Frequency spectrum of an amplitude-modulated carrier.

modulator is & nonlinear device, the modulated parameter of the carrier varies as a
linear function of the modulating signal.

5.2b. Vector Representation of an Amplitude-modulated Carrier. The manner in
which the carrier is amplitude-modulated by the sideband frequencies is readily
visualized by considering each signal frequency component A, sin (wat + ¢) to be
the projection of the rotating vector A,ei(@n+® on the imaginary axis (Fig.5.3a). The
vector representation of e(t) of Eq. (5.7) is shown in Fig. 5.3b. By considering the
sideband vectors as they would appear when viewed from the carrier vector, the
equivalent vector diagram of Fig. 5.3c is obtained. Here it is seen that the two side-
band signals modulate the magnitude of the carrier vector at the modulating fre-
quency. Amplitude modulation alone erists as long as the two sideband frequency
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components have equal amplitude and maintain the phase relationship with respect
to the carrier indicated by Eq. (5.7) and Fig. 5.3¢, i.e., the phase angle between the
upper sideband and the carrier is always opposite in sign and equal in magnitude to
the phase angle between the lower sideband and the carrier. If the amplitude or
phase relationships are altered by any networks through which the signals pass,
phase modulation of the carrier will result.

6.2¢. Sideband Power. Amplitude modulation of a carrier increases the total
signal (carrier plus sidebands) power P; by the amount of power present in sideband
signals. Thus,

n=n
Ma?
P, = KE? (1 + 2 7) (5.10)
n=1

where m, = modulation factor of nth pair of sidebands

E = peak amplitude of unmodulated carrier voltage

K = constant
The total signal power present in a carrier amplitude modulated by any complex
waveform is given by

J
m? .
P =P (1 + % ¢y | Aﬂe"”””‘é’
where P, = average carrier power with ‘”S/N(w”f+¢){ qu,,fﬁé
modulation (in unsymmetri- “n

cal modulation the average
carrier power will change
with modulation)

m = modulation factor at peak of
modulating waveform

k = ratio of peak to rms value

() VECTOR REPRESENTATION OF A SINUSOID

of modulating voltage or £t @il — ————
current, &

From Eqgs. (5.10) and (5.11) it is seen ?5/mﬁwc+u,ﬂ)f+¢]

that amplitude modulation of a carrier 2 sinfiwe—emr+£]

may increase the total signal power con-
siderably. The power present in the i) vector REPRESENTATION OF A CARRIER AND s
sidebands is supplied by the modulator. MODULATION SIDEBANDS

5.2d. Modulation Distortion. Although
the modulation of a carrier can only be
accomplished in a nonlinear device, the
envelope of the carrier can be made

identical to the modulation signals if the =3 -
modulation network characteristics are () equIVALENT VECTOR REPRESENTATION OF A CARRIER
such that only first-order product terms AND ITS MODULATION SIDEBANDS

F1G. 5.3. Vector representation of a modu-

of the carrier and the modulation signals A
lated carrier.

occur (extraneous signals present at other
frequencies in the output are filtered out). If the modulation envelope of 2 modu-
lated carrier is not identical to the modulating waveform, the modulation process has
introduced distortion. Three types of distortion may occur:

1. Amplitude distortion (nonlinear distortion). The introduction of frequencies
into the modulation envelope not present in the modulating waveform.

2. Frequency distortion. Variations in the relative amplitudes of the sideband
signals compared to the relative amplitudes of the frequency components of the
modulating waveform.
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3. Phase distortion. Variations in the relative phases of the various sideband signals
compared to the relative phases of the frequency components of the modulating
waveform.

5.3. Methods of Amplitude Modulation. There are many methods by which a
carrier can be amplitude-modulated. The most frequently used modulation methods
are discussed in the following subsections,

6.3a. Plate Modulation of a Class C Amplifier. The most widely used means of
obtaining amplitude modulation of a carrier is by plate modulation of a class C
amplifier. Plate modulation possesses the advantages of ease of adjustment and
high-percentage modulation with good linearity. It possesses the disadvantage of
requiring a modulator capable of delivering an average power approximately equal
to one-half the unmodulated plate input power of the class C amplifier. During
the positive peak of a 100 per cent modulating signal the total plate input power
{carrier plus modulation) and the r-f output power are four times their values for zero
modulation.

Typical circuits used for plate modulation are illustrated in Fig. 5.4. The voltage
applied to the plate of the class C amplifier is made to vary in proportion to the
modulating signal by adding a modulating voltage in series with the plate supply
voltage. The analysis and design of class C amplifiers is described in detail in Sec. 4.4.
The manner in which variation of the plate supply voltage can accomplish linear
modulation of the r-f output voltage in a tuned amplifier is best understood by plotting
the operating line of the tube on the constant-current characteristic curves for the
tube (see Sec. 4.4j). This is illustrated in Fig. 5.5 for a typical transmitting triode.
The operating line is shown for zero modulation and for the peak and trough of a
100 per cent modulating signal when a combination of fixed and grid-leak bias is
used. The operating line AA’ in Fig. 5.5 represents the locus of all of the instan-
taneous values of grid and plate voltages and currents during the positive half cycle
of the applied r-f grid voltage with zero modulation. The remainder of the cycle is
obtained by extending the line A 4’ an equal distance below the point A’, where point
A’ is established by the plate supply voltage and the bias with no modulation. The
specified operating line A A’ can be satisfied by only one value of plate-circuit imped-
ance at the frequency of the r-f voltage as explained in Sec. 4.4e. At the crest of the
modulation, the new operating line BB’ forms the locus of all instantaneous values of
grid and plate voltages and currents. The operating line CC’ forms the locus of all
instantaneous values of grid and plate voltages at the trough of the modulation cycle.
On this line the instantaneous plate voltage is zero and the instantaneous plate current
is very small. The average grid current increases rapidly as the plate voltage is
reduced to zero, and the negative grid-leak bias increases sharply. The exact location
of C'C’ on the zero plate voltage line is difficult to establish graphically for high per-
centages of modulation because of the inaccuracy of the tube characteristic curves at
zero plate volts.

