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PREFACE

This book brings to engineers in easy-to-use form the
important radio communication, radio broadcasting,
television and radar design articles that have appeared
in Electronics during the past five years. The book is
a sequel to “Electronics for Engineers” and “Electronics
Manual for Radio Engineers,” which similarly made
available in convenient reference form the same type of
material from earlier issues of this magazine.

For this third book, the new material was carefully
selected, checked, edited and condensed to have maxi-
mum reference value. The resulting 252 articles were
then logically arranged by subject matter into fifteen
chapters, so that each chapter constitutes a compre-
hensive survey of recent developments. Designers, build-
ers and users of electronic equipment will find here
the equations, charts, nomographs, tables and other

. reference data that are so hard to find in loose copies
or bound volumes of the original magazine.

Chapters are arranged in alphabetical order so that
oftentimes chapter headings alone serve to locate the
desired information, as follows: Amplifiers; Antennas;
Audio; Cathode-Ray Tubes; Components; Electronic
Music; Filters; Measurements; Microwaves; Oscillators;
Power Supplies; Propagation; Pulses; Receivers; Trans-
mission Lines; Transmitters.

Worthy of special mention is the chapter on Elec-
tronic Music, a relatively new branch of electronics
that is today increasing rapidly in importance. Ten sig-
nificant articles here give design data and circuit details
of both commercial and custom-built electronic organs
of various types, ranging from the simplest neon-diode
systems to complex tone-wheel arrangements that suc-
cessfully simulate cathedral organ performance. In addi-

tion, much of the material in the Audio chapter is directly
applicable to the design and construction of electronic
musical instruments.

A specific desired article can be located in four ways
—by flipping through the appropriate chapter, by glanc-
ing over the article titles listed in the Table of Contents,
by looking up the subject of the article in the topical
index at the back of the book, or by using the back-of-
book author index if the name of the author is remem-
bered. The topical cross-index is particularly valuable,
with many articles having as many as ten separate entries
to insure quick finding of any desired item.

With the significant work of other engineers collected
together in handy cross-indexed volumes, hours and
even days of searching through technical literature can
be saved. By checking the prior art in a compendium
of this type, a problem can be started where others left
off rather than from scratch. This reduces the cost of
laboratory research and experimentation.

The response of engineers to the predecessor volumes
proves conclusively that one article alone, available
when needed, is enough to justify a place for books of
this type in every electronic design and communication
engineer’s library.

The engineer authors whose works appear in this
volume deserve congratulations for their permanent
contributions to the art and industry of electronics.

JoHN MARKUS and VIN ZELUFF

Associate Editors, Electronics

New York, N. Y.
February, 1952
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AMPLIFIERS

Gain-Bandwidth Nomograph

Equations involved in design of single-tuned amplifier circuits are incorporated in

one large nomograph to speed up design calculations.

Shows overall effect of

varying the parameters when seeking the most economical tube arrangement for

HE design of vacuum-tube
Tampliﬁers involves determ-
ining the maximum gain and/or
bandwidth using the most eco-
nomical tube arrangement. The
most practical first-approxima-
tion calculation for single-tuned
circuits such as cascaded syn-
chronously tuned i-f stages was
found to be G./2xC,, and the
nomograph on the following
page was therefore based on this
ratio. The nomograph encom-
passes all of the interdependent
equations used in amplifier de-
sign, hence shows the effect of
variations in each parameter on
the others.

Practical values of G, and C,-

that include the effect of the
coupling networks can be found
by taking approximately 85 per-
cent of the maximum G,, and 160
percent of the value of C, given
in tube manufacturer’s data.
This makes the usable gain-band-
width about 53 percent of the
ideal, or roughly one-half. This
relationship is found in Table I.

The nomograph solves the fol-
lowing equations:

Q =/f/B )]
A = Gm X RL (2)
AB =AXB 3
AB = Gn/2xC, @
B =1/2xCi Ry, (5)
Amax = 1/21f,CopRy (6)

desired gain and bandwidth

By CHESTER W. YOUNG

where @ = R o C = circuit
quality, f, = circuit resonant
frequency, B = 38-db bandwidth,
A = stage gain, G, = tube

transconductance, R, = total
damping resistance, C, = total
shunt capacitance, A,.« = maxi-
mum usable gain, and Cor =
total effective grid-plate capaci-
tance.

. Since the bandwidth between
two 3-db frequencies of a tuned
circuit is equal to the 3-db fre-
quency of a parallel or series R-C
circuit, the nomograph can be
used also for video types of cir-
cuits. Also, as Eq. 5 states that

Table I—Examples of Ideal and
Practical Tube Capacitances

IDEAL

Tube C, C, | C: | Gn/C,
Type | puf | puf | puf | me

6AC7 | 11.
6AKS5

SO
DN
xR O

16.0| 562
6.8 750

o

PRACTICAL

Tube Cin Cout Cl Gm/ Cl
Type | wuf | wuf | wuf | mc

6ACT | 17.
6AKS5

25.0] 312
11.1] 378

3S
o
Y
-0

bandwidth is independent of L,
the nomograph ignores L. Use
of this nomograph is best illus-
trated by an example.

If the known values are f, =
30 me, B = 1me, C; = 16 ppuf,
G,. = 5,000, and Csr = 0.0082
puf, find the values of Q, AB, A,
R, and A....

Step 1: Align points f, = 30
mec and B = 1 me, and read Q
= 30.

Step 2: Align points C, = 16
puf and G, = 5,000, and read
AB = 50 me.

Step 8. Align AB = 50 me
and B = 1 mc, and read A = 50.

Step 4: Align A = 50 and G,.
= 5,000, and read R, = 10,000.

Step 4 (alternate) : Since the
loading resistance is directly re-
lated to bandwidth and shunt
capacitance by means of Eq. 5,
it may be found by aligning B =
1 me and C; = 16 puf, giving R,
= 10,000 ohms as before.

Step 5: To ascertain whether

= 50 in Step 3 is a stable
value of gain, a criterion of feed-
back through the tube grid-plate
capacitance causing oscillation is
determined. If the attenuation
from plate to grid is set equal to
the amplification from grid to
plate as the critical value, then
the desired gain must be less
than the maximum usable gain.
The value A... is approximated
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read the maximum usable gain

as 65 on the A... scale.

chronous tuned i-f amplifier. The
reactance of Cgr is determined

by dividing R, by the reactance
of Csr and thinking of this at-

tenuation as a negat

This

value is greater than the desired
gain of 50, so the amplifier is

deemed to be stable.

30 mc and Ce»r

igning f, =
0.0082 puf and read
6.5 X 10° ohms.

by al

1ve gain.

ing X =
Now align this

value of X and R, = 10,000 and

same, as in a multistage syn-

This holds true when the input
and output impedance are the
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Nomograph for designing single-tuned amplifier circuits like that shown. Numbered dashed llnes. indicate order of

steps in designing an amplifier for desired stage gain and bandwidth and checking its stabllity
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Cathode-Follower Bandwidth

Nomograph gives upper frequency limit at which bandwidth is 3 db down, in

terms of output resistance and total output capacitance of the circuit

HILE the cathode follower

has come into widespread
use in recent years as a major
tool of the electronic engineer,
and many of its characteristics
are well-known, comparatively
little has been published about
its frequency-handling capabili-

By MELVIN B. KLINE

ties. A nomograph is given here
relating bandwidth (—8 db
point), output resistance and
output capacitance for cathode-
follower operation. Very fast
negative pulses or other signals
impressed on the grid may not
allow the cathode to follow in
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some instances, due to the time
constant of the cathode circuit.

The frequency at which the
response is down 3 db is

fs = g M
where fu is bandwidth in me,
R, is output resistance in ohms
and C. is total output capacitance
in ppf,

The nomograph is based on
this equation. The value of C, is
determined approximately from

Cr2 Cu + Cor +

Cvk (C,' + CMJ)

Cx+ G X Cp + C, @
where C,. is heater-cathode ca-
pacitance, C,. is plate-cathode
capacitance, C,, is grid-cathode
capacitance, C,, is grid-plate ca-
pacitance, C, is input-circuit
capacitance, and C, is the sum of
wiring and other capacitances
connected externally across the
output load. In the case of
pentodes C,, can usually be
neglected.

The value of R, can be com-
puted from

R,
T1+Gn B @
where R, is the cathode resist-
ance and G, is the transconduct-
ance of the tube. The value of
R, can also be obtained from a
previously published nomograph.*

This nomograph may also be
applied to uncompensated R-C
amplifiers by replacing R, with
the equivalent output resistance
of the amplifier plate circuit. For
this case, the nomograph scales
can be extended by multiplying
the R, scale and dividing the f.;,
scale by the same number. The
C, scale then becomes the output
capacitance of the amplifier.

R,

REFERENCE

(1) Melvin B. Kline, Cathode-Fol-
lower Impedance Nomograph, ELEC-
TRONICS, p 130, July 1947.
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Cathbde—FoIlowe\r Response

Chart gives permissible cathode-follower pulse drive at video frequencies in terms

of low-frequency sinusoidal input. Video-frequency overloading and distortion in

conventionally loaded circuits originate in output time constant

ATHODE FOLLOWERS fre-

quently overload and dis-
tort on video signals when de-
signed on the basis of low-fre-
quency formulas. This behavior
results from the effect of the
time constant associated with
the output impedance of the cath-
ode follower and the load capac-

By RALPH H. BAER

the peak signal permissible is

. o Es [_____” Rr‘““’] a)
'penk ]
R,.+2 )

which is readily calculated. In-
spection of Eq. 1 shows that
medium values of u (15-30) are
desirable for maximum permis-

itance. The usual formula for sible input signal.
100
§ 80
& /
°'-l
3 ———————— -_— /
2 /
(72
Sl t _ RisE TIME | V3 \
2 Q T " TIME CONSTANT l /
o
3l )
4 I 60 - =
N 1/
o | PULSE PEAK i/ \o
w ? AMPLITUDE Y
23 “F Mo
4. ‘2 ! ,
o - «
0] =
218« -FREQ PEAK | \
z|2 v AMPLITUDE
&l //
3=
3
R _]. / t ey 2e
| Sea e [io \\ \\\\
- T /
¢ o
/
/
7
/
/
/
(o] | l | A | |
001 0.02 005 ol 0.2
LS

When a video signal with
rise time £ microseconds is ap-
plied to a cathode follower this
permissible grid swing is reduced
by a factor of

where T is the time constant.
Whenever T approaches the pulse
rise time in order of magnitude,
the reduction in permissible grid
signal can no longer be neglected
and the correction factor of Eq.
2 becomes essential.

The graph is a solution of
Eq. 2; the following procedure
applies when a pulse waveform
of rise time ¢ is to be handled
without distortion where

T= Cr R;

14 Im Ry

(a) Determine the value of
R./R, and t/T. (b) On the
graph, connect R./R, with p.
(e¢) At the intersection of line
A with the line drawn in step
(b), read vertically up or down
to the proper t/T curve. The
solution is then obtained from
the percent scale by reading
horizontally to the left.

As an example, consider a tube
with u = 40, R, = 20,000 and a
load impedance of R, = 1,000
and C; = 250 ppf in parallel.
From Eq. le, = 5.6 volts for

= 150 volts. Suppose a video
s1gnal with rise time ¢ = 0.42
usec is handled by the cathode
follower. Then T = 0.0834 psec
and t/T = 5. From the graph
the permissible peak signal is
seen to be 72.3 percent of e,
at low frequencies, or 4 volts.
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Graphical Solution for Feedback Amplifiers

THE GAIN of any amplifier may be
expressed as the maximum gain
times a function that shows the
variation in the gain.
Am

Py (1)
where A, is the maximum gain of
an amplifier, P(A) is a complex
function, showing both the change
in magnitude and phase shift of the
gain. In an amplifier with feedback
the gain will be

A=

An
_ A _ PA
et A, O
P(4)

Ay 1

An ~ P@) — 4AnB

Am _ _

o = P4) — 4. ®

Now if P(A) can be conveniently
expressed, the gain with feedback
can be solved by means of Eq. 3.
The remainder of the paper demon-
strates the method of finding P(A)
and its use.