To obtain the best modulation linearity, a portion of the bias for the grid is obtained
from a fixed bias supply and part is obtained from a grid-leak resistor. The values of
grid-leak bias and fixed bias which will provide the best modulation linearity over the
complete modulation cycle are determined closely by finding the values of fixed bias
and grid-leak bias which locate the operating line BB’ at the crest of the modulation
cycle so as to provide an output power which is (1 + m)? times the unmodulated
carrier power. Thus, in the example of Fig. 5.5, a change in the grid-leak bias of
50 volts is required between AA’ and BB’ to obtain linear modulation. When the
values of grid-leak bias and fixed bias necessary to provide modulation linearity
between operating lines AA’ and BB’ are determined, the location of operating line CC’
at the trough of the modulation and all other intermediate operating lines are estab-
lished. In practice, some readjustment of the fixed bias and grid-leak bias may be
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desirable to obtain the best modulation linearity over the entire modulation cycle.
By making the time constant of the grid resistor R, and its r-f bypass C. small com-
pared to the time of one cyecle of the highest modulation frequency, the self-bias
developed across R, by the average grid current I. will follow any variations in I,
caused by the modulation of the tube plate voltage. The average value of grid
current decreases as the plate supply voltage is increased for a fixed r-f grid voltage

CLASS-C
R-F AMPLIFIER

TO CLASS -4
OR CLASS-8
POWER AMP-
LIFIER

+Lpp
{g) TRANSFORMER COUPLING

CLASS-C
R-F AMPLIFIER

CLASS -A POWER
AMPLIFIER

L e

{£) IMPEDANCE COUPLING
Fig. 5.4. Methods of plate modulation of a class C 1-f amplifier.

and bias. As a result of the reduction in average grid current at higher plate-supply
voltages, the self-bias is reduced and the grid bias is lowered. The reduced grid
bias allows the same r-f grid voltage to increase the peak plate current and, therefore,
the component of plate current at the amplifier resonant frequency. The plate-current
conduction angle is also increased with increased plate supply voltage, causing an addi-
tional rise in the fundamental component of plate current. By proper adjustment of
the values of fixed grid bias and grid-leak bias the fundamental component of plate
current can be made to increase very linearly with plate supply voltage, thus resulting
in linear modulation of the r-f carrier. The effect of fixed bias and self-bias on the
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linearity of modulation can be seen in Fig. 5.6a. Here, the peak amplitude of the
output r-f voltage is plotted as a function of the instantaneous plate supply voltage for
the tube characteristic of Fig. 5.5 for fixed bias and for the optimum ratio of fixed and
grid-leak bias. By using only grid-leak bias, the r-f output voltage will increase more
rapidly with increasing plate voltage than desired for linear modulation. The linear-
ity of modulation can be optimized in practice by adjusting the relative values of fixed
bias and grid-leak bias while observing the modulation Lissajous figure as shown in
Figs. 5.6b and 5.6¢.
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Fia. 5.5. Operating lines for a plate-modulated triode class C r-f amplifier having optimum
ratio of fixed bias to grid-leak bias.

When plate-modulated by a sinusoidal signal, the plate input power, plate dissipa-
tion, and plate output power of a class C r-f amplifier are given by Eqgs. (5.12), (5.13)
and (5.14), respectively, assuming constant tube efficiency.

2
P; =P, (1 + 7—%) (average plate circuit input power) (5.12)
2
Pi=P,(1 —19) (1 + 7%) (average plate dissipation) (5.13)
2
Pyy = Py (1 + %) (average output power) (5.14)

where P, = plate input power under conditions of zero modulation
7 = tube efficiency under condition of zero modulation
m = modulation factor
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In practice the plate efficiency 7 is not constant throughout the modulation cycle.
The efficiency is a maximum near zero modulation and decreases somewhat during
both the crest and trough of the modulation cycle. As a result, the average plate
current, and hence the d-c plate-input power, will increase somewhat during linear
plate modulation of a class C amplifier. The plate dissipation will also be some-
what higher than indicated by Eq. (5.13). The increase in plate input power during
modulation is supplied by the modulator. For single-frequency sinusoidal modula-~
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Fia. 5.6. Modulation linearity of a typical plate-modulated triode class C r-f amplifier.

tion of 100 per cent, the modulator is required to supply somewhat more than one-
half the plate-input power required by the amplifier in the absence of modulation.

Since the plate dissipation of the class C amplifier tube is increased by modulation,
the carrier power level must be somewhat below the maximum value allowable with-
out modulation. The maximum plate dissipation of a plate-modulated class C ampli-
fier without modulation is ordinarily specified by the tube manufacturer to be two-
thirds of the maximum plate dissipation for the tube. This prevents exceeding the full
rated plate dissipation during 100 per cent sinusoidal modulation.

The following procedure can be used to determine graphically the operating lines
for a class C triode amplifier which is to be linearly modulated:

1. Belect a power output such that the plate dissipation does not exceed two-thirds
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of the maximum rated value for the tube, assuming that 100 per cent modulation is
desired. Select a plate supply voltage so that the maximum permissible plate voltage
for the tube is not exceeded during the crest of modulation. Determine the operating
line for the tube to be used for the zero modulation condition by the design procedure
given in Sec. 4.4j.

The result of this step will be the determination of the plate supply voltage, peak a-c
plate voltage, peak a-c plate current, average plate current, plate-circuit impedance,
grid-bias voltage, average grid current, peak r-f grid voltage, grid driving power, and
plate dissipation for the zero modulation condition. These are represented by an
operating line such as A4’ in Fig. 5.5.