Single-Stage Amplifier

The gain of a single-stage am-
plifier can be thought of as contain-
ing a gain element that is inde-
rendent of frequency, within the
range considered, and an element
that depends upon frequency for its
voltage relationships. In Fig. 1A
is a single-stage amplifier that may
have negative feedback or not de-
pending upon the position of the
switch. The gain then is that due
to the tube, and the consequent re-
duction in gain due to the external
circuit shown in Fig. 1B. In the
normal case the effects of C, occur
at the lower frequencies while the
effects of C) occur at the higher
frequencies. Hence we may write
two equations that will express the
variation of* gain due to frequency.
Lo _ 4, ( L : )

J

E;
” B+ Riny — ——
we

Arr =

By LEROY D. BARTER

Y|
7]
2

R;

AEin

(B)

FIG. 1—Simple amplifier in which neg-

ative feedback may be introduced

(R1 + Rmt)

1
()
wCy(R1 + Rint)

Let Rir = Ri1+ Rins
R
and let A, = 4, "I?J-I_RT)
1
- 1 _ J
wC\RLr
l?out
‘4”F = = A ( lzun 4_‘21 )
- 4, <__—~)
Ie\nt
=z +1
1
—— = C,
where Z Rl + jwC
1 )
A
= (R};* + jwC Rim + 1
AR [ 1
= Rin + 1 JoCi' Rin R
\\ 4- laintlgl
RiniR
Let} Rnr = EBIJRT
AR
andlet An = —R—“:'_—*}E
o =i
e ™ \'T+ jwC/Rar

(4a)

)

(4b)

Therefore Pr(4) =1 — -:;C]IBT (5a)
1
Py(4) =1 + jwCi'Rur (5b)
Insertion of Eq. 5 into Eq. 3 gives
Low frequency A _
A 7b
p— ] —
1 wClRLFp Anf
-1 _ _ J
=) (1= oy = )
(6a)
. Am
High frequency —"— =
A 1o
1+ jwC/Rur — AnB
Ci'R
= (1= pdn) L+ P20 (o)

Hence the feedback has the effect of
modifying the RC circuits by the
feedback factor (1 — A,B). With
this new value of RC and the uni-
versal gain curves® the gain of an
amplifier with one pair of RC’s in
the circuit can easily be deter-
mined.

B+

L

[

kY1
7
Moacnennaay
e
=1

Y B
AA

AAA,
YWy

ﬂéb
YWy

AAA
YWV

4

FIG. 2—Two-stage amplifier with op-
tional negative feedback

Two-Stage Amplifier

The usefulness of Eq. 3 is more
readily apparent when there are
two pair of RC’s in the circuit. In
Fig. 2 there are two stages of am-
plification similar to that in Fig. 1.
The gain will now be the product
of the gain of the two stages. Then
for two stages

Pi(d) = 1——-1_)
5(4) ( wCiRLm

(- ~a)
wCyRLre



1 1
OB and 8; = “wCiRim
= (1—j8) (1 —j8)
=1— 88+ j(8 + 8) (7a)
Pu(A) = (1 + jwCyYRur) A + jwCs'Rup)
Let 81 = wCi'Ruri and S: = wC:'Rurs
Pr(4) = 1 438) 1+ 8S)
=1— [8i8: — j(Si + S)] (7b)

Figures 3 shows a plot of the por-

Let 8 =
Pr(4)

™ TTT T
T
"’Z BXcP o
i 2
50 Vet
o o 1
& A e T
. 92 10
= p % B
25 Ve
y Y, Y, 1 foet=1
Y A | dt et
e g Sz‘?_'_sz_u
0 A—g--l l__§. i l—.
0 25 50 75 100
S.Sz

FIG. 3—Curves for graphical analysis
of feedback amplifiers

tion of P(A) that is in brackets.
Each curve corresponds to a partic-
ular ratio of S;/S.. They also corre-
spond to a ratio of the RC’s since
o will cancel out. For the frequen-
cies above midfrequency S, + .S:.
will be proportional to w. Then for
the low frequencies S, + S, will be
proportional to 1/w.

The solution of Eq. 8 can now be
done graphically.

—jL’-=1-—A,,.B—[Slsg:t
A 7S+ S9)] 8

Since for negative feedback, B is
negative, (switch in position b in
Fig. 2), 1 — A,.B will be a positive
number and can be plotted in Fig. 3
as the distance OA. The quantities
in the brackets will be the distance
OB. Then the value of P(A) will
be the vector difference of OB and
OA and is equal to AB. In order to
visualize what the curves say, draw
a circle through O and with the
center at A. Then the radius of

ELECTRONICS FOR COMMUNICATION ENGINEERS

this circle will represent the mag-
nitude of the gain at the midfre-
quency. Since Eq. 3 and conse-
quently Eq. 8 represent the denomi-
nator of Eq. 2, the gain at the fre-
quency o6f B will equal the distance
AC divided by AB, or A/A, =
AC/AB. Hence when AB is less
than AC, the gain will be larger
than that at midfrequency. Now as
B varies along the curve the gain
versus frequency can be visualized.

The phase shift can also be deter-
mined. For the case of no feedback
the phase shift from midfrequency
will be the angle O-1-B. With feed-
back the angle will be O-A-B.

Now the ratio of the RC’s can be
intelligently chosen to produce a
flat frequency response. If AB is
less than AC, there will be a point
D where the gain is again equal to
the gain at midfrequency. If we
impose the condition that the gain
in the pass band should not vary
more than = m percent from the
midfrequency gain, the correct
ratio of the RC’s can ke chosen.
Since the curves are a family of
parabolas this can be done mathe-
matically.

The gain will be a maximum
when AB is a minimum. This mini-
mum will be at the point where AB
is perpendicular to the parabola.
Therefore it is possible to express
the minimum AB as a function of
S./S;. As this derivation is rather
lengthy and outside the immediate
interest of this paper, the results
ounly will be given.

Ee gD

B =2(1— 4. (1 — (V1= D?)

length AC

D = —ength 4B

Then the point where AB is greater

than AC by m percent will be
818 = (1 — 4.8) (NT—=a?)

(i D)

Equation 9 gives the ratio of the
RC’s while Eq. 10 gives the magni-
tude of the RC’s which will produce
the desired cutoff frequency.

An amplifier was designed, using
the circuit in Fig. 2, to have a gain
of approximately 10 with a maxi-
mum variation of gain with fre-
quency of 5 percent. Also the low-
frequency cutoff was to be as near
10 cps as convenient. These strict
requirements were necessary for it
was to be used in some measuring
equipment for the University of
Washington Engineering Experi-
ment Station. For these conditions
the ratio of the RC’s must be 100.
The values are shown in Fig. 4.
Gain tests were run on this ampli-
fier showing no variation of gain
between 20 eps and 10,000 cps, with

(10)

250v REGULATED
3 -
o
8
6 :
i r E?UT
Eng :
E :; 2 MEG 8 :: § :E
! ~e S
¥ N — 1

FIG. 4—Twostage amplifier clrcuit
used to substantiate graphical method

a 10-percent rise at 20,000 -cps.
This was the frequency limit of the
oscillator that was available.

The effect on the gain of any
amplifier with negative feedback
due to two RC’s in tandem, or in
general to any two parameters, can
be visualized when they are ex-
pressed as in Eq. 3 and then plotted
as in Fig. 3.

Resistance-Coupled Amplifier Bandwidth

By B. A. LIPPMANN

THE PRACTICE of examining the be- ling networks by an approximate obscured the fact that the gain
havior of resistive amplifier coup- method of analysis has apparently

characteristic of this circuit is ex-
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actly equivalent to a single-tuned

circuit. In this article, the equiva-
lence will be proved.

The standard uncompensated re-
gistive coupling network takes the
form shown in Fig. 1, where C, and
C; include the tube and wiring ca-
pacitances, R, is the resultant of the
load resistance and the plate resist-
ance of the first tube taken as a
parallel combination, and C., is the
coupling capacitor. Ordinarily,
Cn>>C, and C,,>>C.. Where ap-
proximate formulas are given, we
shall understand them to refer to
this condition.

The conventional analysis pro-
ceeds by examining the limiting
forms the circuit takes at low,
medium and high frequencies. For
example, at low frequencies C, and
C. are considered negligible and the
voltage gain G is determined by
considering the voltage divider
formed by C. and R. in series. The
grid voltage on the second tube is
R.[R. + 1/juC,]" times the plate
voltage on the first tube. Using ¢
for the transconductance of the
first tube, its plate voltage is

ox)
Jow Cm
Jw Cm
times the input voltage. The gain
G is therefore given by
- le R, ,

B+ By + 1/jwCy
so that the low-frequency 3-db
point is

w1 = 2xf, = 1/(Ri + Ry)Cn.

At medium frequencies, all three
capacitors are considered to have
negligibie reactances compared
with R, and R, and the effective
network is just R, and R, in paral-
lel. In this frequency range, the
gain is a maximum and has no
frequency variation.

Finally, at high frequencies, C.
is considered equivalent to a short
circuit, so that the network reduces
to the parallel combination of the
other elements. This network has
a falling characteristic with the
3-db point at

ws = 2xfy = (g1 + ¢2) / (Ci + C3)

— gR, (Rz +

R+ R+

G =

. 3 &m
LAY
ol 1]l
R, TC, R, b3 TC,
(A)
-ge JWCm

(B)

AAAAA =
\AAd

\%
-

(¢}
)
70

e

)

FIG. 1—Resistance-coupled circuit and
equivalent

where the conductances of R, and R,
are g, and g. respectively.

We now show that a straight-
forward analysis of the network of
Fig. 1A leads to the result that it is
exactly equivalent to a shunt com-
bination of R, L and C.

Our problem is to compute G —
V./e for the admittance network of
Fig. 1B. The result is
G = Vz/e =

~— jgwCnm
(91 + joo(Cr + Ca)l g2+ jo(C2+ Cr)] + 2Cm?

-9
[2GF0 s gtg] + o %o rac)
' _ i

ow

We observe that if the coupling
network were of the form shown in

Fig. 1C, we would have

G = -9
1/R + jwC ~ j/wL

It follows that both networks will
have exactly the same gain charac-
teristic if we put

1 C:
=an+g
L=-Cn
0192
c "‘0’ L% totraxzaita

The gain characteristic is there-
fore the same as that of a single-
tuned circuit resonant at f, where

-1 ‘, oge
VIC ~ YCn (Ci+ Cy)

The Q and bandwidth Af are

Is

- o1 g2 (CL+ Co)
Q= wRC= n+g ‘/—T—
Wo a1 + g2
Aw = —=2—
Q Ci+C

To find the 3-db points, we recall
that Ao = 0, — w, and ®,> = ©0,.
Solving for w, and w,

= (Aw/2) + V(2w/2)? + w?
w = — (Aw/2) + V{(Aw/2? + w?
For the two limiting cases,
Aw/2w, > > 1 and Aw/2w, < <1, we get
Aw Aw

E <<l; w12 w, — 5
error == 1
o— + Aw @o
W2 == Wo 2
Aw wo? 1 wo \
’2— > >l w) =2 error == 3
wo @ J Aw

2
w;EAw}en'orE( Z’;)

so that finally,

o = J g1g2
Cn (cx +C+

[ {Cm (91 + g+ g~———lc’ + G )
V4g,g,(cx . C‘C’ )

Ve (gl o+ 9102 + gzc’x)
+1-
2 Vgxyz (Cx +C:+ CIC’ )]

9192

«Cm (01 + C; 4

[ o (ﬂl + g+ ¢.Ce + 9201)’

49192(01 + C +_C1C’g )

VCn (01 + g+ y____szg; mC’;)

2\/9192(01 + 0+ 52 )

A9 -1 in the cases of

C;C’, )

C;Cz )

+1+

Or, since

. wo
interest to us,

o2 gz 1
- (91 + ﬂﬂ)cm (Rl + R‘.’)Cm




= 01+gz
G+

These results justify the usual
approximate analysis for the case

Cu>> & 4
For the opposite extreme, Ca.

<< % we get
G=_!_£mc's+0zcx rre
R — ClCz
L= Cn \,\V ywzClC:
192 @1Cz + g:C1
w GG o 0G4+ e _
Cx= C Aw 2 C.Cs =
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It is easily seen that the equiva-
lent circuit is characterized by an
inherently low Q. Indeed, since the
original ecircuit of Fig. 1A is
aperiodic, the equivalent circuit of
Fig. 1C must have Q<3. In prac-
tice, Q is much smaller than 2. For
a 100-cps to 10°-cps bandwidth, for
example, Q =2V/10*/10* = 0.01.

Since this analysis shows that the
circuit is exactly equivalent in its

gain characteristic to a single-
tuned circuit, it suggests the feasi-
bility of combining this circuit with
others in cases where an extremely
low Q is required. The point of
view taken here also suggests that
several of these circuits might be
stagger-tuned to produce a wide-
band video amplifier without addi-
tional compensation. However,
since Q< 3, this circuit could only
be used as the center stage of an
odd number of stagger-tuned
circuits.

Tuning Systems Employing Feedback

IT 1S possible to alter the effective
value of an inductance or a capaci-
tance by means of a feedback ampli-
fier. The method is applicable
where large variations are required,
and is particularly useful where an
L-C resonant circuit is to be tuned
over a wide frequency range.
Consider an amplifier of voltage
gain A having an infinite input
impedance and a zero output im-
pedance. An impedance Z is con-
nected between its input and output

terminals. With Z, defined as
shown in Fig, 1, it is found that
zZ
Z=9_x1

Four conditions can be considered.

w < A<O0 ZJZ < 1
0< A<l ZJZ > 1
A=1 ZJZ = o
1< A< o0 ZJZ < —»

If L, and C, are the equivalent
values of L and C when either one
is inserted for Z,

o wd 0
With the first condition, L is
effectively decreased, while C is in-

L, = (1-4) ¢

Amplifiers
By PETER G. SULZER

creased (Miller effect'). With the
second, L is effectively increased,
while C is decreased. The third
condition is trivial in this applica-
tion, while the fourth may produce

- A
] L2 ]

L [z ]

Fig. 1—Feedback amplifier connected
for impedance multiplication or divi-
sion

instablity, and will not be consid-
ered here.

It is worth noting that the varia-
tions in the equivalent values of
the components can be obtained
without a serious loss of Q or selec-
tivity. This requires only that the
output impedance of the amplifier

- be kept low, and that its input

impedance be high.

The required variation of ampli-
fier gain can be obtained by employ-
ing an attenuator or potentiometer
or, if desired, by electronic means.
Thus it has been possible to tune an
L-C circuit over a 30-to-1 frequency
range by means of a potentiometer;

(D)

Fig. 2—Simple cathode-follower tuners,

A: dual cathode-follower tuner. B: two-

stage tuners providing large frequency
ratios with good stability C end D
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the same frequency ratio was ob-
tained by changing the grid bias
of one of the amplifier tubes. Since
a potentiometer is a more stable
ciréuit element than a variable-p
tube, better frequency stability will
be obtained when using potentiom-
eter tuning. However, electronic
tuning is to be preferred when
rapid or remote frequency variation
is required.

Practical Circuits

Many circuits can be devised us-
ing the scheme presented here.
Figure 2 contains a few that have
been investigated by the writer.

The simple cathode-follower cir-
cuits of Fig. 2A produced a fre-
quency ratio of 5 when using a
parallel-connected 12AT7. The
equivalent resistance inserted in
series with the tuned circuit is ap-
proximately 100 ohms, which re-

quires that a high L/C ratio be
employed to avoid excessive degra-
dation of Q. The dual cathode fol-
lower of Fig. 2B provided a fre-
quency ratio of 25. The equivalent

Bridged-T

IN A high-frequency amplifier using
a small unbypassed cathode resistor
to reduce Miller effect, a modified
bridged-T network can be used for
neutralization. High and com-
pletely stable gain can be realized
with this arrangement.

The equivalent circuit (essential
elements) may be represented as in
Fig. 1A. To complete the bridged
T network would normally require

" additions as in Fig. 1B, which
shows R, R,, and C added.

Since there is an essential 90
degree phase shift across Cox'there
need be no phase shift across R,
and hence C should actually be a
resistor. Rearranging for actual
use the circuit is represented as in
Fig. 1C.

resistance is 400 ohms, which may
be undesirable in some applications,
particularly at radio frequencies.

Cathode Follower

These three circuits do not em-
ploy a large feedback factor to
stabilize A; hence relatively poor
frequency stability will be obtained
when large frequency ratios are
used.

The completely degenerative
amplifier* of Fig. 2C is superior in
this respect. In addition, the out-
put impedance may be less than 1

ohm, while the voltage gain may be.

as high as 0.999, resulting in a fre-
quency ratio of approximately 30.
When using a pentode-triode ampli-
fier to tune an oscillator with a fre-
quency ratio of 10, the frequency
wag constant within 1 percent for
plate-supply-voltage variations of
+50 percent.

The circuit of Fig. 2D differs
from the previous ones in that A is
negative. A frequency ratio of 10
was obtained using a pentode driv-

ing a triode. Larger ratios can be
obtained by employing more stages,
but instability becomes a serious
problem.

Conclusions

The simple cathode-follower cir-
cuits are most useful for obtaining
wide-deviation frequency modula~
tion at radio frequencies. They
should also be useful for tuning
radio receivers, although tube noise
will be contributed by the amplifier.
The two-stage circuits, which are
limited to audio or video-frequency
applications because of the coupling
networks used between stages, have
been employed in wide-range, re-
sistance-tuned audio oscillators.
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Nevutralization of Pentode

Amplifiers

By H. K. BRADFORD

(A)

(8)

(c)

FIG. 1—Modified-bridged-T network
may be used to neutralize amplifier
with unbypassed cathode

B+ B+

—H

s
2
x
AL
"

FIG. 2—Practical circuit of amplifier
using modified bridged-T neutralization

For the potential generated at
P to be completely cancelled at G
through the two paths shown, the
attenuation must be identical
through the two paths and the
phase shift must total 180 degrees.

The following relations are
needed to make this possible:
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If there is any doubt about the
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four given values R, can be made
variable to adjust the feedback
magnitude exactly. The phase re-
mains within better than 1 degree
correct due to the condition of the
problem with usual values and the
magnitude can be trimmed through

wide values with R,.

Two practical circuits are shown
in Fig. 2. Coupling capacitor C,
is added for d-c isolation of the
grid. Resistance Rs serves the dual
function of grid damping plus feed-
back.

Fixed-Tuned Broad-Band Television Booster

THE INHERENT NOISE generated in
a receiver sets the ultimate limit
to its maximum useful sensitivity.
The noise figure gives a measure of
the noise contributed by the re-
ceiver in excess of the noise gener-
ated in the antenna radiation re-
sistance. It is defined as the ratio
of the actual available output noise
power over the noise power avail-
able from a noise-free but otherwise
identical receiver. Reducing the
noise figure and appropriately in-
creasing the gain is equivalent to
raising the transmitted power and
hence extending the transmitter
service area.

The insertion of a booster is in-
tended to improve the overall noise
figure and thus raise the useful
gain. If the receiver by itself has a
noise figure of F, and the booster
noise figure and available gain are
F, and G, respectively, the overall

By ARNOLD NEWTON

noise figure is
Fo—1

G

A noise figure of approximately
17 db above thermal is character-
istic of a poor receiver. About 6
db is the best practical noise figure,
the ideal being 8 db when the an-
tenna is matched at the receiver

F=F+

input. In order that the overall
noise figure shall approach F,,
F—1, _B-1_
G >> A Let@ =5 F 50,

the voltage gain is then approxi-
mately 8. This gain can be obtained
over a bandwidth of 40 mec, the
width of one complete band. One
should therefore be able to cover all
the channels in two bands.

First R-F Stage

The noise figure and gain of the
first r-f stage are of primary im-
portance. A grounded-grid triode

LOW-BAND AMPLIFIER

172 12AT7 @ 12AWE 360
360, — 1 fred
100 ZZOOE;L @8 1000
EGO:TE 1090 360~ = " ALL C m:,‘r

10"RG-59/U

172 12AT7 [

\ 28"RG-59/U 36Q

HIGH-BAND AMPLIFIER

B+120V

Booster circuit showing use of quarter-wave section crossover network

amplifier was chosen for its low
noise figure as expressed by

Ry &\ R ) AY
rett g+ () B0 R
The input resistance R; due to

input loading of a high-frequency
triode is large in comparison with
the antenna resistance R, and since
usually p »1, the expression for
noige figure reduces to F = 1 +
R../R, where R., is equivalent noise

.resistance of the tube.

The dynamic impedance is (R, +
Z,)/(p + 1). Assuming that u»1
and R, » Z, the dynamic input re-
sistance approaches 1/g,, where g,
is the transconductance of the tube.
The R., of a triode is approximately
equal to 2.5/¢., and the noise figure
becomes F = 8.5 — 5.5 db.

The input transformer matching
the antenna to the tube consists of a
single tuned circuit. The dynamic
input resistance of the tube shunt-
ing the circuit appears like 200
ohms and a tap at the 73-ohm re-
sistance level is provided to termi-
nate the transmission line. A 73-
ohm input was chosen because
coaxial cable is frequently used in
fringe areas to minimize ignition
interference.

A balun (balance to unbalance)
300-ohm to 73-ohm transformer for
use with a 800-ohm line will be
described later.

Interstage Coupling

A double-tuned inductively
coupled circuit is used between the
plate of the first and the grid of the
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second r-f amplifiers. Using a
12AT7 and a 12AWS6 as the first and
second stages respectively the figure
of merit based on the estimated
total input and output capacitances
C,and C, is

= gm

A= e,

where ¢g.. = 5 X 10® mhos, C; =
7Tx 102 F,and C, = 4 X 10™ F.

Over a bandwidth of 40 mc it
should be possible to realize a gain
of 3.5. Accepting a reasonable
peak-to-valley ratio, higher gain
will result without appreciably im-
pairing resolution, since over any
4.5-mc interval within the trans-
mission band the amplitude varia-
tion should be slight. Further-
more, the input circuit being single-
tuned, a certain amount of stagger
damping is indicated.

The second r-f stage couples into
the receiver. 300-ohm input resist-
ance. Since the damping resistance
is low (800 ohms), wide bandwidth
is easily realized. The tuning of
this circuit is broad and the overall
bandwidth is little .affected by its
presence. The gain of this stage is
approximately 1.5. The voltage
step-up in the input circuit is 1.6,
so the total gain is approximately 8.