2. Determine the plate voltage for the maximum modulation factor to be utilized.

Eb(mnx) = (1 + m)Ebo

where Ey, = zero modulation value of E;
Construct a vertical line along this value of E; on the constant-current characteristic.
3. Determine the maximum value of the peak r-f plate voltage €pmax) assuming
linear modulation.
epmax) = (1 + m)epo

where e,, = zero modulation value of peak r-f plate voltage
4. Determine the minimum instantaneous value of plate voltage during the crest
of the modulation.
€p(min) = Eb(mnx) — €p(max)

Construct a vertical line along this value of F, on the constant-current characteristics.
5. Determine the peak value of the fundamental component of plate current
required for linear modulation at the crest of modulation.

€p(max)
i

IHl(mx)

where 7, = plate-load resistance at resonant frequency of plate circuit

6. Determine a trial value for the peak instantaneous plate current.

Locate the intersection of the €ymin line with the constant-grid-current curve cor-
responding to the grid current at the peak of the grid voltage swing on the zero
modulation operating line (point A in Fig. 5.5). Denote this intersection as point B.

7. Construct a trial operating line.

Subtract the value of the peak r-f grid voltage e;(max) from the instantaneous value
of grid voltage ¢, at point B. Mark the intersection of this new value of grid bias and
the line corresponding to E, = Eymax) a8 point B’. Construct a trial operating line
between points B and B’. Calculate the peak value of the fundamental component
of plate current for this operating line from Eq. (4.45).

I#imax) = H2(e + 1.93b + 1.73¢ + 1.41d 4 ¢ 4 0.52f) (4.45)

If the value of 7 nimax) found from Eq. (4.45) for this operating line is within a few per
cent, of the value required for linear modulation (step 5), the selected operating line is
the desired one for linear modulation within the accuracy allowed by this method.
If Ta1(max) is not within a few per cent of the required value, the operating line BB’
should be shifted vertically up or down as required, maintaining the same slope and
same limit8 of eymin) 8nd Epuax) until I'#1(maxy calculated from the new operating line
is within the proper tolerance.

8. Determination of the proper values of fixed bias and grid-leak bias.

The required shift in grid bias between the two operating lines for linear modulation
has been determined by step 7. The value of grid-leak resistance which would pro-
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vide this change in bias when the tube plate voltage is varied from Eu, t0 Ep(mar) €an
be determined by an accurate calculation of the average value of grid current for each
operating line and the use of Eq. (5.15).

- |Eccll - IEcc2]

Rc Icl h 102

(5.15)

where E.., = bias voltage for zero modulation
E..; = bias voltage for maximum crest of modulation
I.1 = average grid current for zero modulation
I.s = average grid current for maximum crest of modulation
Because the change in average grid current is usually about 10 per cent of 1.1, approxi-
mate equations for the determination of I and I, such as Eq. (4.44) which is

Re 73
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Fia. 5.7. Methods of obtaining plate and screen modulation in class C amplifier tetrodes
and pentodes.

accurate to only approximately 5 per cent, cannot be used to provide values of I,
and I, of sufficient accuracy for use in Eq. (5.15). A more accurate determination
of average grid current is quite laborious. The proper values of fixed bias and
grid-leak bias are most easily determined experimentally when the amplifier is con-
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struected. The procedure is as follows: With R, = 0, set the plate voltage to E,
with a fixed bias equal to that specified at point A’. Modulate the amplifier with a
sinusoidal voltage giving the desired modulation factor at the input to the tube.
Observe the modulation envelope Lissajous figure (see Fig. 5.6b and ¢). It will
appear nonlinear as indicated in Fig. 5.6a for fixed bias. Remove the modulation,
increase R,, keeping the time constant R.C. within the proper range, and decrease
the value of fixed bias until the same value of bias is present as before. Apply modula-
tion and check the linearity of the envelope Lissajous figure. Vary R, and the value
of fixed bias, always maintaining the same value of total bias without modulation,
until the optimum linearity of modulation is obtained.

The over-all efficiency of a plate-modulated class C amplifier can be increased
somewhat by applying modulation to the amplifier driving the grid of the class C
amplifier. By varying the amplitude of the r-f driving voltage in accordance with
the plate modulation, the amount of grid-leak bias can be made to inerease as plate
voltage is increased, while still maintaining linear plate modulation. By proper
adjustment of R, and the modulation factor of the driver carrier, the plate conduction
angle can be maintained nearly constant at an optimum value, thus keeping the plate
efficiency essentially constant throughout the modulation cycle.

In class C r-f amplifiers utilizing tetrodes and pentodes, plate modulation must be
accompanied by screen modulation if a high modulation factor is desired. The

required amount of screen-voltage modu-

400 T ! I lation can usually be achieved by any of
EIMAC 4-65A the following methods: (1) screen voltage

350 SCREEN GRID CHARACTERISTICS—— obtained by a series resistor from the
£p=250 VOLTS unmodulated plate supply voltage; (2)

300 screen voltage obtained from a separate

« \ screen supply through an inductance; (3)
= 250 1 screen modulated by a separate winding
H \ on the plate modulation transformer.
€ 200 \ These three methods are illustrated in Fig,.
it % 5.7. In the series resistor and the series
] 150 z:*% reactor methods, screen-voltage modula-
a \\ \(6‘»’;; tion is achieved by the inverse variation in
screen current with plate voltage. This is

illustrated in Fig. 5.8 for a typical trans-

mitting tetrode. To minimize any phase

shift between the plate and screen modu-

N lation voltages in methods (1) and (2),

0 200 400 600 800 1000 the screen bypass capacitor should be made

PLATE VOLTS only as large as necessary to adequately

F1a. 5.8, Variation in screen current with ~ PYPass the screen at the radio frequency.
plate voltage for a typical power tetrode. The series screen resistor method is most

frequently used because of simplicity and
because it eliminates the necessity of a separate screen supply. The value of series
screen resistor to be used is given by
R., = E”il—;@ (5.16)

where Ey, = plate supply voltage
E.2 = desired screen voltage without modulation
I.» = d-c screen current when screen voltage is equal to E,; and in absence of

modulation

The peak amplitude of the screen modulating voltage required for 100 per cent moduta-

tion is usually about 0.75E.s. It is normally specified by tube manufacturers for
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given operating conditions. It is difficult to determine graphically the operating
conditions for a plate-modulated tetrode or pentode class C amplifier because a new
family of constant-current characteristics is required for each value of screen voltage.