= 140 me

Crossover Network

As two individual bandpass
amplifiers are used, the respective
inputs and outputs must be either
switched or connected through a
crossover network. Mechanical ad-
vantages and convenience make the
latter more desirable, The cross-
over networks shown in the circuit
diagram are of a very simple type.

Two quarter-wave sections con-
nect the two inputs and outputs to
the incoming and outgoing lines.
For proper rejection, the shorter
section leads to the low-band and
the longer section to the high-band
circuits.

Within the respective bands the
loading effect of the alternate
amplifier is small owing to its low
input impedance and the impedance
inversion property of a /4 line.
Although these conditions prevail
at the midband frequencies only,
broadband operation is secured by
virtue of the transmission line’s low
characteristic resistance.

Balun Transformer

The balun transformer for use
with a 300-ohm line consists of a
2/2 section of 73-ohm coaxial line
at 65 mc.

11

When the length of the line is
2/2 or an odd multiple thereof and
terminated in its characteristic re-

RELATIVE RESPONSE

FREQUENCY IN MC

Drawing and response curve of bal-
anced-to-unbalanced transformer made
of 73-ohm coaxial cable

sistance, the voltage between center
conductor poles is 2F, either pole
voltage to ground being E. The
center pole-to-pole resistance is on
the basis of equal power 4R, R,
being the line characteristic resist-
ance. The approximate response of
a transformer using RG-59/U cable
is shown in the accompanying
curve.

Utility Video Amplifier

Extended frequency response and double-ended low-impedance output to drive a 75-ohm

line and monitor are achieved by use of two feedback pairs in cascade. Wide range of

useful applications on program lines is indicated

SE OF FEEDBACK results in some
inherent advantages that sug-
gests its incorporation in a utility
video amplifier. Feedback assists
not only in achieving exceptional
amplitude linearity and in extend-
ing the high and low frequency
responses, but also creates a low-
impedance source that lends itself
well to driving a 75-ohm line,

By E. C. KLUENDER

Figure 1 shows a simple block
diagram illustrating how feedback
is employed in an amplifier com-
posed of two feedback pairs in cas-
cade. Overall amplifier gain is con-
trolled by varying the amount of
feedback in the first pair. Coupling
between the pairs is by means of a
large capacitor which results in
negligible phase shift for all fre-

quencies concerned.

A schematic diagram is shown in
Fig. 2. Two video jacks permit the
input to be bridged or terminated.
Termination is obtained by insert-
ing a 75-ohm termination plug in
one of the input jacks. The input
capacitance of the amplifier is 20
ppf.  Voltage-type degeneration is
fed from the second stage back to
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the cathode of the first stage, and is
adjustable by means of R.. The low
d-¢ potential existing at the output
of the first coupled pair permits the

INPUT_ | §12AT7 | $12AT7 [=—
FEEDBACK
kel ADJUST
ABLE
L JLINE
6AHE 5687 Ay
Fssoepa(J NITOR
CIRCUIT Mé)urpur

FIG. 1—Arrangement of stages in the
amplifier
use of a low-voltage, high-capaci-
tance electrolytic capacitor to
couple to the second pair,

The circuit for the second pair is
identical with the first, except for
components. A very high perveance
is obtained in the output stage by
connecting the plates of a 5687 in
parallel.

The feedback circuit includes an
adjustable capacitor C, which pro-
vides a frequency compensator use-
ful in adjusting overall amplifier
response. A negative 5-volt source
is used for grid bias purposes and
for bucking out the d-c in the out-
put circuit,

Output Circuit

Point A (Fig. 2) owing to volt-
age feedback is a very low imped-
ance driving point (sometimes re-
ferred to as a zero-impedance
point). Due to the reduction in
forward gain as frequency is in-
creased, the impedance of point A4
will rise. The net impedance values
are plotted in Fig. 3, while curves
A of Fig. 4 and 5 show the resistive
and reactive components of this im-
pedance for C, set to maximum
capacity.

These curves suggest the use of a
series element whose impedance de-
creases with frequency for feeding
a line. Such an element is obtained
by using C,,, R, and R, in the com-
bination shown in Fig. 2. Making
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FIG. 2—Complete circuit of one utility amplifier. The low-impedance driving point
is designated A, at the right of tube 5687

both R and C adjustable results in
a flexible arrangement which has
the capability of compensating for
the change of impedance of point 4.

Figure 6 shows a family of
curves for typical settings of R
and Cy. The wide range of adjust-
ment is quite evident.

The B curves of Fig. 6 are also
plotted on Fig. 4 and 5 where they
are added to the curves of imped-
ance at point A. The net resistive
component of output impedance is
shown as curve C of Fig. 4; the net
reactive component of output im-
pedance is shown as curve C of Fig.
5. Note how effectively B com-
pensates for A in each case.

Actual measurements of output
impedance for a utility video am-
plifier are given in Fig. 7 where

they are plotted with a greatly ex-
panded scale. This typical curve
shows only =1 ohm variation out
to 11 me. The resulting well-
matched source impedance such as
this is required for obtaining uni-
form transmission over coaxial
cables without reflections. It also
represents a close approach to the
ideal driving circuit for telephone
lines whose impedance varies
widely over the transmission band
but which are equalized for uni-
form response from a 75-ohm
source.

The recommendations of a Joint
Committee of TV Broadcasters and
Manufacturers for Coordination of
Video Levels are easily met by the
amplifier, This committee’s recom-

mendation on Standard Termina-
tion Impedances is as follows: “It
is recommended that the standard
termination impedance for both the
sending and receiving ends of a
line connected for single-ended
operation, shall have a value of 75
ohms plus or minus 5 percent.
These figures will apply over the
television frequency band below 6
mec but not down to d-c.”

Monitor . Provisions

The ideal place to monitor an
amplifier feeding a line is, of
course, across the output of the
amplifier. Most amplifiers in use
at present cannot drive the double
termination resulting from con-
necting low-impedance monitoring
lines across their outputs, and this
leads to the incorporation of isola-
tion amplifiers.

Use of isolation amplifiers brings
about the possibility of a monitor
picture not in accordance with

70
Z.
60 =
’/
50 1
(0] 7
2 | c AT MNMUM, | 47 o
S a0 v
z )4
430 Sl
z //
3 224
‘5.120 A ]
S /7 MCis AT MAXIMUM
0 5
y/
0O 2 4 6 8 10 12 14 16
FREQUENCY IN MEGACYCLES

FIG. 3—Plot of point A Impedance
characteristics
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what the line is receiving, both in
level and quality. The answer lies
in using a line amplifier capable of
feeding two lines without introduc-
ing a series element capable of
failure or extraneous signals.
Furthermore, it is desirable that
the monitor output have sufficient
isolation from the line output to
give a true indication of amplifier
performance, regardless of changes
in line impedance.

The desirable monitor feed char-
acteristics outlined above are
achieved by the output circuit em-
ployed in this video amplifier. The
monitor is fed from point A of Fig.
2, the low-impedance driving point.
Resistors Rx, R» and R, form a
divider for obtaining the required
monitor ratios.

For a 1:1 monitoring ratio, the
resistors are connected as shown in
Fig. 2. For a 2:5 monitor ratio R,
is removed; for a 1:5 monitor ratio,
the jumper across R, is also re-
moved. No capacitor is employed
across these divider resistors in the
fashion that C., is used for the line
feed, since bandwidth adequate for

80 - »
70 P :
QUTPUT IMPEDANCE
60
" [N ol
20| RESISTANCE
Z°OISERIES NETWORK
Z40 N
w 3
230
5 P
Q 2 L~ A
10 L~<T"RESISTANCE AT
_LA IPomlr A |
0 4 6 8 10 12 14 16
FREQUENCY IN MC

FIG. 4—Resistive components of output
impedance

monitoring is obtained without its
use.

Isolation . Characteristics

For a monitoring ratio of 1 to 1
(equal outputs) the attenuation be-
tween the line and the monitor feed
is given in Fig. 8. These attenua-
tion figures are obtained by feeding
a signal in at the line output jack

and measuring the resultant volt-
age appearing at the -terminated
monitor output. The shunting im-
pedance effect obtained due to volt-
age feedback at point A is evident.

Table I—Impedance
Characteristics at Point A

Cu Set to Maximum
Frequency
in Mc z 1Z]
1 34+j3 4
3 5 +j11 12
5 10 +j18 21
7 14 +j21 25
9 920 + j25 39
11 96 + jo71 37
13 33 +j29 44
15 40 +jo1 48
Cac Set to Minimum
1 345 6
3 4413 14
5 8 +ij22 . 23
7 14 4 j29 32
10 28 +j38 47
15 57 +j26 62

A 60-cycle hum component appear-
ing on the line output terminal due
to ground currents in long coaxial
runs would be attenuated by about

+30
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+20 POINT A
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/1
o —

— EEA‘I
CTAN F
I\&~ou
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S
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N\ series NETwWORK
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4 6 8 10 12 14 I6
FREQUENCY IN MC

FIG. 5—Reactive components of output
impedance
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FIG. 6—Family of impedance curves
for series networks

84 db; this point is off the curve

~ of Fig. 8. The hum component, as

well as other extraneous signals
will therefore not appear on the
monitor, but rather, the monitor
will give a true indication of what
the amplifier is feeding to the line.

Figure 9 shows the frequency
response of the amplifier connected
for a monitor signal equal to the
line signal, and operating at unity
gain, Two 1.4-volt signals are ob-
tained; the frequency response of
the monitor signal is also shown.

The maximum gain available
with the connection described above
is 2.5. As an optional connection,
the 1,500-ohm resistor may be
removed giving less negative feed-
back to the final pair. Such a con-
nection may be used when a greater
gain (4 maximum) is desired.
Under these conditions the monitor
will operate at a 1:5 or 2:5 ratio
rather than unity, and signals up
to 2 volts may be obtained.

Applications

Figure 10A shows the amplifier
feeding a telephone line. The driv-
ing impedance illustrated in Fig. 7
is the characteristic especially in-
teresting in this application, also
the ability to monitor the outgoing
line directly is shown in Fig. 10.

Figure 10B illustrates the ability
of feeding two 75-ohm lines from a
single amplifier. Three amplifiers
are shown feeding six house-moni-
toring circuits. The use of the
amplifier as a buffer is shown in
Fig. 10C and 10D,
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FIG. 7—Output impedance of utility
video amplifier
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FIG. 9—Frequency response of output
to line and monitor
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FIG. 10—Typical applications of the video ulility amplifier

The amplifier gain controls permit
an accurate adjustment of percent-
age sync and output video level.
The method illustrated may also be
used to mix two video signals. If a
common video signal is fed to the
input of the two amplifiers, a 4/3
normal gain and 4/3 normal signal
output may be obtained.

A method of obtaining a choice
of signals for monitoring without
double terminating a program line
is illustrated in Fig. 10E. Only a
slight loss of program level (ap-
proximately 1 db) is experienced.

Figure - 10F shows a simple
method of mixing video and synec to
obtain a composite video picture.

Cathode-Compensated Video Amplification

Theoretical and practical development of a circuit technique that combines virtues of

lower cost, simplicity, extended frequency range and improved linearity

T is well known that feedback can
be used to modify the frequency,
gain and linearity characteristics of
amplifiers. The purpose of this
paper is to show how feedback,
properly obtained in the cathode
circuit of a video amplifier, can be
used to endow the amplifier with
exceptional characteristics. Some of

By ALEXANDER B. BERESKIN

the important features involved are
simplicity, reduction in cost, im-
provement in linearity, and practic-
ally constant amplitude and time
delay over the useful frequency
range of operation.

The compensating elements are
of such values that neither the ser-
ies inductance of the capacitors nor

the stray capacitance of the induct-
ors has any noticeable effect on the
results. These elements are in-
corporated in a low signal level cir-
cuit and do net increase the stray
capacitance over that which results
with uncompensated operation. The
large electrolytic capacitor normally
used in the cathode circuit is elimi-
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nated, thus increasing the reliabil-
ity of operation. The total cost of
the small mica capacitor and the
inductor used for compensation is
considerably less than that of the
electrolytic capacitor that was
eliminated.

©)

B+

FIG. 1—Basic video amplifier circuit,

cathode-biased version employed for de-

termining proper compensation, and prac-
tical cathode-compensated circuit

ting Procedure

Comp

To make proper use of the com-
pensation discussed in this paper
the procedure indicated below
should be followed:

(A) Use the circuit of Fig. 1B.
It is important that the suppressor
and screen be returned to ground

(B) Determine the stray plate
circuit capacitance C,. This can be
done experimentally, if the screen
and cathode are perfectly bypassed,
by obtaining a gain-frequency
curve for some value of R, close to
that which it is intended to use. By
using the frequency f at which the
gain is down 3 db from the middle
frequency value and R., which is
calculated from

11 .1 1
Ry Ry + Tp + E, W
we get
s 1
¢ = 27 f Ry @
and then
Ca = C:' _:Co (3)

where C, is the capacitance intro-
duced by the measuring circuit.

(C) Determine the middle fre-
quency gain when the screen and
cathode are perfectly bypassed to
ground and a value of R, is used
such that the gain is down 3 db at
the high frequency

_ 1

fa - 27TCJReql
which is
purposes.

Preferably this should be done
experimentally, making allowance
for the change in the frequency
characteristic due to the capaci-
tance introduced by the measuring
circuit. The frequency can be com-
puted analytically if g,, is known by
using the expression

4)

chosen for reference
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where R., is obtained by substitut-
ing R., in place of R, in Eq. 1.

(D) Determine the value of R..
which, when all cathode bypass ca-
pacitance is removed, will produce
the same middle frequency gain
that was obtained in part (C). Use
this value of R, to determine

(1 + gxRx) = '2_:2; (6)

This should preferably be done
experimentally by measuring the
value of R;, required and substitut-
ing it in Eq. 1 to get R... A close
approximation can be obtained
analytically if

b1y Ol
e ¥ o O
can be determined. The analytical
value obtained in this manner will
usually be a little low for it does not
take into account the fact that g,
is reduced slightly when a higher
value of R, is used. Additional
feedback also results due to the
small a-c screen to cathode voltage
that will be present. Both of these
factors would tend to require
a higher value of R, than would be
given by the analytical expression.

(E) Obtain values of a/(1 +
9xR¢) and fr/f, from Fig. 6 for the
value of (1 + gxRx) given in (D).

9K 2 gm t+ g2 =

(F) The cathode capacitor re-
quired is

CK a R eq? C.

T~ 0 +9xRx) Ex
and the value of cathode inductor
required is

®

1
and not to the cathode. A = gnRen (5) Lr = —G 7t Cx ©
1.6 T +!
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FIG. 2—Eiffect of variations in factor a when using only a
capacitor in parallel with cathode resistor

FIG. 3—Relative reactance values required to satisfy require-
ment of constant amplitude when using only shunt capacitor
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(G) Connect the components R,
Cx and L; as shown in detail in
Fig. 1C.

In a typical amplifier with f, =
3.54 mc and (1 4 gxRx) = 2.13 the
required value of cathode capacitor
was Cx = 1,170 puf and the required
value of cathode inductor was Lx
= 1.13 x 10 henrys. The ampli-
tude and time-delay characteristics
for this amplifier are given in Fig.
8. Additional characteristics of
this amplifier will be discussed in
the concluding part of this paper.
Its low-frequency gain will be that
which would have resulted in (C)
if infinite cathode bypass capaci-
tance had been used.

Theoretical Development

In an amplifier of the type shown
in Fig. 1A the vector ratio E./E, is
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known as the voltage amplification
or gain and is denoted by the sym-
bol A. In the middle and high fre-
quency regions this can be ex-
pressed as

A= —gnZy (10)
where Z., is the parallel impedance
of the resistances 7, R;, and R, and
the stray capacitive reactance X,.

If feedback is used and the sym-
bol A, is used to distinguish the
voltage amplification with feedback
from A which is the voltage amplifi-
cation without feedback, then

4
1-BA4
where B is the vector portion of the
output to ground voltage fed back
in the grid-to-cathode circuit.

The batteries E.., and E... shown

A; =

(1m)

in Fig. 1A are ordinarily replaced

1.4 - T T fj T T T n
I+g, R, =250, o =110, 0=1.0(I+g R) &
(8]
L 12 0.3 s
2 x
=

a 1O 8
] RELATIVE ™~ Z
w AMPLIFICATION \ 3
s o8 02 i
= -

b /’x
w 96 — °
> TIME DELAY \ :
S 04 or s
- w
z a
0.2 Lé.l
i S

0 - Jo
004 0.06 008 O.f 0.2 04 06 08 I 2
RELATIVE FREQUENCY g5~

FIG. 4—Amplification and time delay characteristics for circuit constants and
conditions of Fig. 3

1.4 T T TR — T T 5
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FIG. 5—Amplification and time delay characteristics for improved circuit
based on curves of Fig. 6

with the resistance-capacitance
combinations shown in Fig. 1B. In
this circuit if C,, and Cx are as-
sumed to have zero reactance there
is no feedback and then 4 = -g..Z,,
as before.

If the parallel combination of r,,
R, and R, is called R., and w, =
2% f, is so defined that

1 1
2r f, C, = wo Cs =R 12)
or
1
“o = G R (12a)
then Z,, =
Ro(-i%R
Ry(—jX) "\T7, %
Ry —j ] - . Wo
" TIE Ry %R,
2, = —La
142 (13)
Wo
and
—  —gnR
A= gm &g
1452 (14)

Wo
This is the well-known relation
which holds for resistance-capaci-
tance coupled amplifiers in the mid-
dle and high-frequency ranges.

If we now assume that the react-
ance of C,, is still zero while that of
Ck is finite, then the flow of alter-
nating plate and screen current
through the parallel combination of
R, and Cx will develop an alternat-
ing voltage that appears in the
grid-to-cathode circuit. In order to
specify the cathode-circuit imped-
ance in terms of the previously
chosen symbols f, and o, we will
define a new arbitrary constant a so

that
1

- D
Xk = O =0 e R 15)
and therefore
o = wCkRg = CxRx (15a)
slveq

Using this definition of @ we can
express the cathode circuit imped-
ance as

Zx = .
. 1 Wo
Be(=iXx) _ “Taw F_ Rx
Rk —j Xk l—jl—‘—"i' 1+ja2
a w Wo
(16)

Since both the screen and plate
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alternating current flows through
the cathode-circuit impedance while
only the plate alternating current
flows through the plate load imped-
ance it is necessary to define a new
term g, such'that

5o ol

- a7
gn Zeg
Mainly
_ s . 1P
gk =gmn+ ga = ea + _‘6%1 (18)

but as defined in Eq. 17 it will also
take care of additional minor fac-
tors such as the possibility that g..
itself might change between two
conditions of operation and also
that there may be other feedback
effects due to the small a-c screen-
to-cathode voltage. The voltage
amplification with feedback is then

y o

—g»uZeo - — gm Ze{L

Zx = 1 z,

1—(‘”‘4)(—9," G | TR
Jm Zieq

(19)

If we substitute the values of Z.,
and Z; obtained previously in this
expression for A,, then

_ngq l—’-]d—
=[(1+0KRK)+ja§0] 14,2
Wy
(20)
Case I: If weleta = o
e "ngeql
R :
. ow 21)
14j o

and this of course is the case when
the cathode is completely bypassed
to ground.
Case II: If we introduce a new
value of .
Rez = (1 + gxRx)Req

(22)
this will make
Wo
“ = TF o) )
and then
Zop = — A+ 9xEQ) R
e (24)

141+ gxBx) -~
where o, is still defined in terms of
R... Substituting this value of Z...
in the equation for A, we get
— gn(1 + gxRx)Reqt
[ 1+3(1 + gxRx) wi]

1+9K—R+w
14+ja »

w
]

-gm(l + gKRK)chl
R [ (1 + gxRx) +ja—
. W w, =
— 1+ @o 14 w T
A; = Rx +Jja @,
14+ gk - (25)
i+ja= 141+ gxRx) o
144
140 .
—
136, //
t
1.32) /‘(/ R
L —
° f 124 //
2 120 Ve
L3
V4
4 ] 112 x
108 {/
104 L (T o)
1.00
15 20 25 30 35 40 a5 50
(1+g,Ry)

FIG. 6—Computed curves giving satisfactory constants for compensating circuit
over a wide range of circuit values
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If we also let

o =1+ gxRx (26)
then
P gmBeq - Z; @7
14j

and this is exactly the same vector
voltage amplification that we ob-
tained in the original- uncompen-
sated case except that now

R.p
Rk
and is of the order of magnitude of
0.001 .f instead of being 200 or 300
wf as was required for good low-
frequency response in the original
case.

Case III: The fact that Case II
gives the same vector voltage ampli-
fication as the original uncompen-
sated amplifier is interesting, but

=C, (28)

g |+gKR.‘(=2.Ii
=
3
& ot L
<
w 10f—o EXPERIMENTAL UNCOMPENSATED N
2 O EXPERIMENTAL COMPENSATED WITH
5 [ 1,090 ppF I |
3 4 [ 1
02 04 06081 2 4 6 810
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530 T+g9 Ry+2.13
£ He=3.54MC
Q
éa.
= >~
< |oEXPERIMENTAL COMPENSATED "T\\
w ol —WITH LI7TOunF
I} RS
2
v
o
>0
0.2 04 06081 2 4 6 810
FREQUENCY IN MC

FIG. 7—Experimental verification of Case
II and test of accuracy of method

not too useful. It is ordinarily desir-
able to improve both the amplitude
and time-delay characteristics over
those that are obtained with uncom-
pensated amplifiers.

If values of @ other than those
indicated in Eq. 26 are used in Eq.
25 the amplitude and time-delay
characteristics shown in Fig. 2 are
obtained (1 + gxRx = 2.50 in this
case). It will be observed from these
characteristics that a wide range of
performance can be obtained.

The ideal characteristic is one in
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which both the amplitude and time-
delay characteristics are flat over
the full range of operation. This
requirement cannot be met but a
compromise is possible in which one
of the two characteristics is made
as flat as possible and the other one
is allowed to take care of itself.

It will be observed that the
higher the value of a, the greater
the value of ©/w, at which the am-
plitude characteristic crosses the
A/Ay = 1.0 value. This would sug-
gest that if we could make the
cathode capacitance automatically
vary the proper amount with

change of frequency, then we could

slide from curve to curve in cover-
ing the full range of operation. A
gsimilar procedure could be used
with the time delay but it would
probably require different values of
a than those necessary for constant
amplitude.

Satisfying this variable cathode
capacitance requirement is not as
difficult as it would appear to be at
first thought. The method by which
this is done is shown in the curves
of Fig. 8. In this figure the circled
points represent the relative capaci-
tive reactance required at the dif-
ferent values of w/w,. The lower of
the two curves is the relative react-
ance of the capacitor Cx when a =
1.0 (1 + gxRx) [the condition re-
quired by Case II]. The upper one
of the two curves is the relative re-
actance of a series combination of
the capacitor Cy, corresponding to
the lower curve, and an inductor L,
required to resonate this capacitor
at a value of w/w, = 1.10. The cir-
cled points are satisfied very nicely
by the series combination of Cx and
Ly chosen.