The modulator for a class C amplifier is a power amplifier. Power amplifiers are
discussed in Secs. 4.1 and 4.2. If impedance conpling is used between the modula-
tor and the r-f amplifier as shown in Fig. 5.4b, the power amplifier must be operated
class A since a single-ended amplifier is required. Under zero modulation conditions,
the quiescent plate current of the power amplifier tube will be high and the combined
efficiency of the r-f amplifier and the modulator rather low. For this reason, imped-
ance coupling is seldom used except in low-power applications. When impedance
coupling is used, the d-¢ voltage at the plate of the r-f amplifier must be reduced below
Ey, for the peak modulating voltage from the class A amplifier to equal the r-f amplifier
plate voltage for 100 per cent modulation.

When transformer coupling is used between the modulator and the r-f amplifier,
the modulator is usually a push-pull power amplifier operating class B or class AB1
or AB2 (see Sec. 4.2). Under these operating conditions, the zero-signal plate current
of the modulator tubes is very small and the zero modulating signal power consumed
in the modulator is approximately 5 to 20 per cent of the maximum output power.
The modulation transformer should ensure that the load impedance presented by the
plate of the r-f amplifier is transformed to the optimum impedance for the power
amplifier at the transformer primary. For modulating frequencies much lower than
the carrier frequency the impedance presented by the r-f amplifier is

Ry = %’ (5.17)
b
where E,, = plate supply voltage
I, = d-c plate current without modulation

When the upper modulating frequencies are close enough to the carrier frequency so
that the plate resonant circuit has an appreciable impedance to the modulating fre-
quencies, Eq. (5.17) must be modified to include this impedance in series with the
tube. This condition may require special consideration in the design of the modulator
frequency response to compensate for this factor and special filters in the output
resonant circuit to suppress the upper modulating frequencies below an acceptable
value. The modulator and modulation transformer must be capable of delivering
a peak power equal to approximately one-
half the unmodulated plate input power

to the r-f amplifier if 100 per cent sinu- o/ .
soidal modulation is to be employed, and RF
the modulation transformer must be %F t @’
designed to handle a d-c secondary current
of Ib. K J_ }!

5.3b. Grid Modulation. By varying the = {0 +epp
grid bias of a class C amplifier with a [ml_gn.
modulating voltage, it is possible to am- VODULATION

plitude-modulate an r—f. carrier. ‘A Fie. 5.9. Grid modulation of a class C
method is illustrated in Fig. 5.9. Grid amplifier.

modulation is possible in & class C ampli-

fier because the peak value of the plate current pulse, which determines the peak

value of the fundamental component of plate current, varies with grid bias voltage.
The problems associated with grid modulation of a class C amplifier are most

readily visualized by observing the operating lines on the constant-current char-

acteristics of the tube. The operating lines for zero modulation and the positive

crest of 100 per cent modulation are shown in Fig. 5.10 as lines AA’ and BB, respec-
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tively. At the positive crest of 100 per cent modulation, the r-f plate voltage and
r-f plate current component must be twice their respective values without modulation.
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F1a. 5.10. Operating lines of a grid-modulated class C amplifier.

Since the plate supply voltage is constant, this limits the peak r-f plate voltage without

modulation to less than one-half the plate supply voltage.
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F1g. 5.11. Plate dissipation P4 of an ideal
grid-modulated class C amplifier as a fune-
tion of the modulation voltage.

of the instantaneous modulating voltage as in plate modulation.

Because of this low value
of peak r-f voltage in the absence of
modulation, the instantaneous value of
plate voltage during the portion of the
r-f cycle that plate current flows is
quite high and the amplifier plate dis-
sipation is high, resulting in low
efficiency. Plate efficiencies of 35 to 45
per cent are typical when the carrier is
unmodulated. At the positive peak of
the modulation cycle, the peak r-f voltage
is nearly equal to the plate supply volt-
age, and the plate efficiency is high, viz.,
70 to 85 per cent.

Although the r-f output power varies
a8 the square of the instantaneous grid
modulating voltage for linear modula-
tion, the plate input power varies
approximately linearly with the instan-
taneous grid modulating voltage since
the plate supply voltage is constant and
the average plate current varies approxi-
mately linearly with grid bias. There-
fore, the plate dissipation of the class
C amplifier does not vary as the square
This eondition

is illustrated in Fig. 5.11 where the power input P, power output P,, and plate
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dissipation P; are plotted as a function of the instantaneous grid modulation
voltage for an ideal class C amplifier where the fundamental component of plate
current and the average plate current vary linearly with grid bias. In practice, the
linear relationship is not exact, and the instantaneous plate dissipation at the peak of
the modulation cycle varies between about 0.9 and 1.25 times the plate dissipation
without modulation. For the assumptions of linear variations in plate current as a
function of instantaneous grid bias-and 75 per cent efficiency at the positive crest of
the modulation, the plate dissipation Pg, of the amplifier without modulation is
given by

Pao = Prso(}§ + %4m) (6.18)

where m = modulation factor to be utilized

P,;o = rf carrier power without modulation
Equation (5.18) is useful in selecting the tube to be used when the carrier power and
percentage modulation are specified.

For the same assumptions, the average 18
plate dissipation Pauvg OVer a complete ]
modulation ¢ycle is given by " /]

2
Paaver = Pro (é + g—,m — ’%) (5.19)

A comparison of Eqs. (5.18) and (5.19) .
shows that the plate dissipation of a
/
o /A

grid-modulated class C amplifier is
always higher in the absence of modu-
v
%
o
08 /
06

lation and decreases when modulation is
applied. Therefore the required plate
dissipation rating of the tube is specified
by the zero modulation condition of
operation and the modulation factor to
be employed. Equations (5.18) and
(5.19) are plotted in Fig. 512 as a
function of the modulation factor m.
Although the linear relationships as- 04 /
sumed in Eqs. (5.18) and (5.19) are not
exact, the equations are useful in initially
determining the required plate dissipa-
tion rating of the tube to be used.
The carrier power that ean be obtained 0
from a pla.te—modulated. qlass C amplif{er MODULATION FACTOR 42

is approximately 3 tl.m es the CArrer - g6, 5.12. Approximate plate dissipation of
power that can be obtained from a grid-  , grid-modulated class C amplifier as a
modulated clags C amplifier utilizing the function of the modulation factor.

same tube.

The principal advantage of grid modulation is the requirement of low modulator
voltage amplitude and power. This advantage is especially pronounced when the
bandwidth of the modulation is widé enough that a plate modulation transformer can-
not be used and a class-A modulator tube and impedance coupling must be utilized.

Good modulation linearity with high percentages of modulation is difficult to
achieve in a grid-modulated class C amplifier. - During the portion of the modulation
cycle that the peak grid voltage is positive and grid current flows, the peak r-f grid
voltage will decrease because of the additional loading presented to the rf source
by the grid unless the driver output is well regulated, i.e., has a low output impedance.

PLATE DISSIPATION/CARRIER POWER

02

- 0.2 0.4 06 o8 10
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A reduction in r-f drive causes the r-f output from the class C amplifier to be reduced,
resulting in a modulation characteristic which is nonlinear during the positive half
of the modulation cycle. This is illustrated by the dotted curve 04 in Fig. 5.13.

If the peak value of the r-f grid voltage is maintained constant, the class C ampli-
fier is capable of very good linearity during the positive half of a modulation cycle
for modulation factors as high as unity (OA’ in Fig. 5.13). By sacrificing amplifier
efficiency, the positive portion O A of the modulation characteristic can be made quite
linear by operating the amplifier in the negative grid region throughout the entire
cycle of the applied r-f grid voltage.

The modulation characteristic of a class C amplifier is nonlinear near the peak of
the negative half of the modulation cycle because the transconductance of the tube
decreases rapidly near cutoff. In this region a given change in grid bias does not
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Fia. 5.13. Modulation linearity of a typical grid-modulated class C amplifier. The solid
line is for the example in Fig. 5.10. .

produce as large a change in the peak plate current as at less negative grid voltages,
and as a result, the fundamental r-f component of plate current does not vary linearly
with the grid modulation voltage (BO in Fig. 5.13). A linear modulation character-
istic can be approximated by introducing suitable distortion into the modulator to
cause the negative half cycle of the modulation signal applied to the grid of the class C
amplifier to be amplified nonlinearly so that at the negative crest of the input modula-
tion voltage, the modulation voltage at the grid of the class C amplifier is sufficiently
negative to cut off the amplifier plate current.

The procedure to be followed in the design of a grid-modulated class C amplifier
is as follows:

1. Determine the tube to be used from Eq. (5.18) for the specified power output
and modulation factor.

2. Determine Ep. :

3. From the constant-current characteristics specify the approximate peak value
of the r-f plate voltage during the positive peak of the modulation waveform (operat-
ing line to be established later). This is illustrated by the voltage difference between
Ew, and line Bb in Fig. 5.10.
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4, Determine the peak value of the r-f plate voltage without modulation

€po = {"‘%; (5.20a)
where e;, = peak r-f plate voltage without modulation
epamaxy = peak rf plate voltage during positive peak of modulation
m = modulation factor

This is shown for a modulation factor of 1.0 by line Aq in Fig. 5.10.

5. With Eu and ey, determined above, try several operating lines between these
values with various values of peak r-f grid voltage and grid bias until the combination
giving maximum plate efficiency with a plate dissipation equal to the maximum rating
of the tube is determined. By adjusting the ratio of peak r-f grid voltage to grid bias
such that the plate conduction angle is approximately 140° (for fundamental opera-
tion), the approximate operating line can be rapidly established as discussed in Sec.
4.4j. Several trials will be required to locate the optimum operating conditions.!
The desired operating line is shown for the 4-65A tetrode having 65 watts plate dissi-
pation by the operating line A A’ in Fig. 5.10.

6. Determine the plate-load impedance for the operating line found in step 5.

€po

™ = Toe
where Ini, = peak value of fundamental component of plate current

7. Find the operating line for the positive crest of modulation having a peak r-f
plate voltage equal to €pmax), an r-f grid voltage as determined in step 5, and a funda-
mental component of plate current Ixi(max) given by

IIII(max; =1+ m}lnw (5.20b)

This operating line will be for the same load impedance as found in step 6 and will
have a power output (1 4 m)? times the power output without modulation. The
change in grid bias required to shift to this new operating line is the peak value of the
modulation voltage which must be applied to the grid to obtain the modulation
factor m. This new operating line is shown for a modulation factor of 1.0 by BB’ in
Fig. 5.10. This is done by assuming a bias voltage, caleulating I i 1(max) from Eq. 4.45
and checking to determine whether the product 7. gi(mexy is equal t0 €pmaxy; if not,
new values of bias must be assumed until 7] #1(mex) 18 equal t0 €pmax).