The amplitude and time delay
characteristics that result from this
choice are shown in Fig. 4. A more
satisfactory choice of variables will
give the response curves shown in
Fig. 5. In this case the time-delay
characteristic has been greatly im-
proved with only a slight change of
the amplitude characteristic.

The variables for Fig. 5 were ob-
tained from the two curves in Fig.
6. These two curves are the key to
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FIG. 8—Experimental verification of Case III

the compensation discussed in this
paper and have been designed to
produce a time-delay characteristic
that will dip approximately four
percent to the valley and then rise
about six percent to the peak.
Either flatter amplitude or time-
delay characteristics can be ob-
tained with slight variations in a
and fz/f, but it is suggested that
the response to be expected should
be computed in each case.

The simplest procedure for mak-
ing these computations involves the
use of Eq. 25, replacing a by a.,
which is developed in the following
manner:

If X; and X, are self resonant at
fr so that X,; = X,., then at any
other frequency the equivalent se-
ries reactance is

Xuo=Xe— X1 = ch7 - chﬁ
- xeo (L2 - L (29)
so that
()
ec.._ NI 7
C‘l CK fR _f_) (30)
I Ir
and
wR
e %)
Geg = @ CK = (ﬁﬂ_ | @ )
w [55:]

@31

a
= wWR w w
-0
Sample computations for several of
the points in Fig. 8 are shown in
Table I.
Experimental Verification
To verify experimentally the
theory developed previously, the

amplifier circuit of Fig. 1C, using a
6AGT7 tube, was set up on a bread-
board. The constants used in this
circuit were:

Rp; = 2,040 ohms  Ejpp = 300 volts
Rg = 81.8ohms = Ex = 125 volts
R,y = 22,400 ohms E5 = — 2.68 volts

The screen and cathode circuits
were bypassed sufficiently well for
frequencies above 10 k¢ and no
measurements were made below 100
ke. The experimental frequency
characteristic, shown by the curve
drawn through the circled points
in Fig. 7, was obtained. From this
curve it was determined that f, =
3.80 mc and C, = 21.0 puf.

When the cathode bypass capaci-
tor was removed it was found that
a new load resistor R,, = 4,440
ohms was required to produce the
same voltage amplification at 100 ke
as was obtained previously. Using
a value of r, = 125,000 ohms and
R, = 500,000 ohms it was deter-
mined that R.,= 2,000 ohms and

R.:. = 4,260 ohms. Therefore
= Boaz _ 4,260
1 +9KRK = Reql = 2’000 =2.13

Analytically 9x = ¢g.. + 9. These
values can be obtained from the
HB-8 series of RCA Tube Hand-
books. For the operating values
involved, interpolating between the
100 and 150 screen voltage curves,
gm =2 0.010 mhos and g.. =2 0.003
mhos (obtained from the slope of
the e., vs i,, curves). Therefore gx
=~ 0.013 mhosand 1 4 gxR, =~ 1 +
81.8 x 0.013 = 2.06. As was ex-
pected this value is slightly lower
than the value obtained experiment-
ally.

On this basis it was determined
that

4,260

- Req2 — -
CK_—RK C'__81.8 X 21.0

1,093 puf
When a value of Cx = 1,090 puf was
used the experimental values shown
by the squared points in Fig. 7
were obtained. The variation ob-
tained was definitely outside the ex-
perimental error expected. A closer
examination of the circuit showed
that while R., was composed of a
series combination of two 2-watt re-
sistors,R;, was composed of a series
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Table I—Sample Calculations for Compensated Amplifiers
(Data Plotted in Fig. 8)

Working Equations:

Circuit Conslanlts:

a WR _i}z_ Wy
a""—[w}z_ii _w—_foxw
w wWgr wWR
A _A (1 + gxRx) 1+jag —
Aw  Au'? T Q4 gxBe) +J a2
. {1+ 9xBe) +J 6w -3 1+l + gxRx) ——
) 1
Ta—ﬁo—x—]:—seconds

70
| I%§
1:0.35MC

60 f=LOMC-

|
//‘(gcompsnsneo
_CIRCUITS| _

I
l
1 e
\

50|

\
\ |

Y
|~ |t 35MC
£:0.35MC AND
7 ,5 [ T——loMc

f=3.5MC

/]
yal
i
v ol
/ WUNCOMPENSATED;

40

30

20

R/

CIRCUIT

OUTPUT VOLTAGE E, IN RMS VOLTS

[¢} | 2 3 4 5 6
INPUT VOLTAGE E; IN RMS VOLTS

fr FIG. 9—Experimental -characteristics
(1 + gxRx) = 2.13, 7= 1230 =1063 %213~ 2.265 showing improvement in linearity ob-
fo = 3.54me, Ay = 20.8 tained with compensating circuit
Quantity 3 2 lquRK'xA.Z;Z
w/w 0.03 0.1 0.3 1.0 3.0 5 [ 3s0voLTS —
wr/w 41.13 12.34 4.113 1.234 0.4113 5 [Fecp 300 VOLTS T EAGT TUBE
w/wr 0.0243  0.0809 0.243  0.809  2.430 z Cffe, rolOVOLTS
wr/w — w/wg 41.11 12.26 3.870 425 —2.019 u 7Ry *508 OHMS, R - 9,250 OHMS] N
ay 2.267 2.280 2.410 6.600  —.4615 S 2353 puF Ly 25TuH
g @/ 0 0.0681  0.2280  0.7230  6.600 —1.384 g | L 1] |
1+ J G w/w, 1.0023  1.027 1.237  6.68 1.710 B0 e O ey b e ©
| 3.91° ]12.85° |35.85°  |81.38°  [54.12° o ,
0.3 MC
(14+gxRx) +jacew/wo 2.1311  2.142 2.245 6.930 2.540 g = 1 MC——]
| 1.84° ]6.11° [18.79° [72.10°  [33.00° > 60 //
Q + gxRx) w/wo 0.0639 0.213 0639 2.13 6.39 z Z
=z
14+ j( + gxRg) w/wo  1.0020 1,022 1.188 2.352 6.46 FL —=swe
| 3.66°  |12.03°  [32.60°  |64.82°  |81.10° w //
fd
A/Au 0.9998  0.9994 0.987  0.875 0.222 3* Y A
[1.59° [5.20° [15.54° [55.54° {102.20° 5 9
. 2 !
T4 (microseconds) 0.0416 0.0415 0.0407 0.0436 0.0268 §
f (me) 0.106 0.354 1.06 3.54 10.6 o
[ 4 8 12 16 20
INPUT VOLTAGE E; IN RMS VOLTS
. . . N . FIG. 10—Freque: nd linearity char-
combination of two 2-watt resistors 1,170 puf. The agreement is de-  goieristics o: ‘2;:;;%,: intended ,z, high

shunted by a 3-watt trimmer ree
gistor. This 3-watt resistor was
used to obtain the exact value of
R,, that was required. The
extra resistor introduced an addi-
tional 1.5 yuf in the plate circuit,
bringing the total stray capacitance
to 22.5 puf. This in turn reduced
f, from 3.80 mc to 354 me
and changed the required value of
Cx from 1,093 ppf to 1,170 puf.
The smooth curve in Fig. 7
shows the theoretical values ex-
pected under the new conditions.
The circled points represent the ex-
perimental data obtained with Cx =

finitely within the experimental
error expected.

Stray Capacitance Effects

In the early stages of the investi-
gation a similar circuit was used
with the exception that the sup-
pressor and screen were returned to
the cathode instead of being re-
turned to ground. While the theo-
retical analysis called for approx-
imately 1,000 uppf compensating
capacitance, it was found that the
experimental value was much closer
to 600 upf.

A more thorough investigation of

output voltages

the circuit showed that the stray
cathode-to-plate capacitance acts as
though it were multiplied by the
voltage amplification and connected
from cathode to ground. Most of
this capacitance was due to the sup-
pressor which was at cathode poten-
tial and the screen which was at
cathode potential as far as the oper-
ating frequencies were concerned.
The measured value of this stray
capacitance was approximately 19
pwpf and this multiplied by the gain
of approximately 21 was equivalent
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to the missing 400 yunf. This effect
could be used to obtain Case II type
of compensation with lower values
of capacitance than those requived

tor Cg but if Case III type of com-
pensation is used it simply tends to
shunt the compensating circuit and
make the determination of the
proper element values more difficult.
For this reason it is suggested that
the suppressor and screen always be
returned to ground. An additional
advantage is that the alternating
screen current then flows through
Ry, producing additional feedback
and requiring the use of 1 + g.R.
instead of 1 + g.Rx. Since 1 +
gxRyx is greater than 1 4 g.Rx,
additional linearity benefits, which
are discussed in detail below, will be
obtained.

For the value of 1 + gxRx = 2.13
it is found from the curves of Fig. 6
that proper Case III compensation
is obtained when a/(1 + gxRx) —=
1.063 and f:/f, = 1.284. On this
basis we should use values of C;
= 1.063 x 4,260 x 225/81.8 =
1,243 ppf and a value of f, = 1.234
%X 3.564 = 4.37 mec. The theoretical
amplification and time delay to be
expected are shown in Fig. 8 by
the smooth curves. The experi-
mental values of amplification ob-
tained are shown by the circled

points. The agreement is well
within the experimental error
expected.

Additional Advantages

An additional benefit that results
from the type of compensation dis-
cussed in this paper is in the linear-
ity and voltage-handling capability
of the amplifier. Since the com-
pensated amplifier has a larger
value of R, than the uncompensated
one, its load line will not be as steep,
and therefore larger voltage swings
can be expected before either cutoff
or positive grid conditions result.
In addition to that a considerable
amount of negative feedback is pre-
sent in the compensated amplifier
and this tends to reduce the tend-
ency toward nonlinear distortion.
These effects are brought out very
nicely by the experimental curves in
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Fig. 9. It is obvious that in the
middle frequency region with com-
pensated operation the linear por-
tion of the curve is more than twice
as long as it is for the uncompens-
ated operation. The advantage is
lessened for frequencies close to f,.
This is not believed to be too im-
portant in video amplifiers intended
for television purposes since the
high-frequency components of the
signal will always have lower ampli-
tude than the middle and low-fre-
quency components.

If it is desired to obtain a large
linear range of output voltage the
quantity 1 4 gxEx should be made
as large as is reasonably convenient.
To test this condition the same
6AGT7 tube was operated with the
following constants:

Rr = 9,250 ohms E,; = 360 volts
Rg = 508 ohms E.z = 300 volts
Ey; = — 11.0 volts

In this case the screen grid was
operating at its rated dissipation of
1.5 watts while the plate was oper-
ating with about 3.5 watts, which is
considerably below its rated dis-
sipation. No attempt was made to
determine any possible change in
stray capacitance that might have
resulted. The compensation was
calculated on the basis of 1 4 ¢g«Rx
= 4.22 as determined experiment-
ally and C, = 21.0 ppf as found in
the original amplifier. The com-
pensating elements used were Cx =
353 puf and L, = 257 x 10°
henrys. :

It can be seen from Fig. 10 that
the middle-frequency gain has been
reduced to about 10 but the fre-
quency response has not been
changed appreciably from the previ-
ous case. On the other hand, the
linear range of operation, shown
in Fig. 10, has been greatly in-
creased. The remarkable thing
about this case is that an amplifier
which is relatively flat to 8.5 mc and
has wuseful frequency response
above 5 mc is able to develop a
linear middle-frequency peak-to-
peak output voltage of about 200
volts with less than 22 ma combined
plate and screen current. Even at

3 me the linear range is remarkably
great.