The minimum power output at the modulation trough is determined by finding
the operating line having the impedance r, of step 6 and the peak r-f grid voltage of
step 5 at a new value of grid bias which is more negative than the bias at point A’
by the difference in bias between A’ and B’ (line CC’ in Fig. 5.10). By plotting the
peak r-f plate voltage as a function of grid bias for the fixed values of r and r-f grid
voltage, the modulation characteristic of the amplifier can be obtained. From this,
the amount of distortion introduced by the grid modulation, assuming a constant
driver output, can be determined and the required modulator compensatlon to provide
linear modulation can be found.

The modulator used to amplitude-modulate the grid bias of a class C amplifier
may be any one of the types of power amplifiers discussed in Secs. 4.1 and 4.2 provided
that a modulation transformer having a suitable frequency response is obtainable.
If the modulation frequencies are beyond the capabilities of transformers, a class A
amplifier capacitively or resistively coupled to the grid circuit must be used.

t Tube performance can be rapidly calculated for any selected operating line by use of
the tube-performance computer overlay manufactured by Eitel-McCullough, Inc., San
Bruno, Calif.
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The impedance Z, presented to the modulator by the class C amplifier grid eircuit
is given by
_ E’"’ 3
Z, = j— (5.21)
where E,, = peak value of modulation voltage
I = d-c grid current at peak of modulation voltage
I, = d-c grid current without modulation
The currents I, and I, may be calculated from the operating lines for the class C
amplifier for these two conditions of operation (see Sec. 4.47). The average power P,
which the modulator must deliver to the grid circuit is

~ Em(Im - Io)

) (5.22)

P,

5.3¢c. Screen Modulation. The r-f output from a tetrode or pentode class C amplifier
can be modulated by varying the screen potential. A method of accomplishing

~€ec ‘ +Epp
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MODULATION
VOLTAGE :

F1a. 5.14. Screen modulation of a class C r-f amplifier.

screen modulation is shown in Fig. 5.14. The plate efficiency is low when the carrier
is unmodulated and rises to peak efficiency at the positive crest of modulation. The
determination of the operating conditions for sereen modulation is similar to that
for each different value of screen potential. This can be done by assuming the
currents of all tube elements to vary as the 34 power of the tube voltages. From
one constant-current characteristic for a particular value of screen current, new
characteristies can be constructed by changing all electrode potentials by the same
scale factor X and changing all tube currents by the factor X*!. For example, if
characteristics are available at a screen potential of 250 volts and the character-
istics at 500 volts screen potential are desired, the plate, screen, and grid voltage
scales would all be multiplied by 2 and the grid, screen, and plate current values
would all be multiplied by 2.82.

The modulator power requirements are higher for screen modulation than for grid
modulation of the same tube, and the modulation linearity is, in general, poorer than
for grid modulation. . Screen modulation is, therefore, seldom used in practice except
in low-power transmitters where modulation linearity is unimportant. .

5.3d. Cathede Modulation. Cathode modulation of a class C amplifier is illustrated
in Fig. 5.15. By placing the modulation transformer in series with the cathode the
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grid-cathode and plate-cathode voltages are varied simultaneously. By adjustment
of the grid tap on the modulation transformer, the relative amounts of grid and plate
modulation can be varied. With the tap at ground, the grid-cathode modulation
voltage equals the plate-cathode modulation voltage and nearly pure grid modulation
is obtained, since the amount of modulation voltage required to produce 100 per cent
grid modulation will produce only a small amount of plate modulation. As the grid
tap is moved closer to the cathode, the grid-cathode modulation is reduced and the
percentage of plate modulation can be increased by increasing the modulation voltage.
When the tap is at the cathode, the grid is unmodulated and 100 per cent plate
modulation can be obtained. Capacitor Cc; couples a portion of the cathode modula-
tion voltage to the grid.

The performance obtainable is intermediate between that of pure grid modulation
and pure plate modulation. The plate efficiency may vary from about 35 to 40 per
cent for nearly complete grid modulation to 75 to 85 per cent for nearly complete
plate modulation. In practice, a ratio of grid-to-plate modulation yielding about

Ce2 ‘*[bb

MODULATOR

~Eec
F1g. 5.15. Cathode modulation of a class C r-f amplifier.

56 per cent efficiency is normal. This will require a modulator capable of delivering
a power output of approximately 20 per cent of the plate input power to the class C
amplifier.

The r drive and grid bias requirements depend upon the ratio of grid modulation
to plate modulation. Fixed bias and a low-impedance driver are desirable for best
linearity when grid modulation predominates. A certain amount of grid-leak bias
is desirable for best linearity when plate modulation predominates.

The graphical analysis of a cathode-modulated class C amplifier can be obtained
by using the constant-current characteristics for the tube. Once the ratio of grid-
cathode modulation voltage to plate-cathode modulation voltage has been established,
the power output, plate efficiency, and modulation linearity can be obtained by simul-
taneously following the procedures for plate and grid modulation as described in Secs
5.2¢ and 5.2b, i.e., adjust grid voltage and plate voltage in the proper ratio to obtain
operating lines at various intervals of the modulating voltage.