AN investigation of the factors
affecting the input admittance
in amplifiers is very important
since the input admittance deter-
mines to a large extent the loading
on the preceding stage. In order
to make this investigation, a fictiti-
ous test voltage E, is applied in the
input circuit of an amplifier such as
shown in Fig. 1B. The
resulting flow of current from E.
determines the input admittance of
the amplifier. As shown in Fig. 11
this current flows through three
distinct paths, indicated at I,, I, and
L.

The current I, includes all of the
currents except those specifically
flowing through C,, and C,.. The
conductance G, the intrinsic input
conductance, would effectively be
that which would be obtained with a
cold tube in the socket. The capac-
itance C, which will be called the
intrinsic input capacitance, is not
as easily defined or measured but
includes the input lead to ground
capacitance, the grid to screen
capacitance, and the grid to sup-
pressor capacitance. Of course, the
intrinsic input conductance and
capacitance are modified by the fact
that they include distributed as well
as lumped effects. The distributed
parameters must be taken into ac-
count in the analysis.

The magnitude and phase of the
current I, will depend on the ampli-
fication and phase shift of the
amplifier and the magnitude of C,,.
This is the ordinary Miller effect
which is described in most texts on
communications under the heading
of input admittance. The input
conductance and input capacitance
due to the grid-plate capacitance are

G'}p = wCyp A 8in 6 (32)
and
C’,-” = Cpp (1 — A cos6) (33)

In this case A represents the mag-
nitude of the voltage amplification
and 6 the phase shift of the plate to
ground voltage with respect to the
grid to ground voltage. For an un-
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compensgted amplifier with infinite
cathode bypass, § will range from
90 to 180 degrees for capacitive
loads and from 180 to 270 degrees
for inductive loads. Thus it is seen
that capacitive loads tend to pro-
duce positive input conductances
while inductive loads tend to pro-
duce negative input conductances.
In the case of the amplifier using
cathode compensation, the angle ¢
can fall outside the limits specified
above, but otherwise the two equa-
tions apply.

The magnitude and phase of the
current I, will depend on the magni-
tude of C,x and on the vector

cathode to ground voltage Ex_gna.

If the values of A4,, Zx, and Z,, from
Eq. 25, 16 and 24 respectively are
substituted in the expression for

Ex o, the following expression re-
sults:

b4

Br-ans (ym Zd
— gm (1 4 grRx)Ren

- (1+7KRK)+j¢%

.
1+,7(-!“’—0 oK
X N w I gm
14571 +9KRK);°‘

Rx —
w Er
1+ ja—
X — wo

[_(1 + 9xRx) Re ]
N w
140+ axRx):o

_ + gxRx Er
(1 + gxRx) + ja =
If the cathode compensation circuit
of Fig. 1C is used then the same
equation holds with the exception
that a,, from Eq. 81 (Part I) should
be used in place of a. Then

(34)

gxRxEr
(1 +gxRr) +J a =

Ex_ona =

(35)

A loop equation can now be writ-
ten for the outside loop so that

gxRxEr
. w
(1 + gxRx) + jau o

- L1
I' (—JWCUK)

wCox (1 + joug %) -

Geg = — j(1 + gxRx)
wo

Er -

(36)

-~
1]
Sl

Rationalizing,

—Y‘ﬂK =

%
= wCyx Geg % gxREr + juwCox [(an %) +

a+ yxRx):I
(a0 l) + a1 +oxkr 39
Therefore
= wCox (aoc w—) gxEx
G“K ) (aoq w;)’ + (:’. + gxRk)? 0
and
o = Cor [aoa (z—o)’ + @1+ axRx):I

oK

(a,, :—’0)2 + (1 + gxRx)?
(40)

As long as Zx is capacitive in
nature a., will be positive and the
input conductance due to the grid-
cathode capacitance will be nega-
tive. For values of frequency at

which Z is inductive in nature @y
becomes negative and therefore
this particular input conductance
will be positive.

All terms in the expression for
the input capacitance due to the

128

I,
X

TEK-Gnd c—l-\Ef (:—:‘)(%f-q)

FIG. 11—Equivalent amplifier input circuit for admittance calculations
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grid-cathode capacitance are essen-
tially positive so that this input
capacitance will always be positive
but will be variable in magnitude.

The total input conductance will
be the sum of the input conduct-
ances seen by the three currents
and may be either positive, zero or
negative depending upon the rela-
tive values involved. In order to
avoid the possibility of high nega-
tive values of input conductance,
which might result in oscillations,
it is desirable to keep the grid-
cathode capacitance as low as pos-
sible.

In a like manner the total input
capacitance will be the sum of the
input capacitances seen by the three
currents. The input capacitance
due to C,, will tend to decrease with
increasing frequencies. The input
capacitance due to C,r will be
C.x/ (1 + gxRx) at low frequencies,
attaining a maximum of C,; at f:
(when a,, = «) and again decreas-
ing to C,x/ (1 + g<Rx) at very high
frequencies. There is a net tend-
ency towards cancellation of the
changes in these two capacitances at
frequencies below f:, although the
change will be in the same direction
at frequencies above f;.

Experimental Verification

Proper experimental verification
of the input admittance relations
would require that the effects due
to the various paths be measured
individually and then combined to
produce the proper total value. The
only quantity that can be deter-
mined directly with any degree of
accuracy is the intrinsic input con-
ductance of the circuit. This is
measured with a cold tube in the
socket since in this case the C,, and
C,x paths introduce practically pure
capacitance as far as the input
admittance is concerned.

A separation of C,, and C,x from
all the other capacitances in the
circuit by direct measurement
would be quite difficult due to the
possibility of multiple paths be-
tween the various points. It will
be noticed, however, that at the
frequency f: the input conductance
due to C,x is equal to zero because
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at this frequency a,, = . The re-
maining input conductance must
therefore be the sum of the in-
trinsic conductance and the con-
ductance due to C,,. Since the
intrinsic conductance can be meas-
ured directly, the difference be-
tween the total input conductance
and the intrinsic conductance, at
this frequency, will be due solely to
the C,, path and therefore we can
solve for C,, in Eq. 32, Of course,
values of A and ¢ in this equation
must be determined in the manner
shown in Table I, part 1.

The input conductance due to C,,
can now be computed for any other
suitable frequeney, such as fz/2, at
which the input conductance due to
C,x is relatively prominent. If the
total input conductance for this
frequency is measured and the
measured intrinsic and computed
grid-plate input conductances are
subtracted from it, the difference
must be the input conductance due
to C,x. Using this difference and
Eq. 39 the capacitance C,x can be
determined. -

Experimental data for only two
frequencies were required to de-
termine C,, and C,x, but with these
values and the experimental intrin-
sic input conductance the total
input conductance can be computed
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FIG. 13—Theoretical and experimental

values of input capacitance

for any frequency. A measure of
the accuracy of the method will be
the correlation between measured
and computed input conductance at
frequencies other than the two used
to determine C,, and C,x.

The curve for the intrinsic input
conductance, shown in Fig. 12, was
obtained experimentally. It was
found to be the same 1or both the
compensated and uncompensated
amplifiers. At low values of fre-
quency it approaches 2 micromhos
which is the value of the 0.5-meg-
ohm grid leak resistor used. This
conductance increases gradually
with frequency, reaching approxi-
mately 24 micromhos at 10 mega-
cycles.

By the methods described previ-
ously for the compensated amplifier,
C,, was found to be 0.180 puf and

180
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FIG. 12—Input circuit conductance for cathode-compensated amplifier

C,x was found to be 10.0 puf. The
two smooth curves for input con-
ductances due to C,, and C,; were
computed using Eq. 32 and 39 re-
spectively, and were then combined
to obtain the theoretical total input
conductance curve. Experimental
values of total input conductance
were also determined and they are
shown by the circled points on this
diagram. The correlation obtained
is very satisfactory and it is be-
lieved that the values determined
for C,, and C,x are quite accurate.

The intrinsic input capacitance
can be determined by measuring the
total input capacitance, at any con-
venient frequency, and subtracting
from it the sum of the input capac-
itances due to C,, and C,r. The
total input capacitance can then be
determined for any frequency by
adding to the intrinsic input capaci-
tance the effective input capaci-
tances due to C,, and C,x at that
frequency.

The smooth curves in Fig. 13 are
the theoretical input capacitances
expected for the amplifier, both
compensated and uncompensated,
and the circled and squared points
are the corresponding experimental
values obtained. The correlation
appears to be quite satisfactory.

The value determined for the
intringic input capacitance of the
compensated amplifier was 13.5 puf.
The various values of capacitance
determined are not believed to be
typical of normal practice since the
amplifier used was set up on a
standard breadboard used for class-
room demonstration. Resistors and
capacitors were connected to Fahne-
stock clips and while reasonable
care had been exercised in separat-
ing the grid and plate leads no
attempt had been made to isolate
the grid, cathode, and ground re-
turn leads. In normal practice it is
doubtful that C,, could be reduced
appreciably but it would probably
be reasonable to expect a reduction
of 2 to 8 puuf in C,x and about 4

to 5 puf in the intrinsic input capac-

itance. The total input capacitance
and conductance would also be
modified correspondingly.

In Fig. 14, the theoretical input
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Table II—Sample Calculations for Input Admittance of Compensated
Amplifier (Data Plotted in Fig. 12 and Fig. 13)

Working Equations:
C,-” = Cyp (1 — A cos 6)

C;

- Cox [(aaq w/w)® + (1 + ok Rx)Y

wCyp A sin 0

- CIJK (azq w/wo) gKﬁK_

oK
Ci =_Clnm'mic + C;' + Ci
op (2.9
G.‘ = Glntn‘mt'c + Gl' '+' G.‘
(2] 9K

Am = 20.8/180°

(asg w/wo)* + (1 + gxRk)?

Circuit Constants in Addition to Those in Table I:
Cyp = 0.180 puf, Cox = 10.0 puf, C 1nirinsic = 13.5 ppf

Quantity

w/w, 0.03 0.1 0.3 1.0 3.0

S (mce) 0.106 0.354 1.06 3.54 10.6
Giatrinsic (micromhos) 2.00 3.00 5.10 9.70 27.0
A 20.8 20.8 20.55 18.2 4.41
6 178.41° 174.71° 164.46° 124.46° 77.80°
A cos 8 —20.8 —20.6 -19.8 -10.3 +.93
C‘” (ppf) 3.92 3.89 3.74 2.04 .013
(g w0/ wo) 0.0681 0.2280 0.7230 6.600 —1.384
(@eg w/wo)? 0.0046 0.052 0.524 43.6 1.92
(@eqw/wo)2+(1 + oxRk) 2.135 2.182 2.654 45.73 4.05
(@egw/ o)+ (1 4,k Rk)? 4.545 4.592 5.064 48.14 6.46
C; . (uud) 4.70 4.75 5.25 9.50 6.27
C.'g(unf) 22.12 22.14 22.49 25.04 19.78
A sin 6 0.576 1.92 5.51 15.00 4.31
G; (micromhos) 0.069 0.769 6.59 60.1 51.7
G:; (micromhos) —0.112 -—-1.245 -10.70 —34.4 +161.2
G.-a(micromhos) 1.957 2.524 0.99 35.4 239.9

(@eq w/wo)? + (1 + gxRk)*

conductance computed for the un-
compensated amplifier using C,, =
0.180 wuf is slightly lower than the
experimental values shown by the
circled points. This discrepancy
would have been eliminated if 0.10
ppf had been added to C,, in com-
puting the theoretical input con-
ductance. It is entirely possible
that a minor circuit rearrangement
could have actually caused this
change in capacitance.