If the cathode modulation of the class C amplifier is linear, which is usually a good
approximation, the cathode impedance of the amplifier at the modulation frequencies
is given approximately by

Ebb

Zy~ K22 (5.23)
I,
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where K = that fraction of total modulation which is developed by variation in plate-
cathode voltage [i.e., for total modulation factor of m, mK is contributed
by modulation of plate voltage and (1 — K)m is contributed by modula-
tion of grid voltage]
By, = plate supply voltage
I, = average plate current
The modulation transformer should match the desired load impedance for the power
amplifier to Z;. The power P; which the modulator must deliver to the class C
amplifier is given by

P = E%nj P; + P, (5.24)

where P; = plate input power to tube
P, = grid modulation power given by Eq. (5.22)
5.3¢. Suppressor Modulation. In a pentode class C r-f amplifier, the output r-f
signal can be amplitude-modulated by applying the modulating signal to the sup-
pressor. A circuit illustrating suppressor modulation is shown in Fig. 5.16.
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Fia. 5.16. Suppressor modulation of a pentode class C r-f amplifier.

By varying the suppressor grid voltage, the amplitude of the plate current pulses
is made to follow the modulating waveform, thus producing modulation of the r-f
carrier. (The amplitude of the suppressor voltage controls the ratio of plate current
to screen current, and the total tube current remains essentially constant for a fixed
screen potential.) Since the screen current varies inversely with plate current during
suppressor modulation, screen dissipation is considerably higher with modulation
and may limit the maximum allowable modulation.

The plate efficiency is essentially the same as for grid modulation, i.e., 35 to 40 per
cent. The linearity of modulation is better than for a grid-modulated amplifier
because the load presented to the driver by the grid circuit is independent of the
modulation. This improves the rounded modulation characteristic shown by 04
in Fig. 5.13, although the suppressor control characteristic introduces a certain amount
of nonlinearity at both the positive and negative peaks of modulation when the per-
centage modulation is high. Good linearity can usually be obtained for modulation as
high as 80 to 90 per cent. The use of a screen dropping resistor, with the screen
bypassed for the r-f but not for the modulation frequencies, will minimize the problem
of screen dissipation by reducing the screen voltage when the sereen current increases.

5.3f. The Van der Bijl Modulator. The Van der Bijl modulator (Fig. 5.17) con-
gists of a class A r-f amplifier having a small amplitude r-f carrier applied to the grid
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in series with a relatively large amplitude modulating voltage. Modulation of the
output r-f signal is accomplished by variation in the amplification of the input r-f

signal by the changes in grid bias.

R-F IN

R-F our

MODUL ATING
VOLTAGE +8

Fia. 5.17. Typieal circuit of a Van der Bijl modulator.

In a pentode amplifier having a plate resistance much higher than the a-c plate-
load resistance r,, the peak r-f output voltage E, is given by

E, = ngbE.‘ (525)

where E; = peak r-f input voltage
gm = grid-plate transconductance

In the region of operation where g. varies linearly with changes in grid bias, the

modulation will be linear. A linear varia-
tion in g, with grid bias implies a variation
in plate current as the square of the varia-
tion in grid bias. In most pentodes, this
region of linear variation in g, is large
enough to allow approximately 50 per cent
linear modulation. The modulation factor
obtained when g, is varied linearly be-
tween two limits is given by

gmz — gml
m = T8I 5.26
Gm2 + gm1 ( )

where gn; = maximum value of trans-
conductance
minimum value of trans-
conductance
The efficiency of a Van der Bijl modulator
is quite low, but the r-f excitation and
modulation power required is negligible
and the modulator is easily adjusted.

5.8g. Diode Modulalion. Diodes may
be used as modulators in the same manner
that they are employed as mixers and
detectors. Consider the diode modulator
of Fig. 5.18. Assume that the input sig-

gml

nal consists of E. cos wi and En. cos wnl.
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(c) DIODE AND LOAD CONDUCTANCE AS
A FUNCTION OF CARRIER VOLTAGE

Fia. 5.18. Diode modulator.

If the carrier voltage E. is much larger

than the modulation voltage E,, which is usually the case, the conductance of a perfect
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diode and its load is given by

1

1
d—m for E. > 0
ga =20 for £. <0

The diode conductance is shown as a function of the applied voltage in Fig. 5.18¢.
{t may be represented by a Fourier series as

ga = go + g1 €08 wit + g cos 2w5t + g3 co8 Bwet + ¢+ + 4 gn cOs nwt  (5.27)
where On = 1 gd co8 nwd dwt (5.28)
1 [ ga dusd (5.29)

The current in the load resistance Ry, is given by
I, = (B cos wit + E cos wnt)ga (5.30)
The modulation sideband components of load current for the carrier are given by

Iom = Emg1 €08 wml €08 wd

= —2Eﬂ——003w t cos wel
T a(RBas+ Rp) " ¢
- RR%%R—L) [c08 (we — wm)l + cos (o + wm)l] (5.31)

The carrier component of load current is given by

I, = B9, cos wt
E,

= e . .32
3R + B cos wt (5.32)

Since the modulation factor is unity when one sideband current equals one-half I,
the modulation factor is given by
_4En

The modulation will be linear if the percentage modulation is low. The harmonics
of the carrier and the sidebands about these harmonics which are created by the
diode nonlinearity must be filtered out by the load circuit if only the carrier and its
sidebands are desired. Although the efficiency is low, the diode modulator finds
JSrequent application in low-level modulators because of its simplicity.

6.4. Suppressed Carrier Modulation and Single-sideband Generation. The
information transmitted by a modulated carrier is contained wholly in the modulation
sidebands. The transmission of the carrier in no way aides the transmission of the
desired intelligence. Since the power contained in the carrier is twice that in the
sidebands even with 100 per cent modulation, the transmission of only the sideband
signals may represent a considerable saving in transmitted power if the carrier is elimi-
nated at a low level and the sidebands only are linearly amplified to the desired output
level. The information contained in the sidebands can be completely recovered at the
receiver by adding a sinusoidal signal at the carrier frequency to the sideband signals
before detection. When all of the sidebands of a modulated carrier are transmitted
but the carrier itself is eliminated, the transmission is referred to as double-sideband
suppressed carrier modulation (dsb).

Each frequency component of the modulating signal at the transmitter produces
two sideband frequency components spaced equally on each side of the carrier fre-
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quency by the modulating frequency (see Sec. 5.2a). These sideband pairs are
redundant since they each contain the same information. If either sideband and the
carrier are eliminated, the original information contained in the modulating signal can
still be recovered at the receiver by the use of a local oscillator at the carrier frequency,
although some amplitude and phase distortion will be present. This type of signal
transmission is known as single-sideband suppressed carrier modulation (ssb).

By considering the sideband signals as vectors rotating about the carrier vector
at their difference frequencies (see Sec.:5.2b), the manner in which the modulating
signal is recovered from a suppressed carrier transmission is apparent from Fig. 5.19.
For both single-sideband and double-sideband modulation, the output from an ampli-
tude or envelope detector is equal to the absolute magnitude of the vector sum of the
reference carrier and the sideband signals, . If the reference carrier is added to the
sidebands of dsb modulation in exactly the same phase as that of the original carrier,
no distortion of the envelope oceurs during amplitude detection provided that the
amplitude of the referenced carrier is large enough so that the modulation factor
does not exceed 1.0. If the phase of the reference carrier differs appreciably from
that of the original carrier considerable distortion is introduced by the resultant phase

y DETECTOR OUTPUT
SUPPRESSED 4 SUPPRESSED
CARRIER % CARRIER

OETECTOR OUTPUT é \\
\ ]
. S~ : SUPPRESSED
~— | SIDEBAND

Ynt |~y ’/ Wt iy

REFERENCE.
/ CARRIER

REFERENCE
LR ="
12) SINGLE SIDEBAND MODULATION : {4) DOUBLE SIDEBAND MODULATION
F1a. 5.19. Vector relationships in carrier-suppressed modulation sytems.

modulation of the envelope vector. If the reference carrier phase differs from that
of the original carrier by 90°, the amplitude modulation of the envelope vector at the
modulation frequency is completely eliminated. The result is phase modulation
and 2nd harmonic amplitude modulation. For these reasons dsb is not utilized unless
the carrier ig transmitted at a reduced level (usually about —20 db) for synchroniza-
tion of the reference carrier. '

When single-sideband modulation is employed, the phase of the reference carrier
is unimportant. The envelope distortion, which arises from the phase modulation
of the amplitude vector, is independent of the phase of the reference carrier relative
to the suppressed carrier. The distortion is minimized by making the reference
carrier very large compared to the modulation sidebands. The harmonic distortion
present in the envelope of single-sideband modulation is shown in Fig. 520 as a
function of the effective modulation factor at the detector input, i.e., the ratio of the
peak modulation sideband amplitude to the peak reference carrier amplitude. A
difference between the frequency of the reference carrier and the frequency of the
suppressed carrier will have the effect of shifting all of the modulating frequencies
by & constant amount in single-sideband modulation. However, in double-sideband
modulation, a frequency difference between the reference carrier and the suppressed
carrier causes a variation in the amplitude and phase distortion of the envelope
at twice the difference frequency. The reference carrier can be phase-locked to the
transmitter carrier by transmitting a low-level carrier together with the modulation
sidebands rather than suppressing the carrier entirely. Single-sideband modulation
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possesses the advantages over double-sideband modulation of requiring only half the
bandwidth and of having a detected output which is less affected by phase and fre-
quency variation of the reference carrier.

A frequency error in the reference carrier of 10 to 20 cps is acceptable for speech
transmission; however, an error of 50 cps seriously degrades intelligibility. The
transmission of music places a tighter tolerance on the reference carrier because the
error destroys the harmonic relationships of overtones. Therefore, reference oscil-
lator stabilities of from 1 part in 108 to 1 part in 107 are required at a 30 Mc carrier
frequency. For this reason, it is common commercial practice to transmit a pilot
carrier at a reduced level (usually -20 db from the sideband level) which is filtered
out in the receiver and used to control the frequency of the reference oscillator.

Assuming that the receiver bandwidth is reduced to one-half the desired a-m value
for ssb reception, the use of ssb provides an increased signal-to-noise ratio at the
receiver second detector of 4.8 db for the same total transmitted power. An equally
important advantage of ssb over a-m in long-range communication is the minimization
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Fie. 5.20. Harmonic content of the detected envelope of a single-sideband signal and
reference carrier.

of the effects of selective fading of the carrier which renders a-m unintelligible when
the carrier is reduced significantly below twice the sideband amplitude by atmospheric
effects.

The economic advantage of suppressed carrier modulation is a function of the ratio
of the number of receivers to the number of transmitters in the system in which it is
to be used. When there are only a few receivers for each transmitter, it is more
economical to complicate the receivers and minimize the transmitter power require-
ments. However, when the number of receivers is very large compared to the
number of transmitters, as is the case in broadcast stations, the economics of the
situation are reversed. )

5.4a. Balanced Modulators. The suppression of the carrier in either single-side-
band or double-sideband modulation is accomplished by the use of a balanced modula-
tor (Fig. 5.21). It consists of two modulators connected back-to-back in which the
modulation is injected with reversed phase in one modulator compared to the other.
The carrier is injected into both modulators in the same phase. The outputs from
the two modulators are given by

e1 = E: cos wit + %ﬂ cos {(we + wm)t + % co8 (we — wm)i (6.34)

es = E, cos wet + )%’"— cos [(we + wm)l + 7] + %’ﬂ co8 [(we — wm)t — =] (5.35)
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The push-pull output from the two modulators is given by

€ =€y — ez = En co8 (w; + wm)l + Em co8 (w, — wm)l (6.36)

If the modulators are perfectly balanced, i.e., have eq