The input capacitance and input
conductance of the compensated
amplifier do not become undesirably
excessive in any region of the fre-
quency range considered. Sample
computations for some of the points
in Fig. 12 and 13 are carried out in
Table II.

Comparison With Other Circuits

A basis of comparison among
different types of video amplifier
. circuits can be established on many

points, the most important of which
are probably: (a) cost, (b) simplic-
ity, (e¢) disturbance of normal cir-
cuit relations, (d) gain, (e) fre-
quency response, (f) time delay,
(g) linearity of the output voltage-
vs-input voltage characteristic and
(h) input admittance relations.
Cathode compensation as developed
in this paper is superior to other
circuits in most of these aspects
and is comparable in the rest.

On a cost basis, the circuit with
cathode compensation is not only
less expensive than any other com-
pensated circuit but is even less
expensive than the ordinary uncom-
pensated video amplifier. In an
ordinary video amplifier a large
electrolytic capacitor is used in
parallel with the cathode resistor.
Very often this is bypassed by a
small paper or mica capacitor which
takes over at the higher frequencies
at which the electrolytic capacitor
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becomes very poor. With cathode
compensation the large electrolytic
capacitor is discarded, the small
capacitor is made the proper size,
and an inductor consisting of about
ten turns of enameled wire on a
quarter-inch Bakelite spool is in-
serted in series with the small
capacitor. A counterbalancing effect
might be the necessity of increasing
the wattage rating of the load re-
sistor but even this will not over-
come the cost advantage of elimin-
ating the electrolytic capacitor.

As far as simplicity is concerned,
the ordinary shunt-peaking type of
circuit is the only one that compares
with cathode compensation. All
other circuits require additional
elements. In the series peaking
circuits a certain division of the
stray capacitance is required. If
this is not available, then the theo-
retical curves are not reproduced.
Sometimes it is necessary to insert
additional capacitance in the cir-
cuit in order to obtain this proper
distribution. This of course will
tend to impair the available fre-
quency response. Adding elements
in the plate circuit will also tend to
increase the stray capacitance
present. This effect was noticed
to a slight extent in the experi-
mental case discussed but need not
have been present at all if the
proper value of resistance had been
available.

In all other compensating circuits
the impedance of the compensating
elements is of the same order of
magnitude as the load impedance.
In the case of the inductances this
results in difficulties due to self-
resonance effects which are norm-
ally not taken into account. One
instance in which this effect is
taken into account is in the im-
proved shunt-peaking® circuit. In
the case of cathode compensation
there is never any reason for con-
cern over the stray capacitance of
the inductors or the series induct-
ance of the capacitors.

On the basis of gain from a cer-
tain tube for a given frequency
response, cathode compensation is
as good as ordinary shunt peaking
and improved shunt peaking but not
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quite as good as the series peaking
circuits which make use of filter
circuit characteristics. This how-
ever is further modified by consid-
erations as to whether frequency
response is limited by amplitude or
time delay considerations. On an
amplitude consideration basis the
series peaking circuits probably
have a slight advantage over cath-
ode compensation but this advan-
tage disappears if time delay is
used as the criterion of frequency
response.

As a matter of fact, video ampli-
fiers intended for television applica-
tions continue to have useful output
as long as the time delay variations
do not become excessive. In the
amplifier of Fig. 8 the
variation in time delay between the
valley and the peak of the curve is
of the order of magnitude of 0.004
microsecond. This represents a
horizontal distance which corres-
ponds to approximately one-twen-
tieth of the distance between line
centers in a television picture. This
is certainly a negligible variation in
time delay. The only other circuit
that even approaches this constant
a time delay over such a large fre-
quency range is the shunt peaking
compensation in which the induc-
tive reactance at f, is equal to 35
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FIG. l4—Input conductance versus fre-
quency of uncompensaied amplifier

percent of the load resistance.

On the basis of linearity of out-
put voltage for a given frequency
response, cathode compensation is
superior to all other circuits in the
middle-frequency region and prob-
ably as good as any of them at the
high-frequency end of the charac-
teristic.

A thorough comparison of the
input admittances of the various
circuits is not possible because of
the lack of data on the other cir-
cuits. With cathode compensation
the input capacitance is slightly
lower than in the corresponding
uncompensated amplifier. The input
conductance has some elements that
tend to make it negative and others
that tend to make it positive, A
judicious combination of these ele-
ments will produce practically zero
input conductance over most of the

operating range,

All other video amplifiers are
limited in their low-frequency re-
sponse to some extent by the
cathode bypass capacitance used. In
the case of cathode compensation,
the circuit behaves as though the
original uncompensated amplifier
had infinite cathode bypass capaci-
ance. Of course the screen bypass
and coupling capacitors still have
the same effect as they have in any
circuit.

There is a possibility that the in-
troduction of additional elements in
the plate circuit might make the
linearity in the high-frequency re-
gion comparable to that obtained
at middle frequencies. This possi-
bility has not been investigated up
to the present time.

The author wishes to acknowl-
edge the opportunity that he has
had for discussing the problems in-
volved in this development with his
colleagues and especially with Pro-
fessor W. C. Osterbrock. He would
also like to thank the electrical engi-
neering class of ’48 of the Univers-
ity of Cincinnati, for the time they
devoted to calculations in his behalf
in the early stages of the project.
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Stagger-Peaked Video Amplifiers

Staggered high-frequency compensation of a video amplifier provides twice the signal
from a given amplifier tube in the conventional shunt-peaking circuit, or permits use of
a tube having only half the plate-current consumption

IT HAS BEEN customary to design
a video amplifier so that its
power output in response to a sinu-
soidal input voltage is substantially
constant between a high and low
cutoff frequency. If the wide-band
amplifier is to be used primarily for
sine-wave work, or is intended as
part of a general-purpose oscillo-
scope, the conventional design pro-

By ALLAN EASTON

cedure' is satisfactory and econom-
ical. In the case of video amplifiers
which are intended solely for the
amplification of pulses or television
signals, economies in design can be
achieved by the use of staggered
high-frequency compensation.

The realization of a desired am-
plitude-versus-frequency character-
istic by means of stagger-tuning a

group of individual cascade ampli-
fier stages is well known when ap-
plied to tuned amplifiers®. In this
paper, a similar general principle is
applied to video amplifiers.

Characteristics of Video Signal

Figure 1 shows two types of sig-
nals for which staggered high-fre-
quency compensation is suitable. .
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FIG. 2—Capacitances C, and C, are the
result of tube and circuit

The series of narrow pulses in Fig.
1A is similar to those which result
in the narrow wedges in monoscope
test patterns. A Fourier analysis
of the waveforms of Fig. 1 indi-
cates that while the wave of voltage
may have a peak magnitude of E,
volts, no one of the spectral compo-
nents may be that large; in fact,
the higher-frequency components
become progressively smaller.

In the case of video signal ampli-
fiers for television receivers, it is
customary to
quency cutoff at about 4 megacycles.
However, the signal-frequency com-
ponents near 4 mc have amplitudes
which are only a tiny percentage of
E,. Therefore, it is not necessary
for the amplifier which drives the
picture tube grid to deliver equal
power throughout the entire fre-
quency spectrum.

Most of the signal energy is con-
centrated at the low and middle
portions of the spectrum and very
little is ordinarily found near the
upper end of the band. The small
components require equal amplifica-

specify high-fre-.

FIG. 3—Amplitude plotted against frequency for several combinations of stages using

various values of X

tion with the lower-frequency com-
ponents, but do not require as large
plate-current swings.

Characteristics of Output Stage

The foregoing qualitative consid-
erations indicate that an amplifier
which has constant small signal
gain, but a falling power-handling
capacity with frequency, will pro-
duce a satisfactory picture on the
cathode-ray tube. This principle
when applied to the output stage of
a video amplifier intended for tele-
vision or pulse signals enables the
use of an output-tube plate load re-
sistor of at least twice the size of
that dictated by the conventional
design procedure.

The proposed approach makes it
possible to obtain at least twice as
much signal from a given amplifier
tube, or, for a given video signal
output, to use a tube having at least
half the plate-current consumption.
The resultant cost of a pulse oscil-
loscope or of a television receiver
might therefore be reduced by a
significant amount with no sacrifice
in performance.

Design of Video Circuits

An analysis has been made of a
pair of video amplifiers employing
shunt-peaking compensation and
embodying the proposed design
principles. Consider the circuit
shown in Fig. 2. The gain of this
amplifier at low frequencies (neg-
lecting the effects of coupling and
screen bypass capacitors) is

A = R\Gm ® R:Gm 1)
where R, and R, are plate load re-
sistances and G,, and G.., are tube
transconductances.

At any frequency

A = Z,Gp1 * Z:Gma 2)
At a particular frequency, f., desig-
nated as the cutoff frequency, the
magnitude of the plate load imped-
ance (|Z|) may be made equal to
R, the load resistor, when

R= X, 3)

XL = X./2
Now suppose
R'= KR = KX,

and Xz = X,/2 4)
Since
Z= XX, —jRX.

R+ (X5~ X5 )




26

Substituting into Eq. 5 gives
_ J (.__. ° R’)

R””(zx ) ®)
R’[2K ’1]
K[1-isx]

from which

’
1z1=2 =& @

Equation 7 shows that the gain
of the stage at the cutoff frequency
is independent of the value chosen
for K, subject to the limitations
set forth in Eq. 3 and 4.

If we now set

= KiRi; Ry’ = K:Ry; K= 1/ Ky (8)

the overall gain at low frequencies
of the two stages is

Ar = -%' G ® R KoGe =

RiGm1 ® RoGms

and the high-frequency (f,) gain is
the same.

The analysis to this point has
shown that if the size of the output
load resistor is multiplied by a
factor K, and the size of the input
stage load resistance is multiplied
by K, = 1/K,, the amplifier will
have the same gain at low fre-
quencies and at cutoff frequency as
an amplifier designed in the con-
ventional manner (K, = K, = 1).
The values of compensating induc-
tance and circuit capacitance are
identical in both types of designs.

There is no change in the overall
gain, but it is possible to drive the
amplifier to twice the signal power
output without overload when
K, = 1/2, K, = 2. The first stage
pre-emphasizes the higher-fre-
quency components to compensate
for the tendency of the second stage
to drop off with frequency.

2KK

9

Overall Response

The general frequency response
and time-delay characteristic for
the above circuits are of interest.
The impedance in the plate circuit
of either video amplifier is

R? 4 wyly
1 — 22LC + *L2C? 4 *C?R?

|2 = (10)
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The stated conditions for compen-
sation are:

we = 2rxf,
1
WeL = 57—
K
E = w.C
from which
LC = w?2/2 (12)
1.3
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4
[~ N
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FIG. 4—Curve A shows the overall re-

sponse of four stages, each having different

values of K. Curve B applies to four stages,
each having E—1

-t
2w3C
1

2w,C

The generalized dimensionless im-
pedance function is

(1Z] w0 =

(w/we)? + 4 K3 13
(w/we)t + (w/we)? (4K*— 4) + 4

The phase angle may be determined
from

0 = arctan w/R[L (1 — «*LC — CR? (14)
Substituting the design criteria for
L, C, and R gives

8 = arc tan (w/we) [2___(_‘:’_/;"_=£"_“('-l
(15

and  we = (2r/360°) (0/w/we) (15a)

The normalized impedance func-
tion of a two-stage video amplifier
designed in the conventional
fashion (K, = K, = 1) is plotted in
Fig. 8, curve A. The correspond-
ing impedance functions for stages
having K, = 1/2 and K, = 2 are
shown in curves B and C, the com-
posite of the two stages results in
curve D.

wol =

Note that in comparing the am-
plifiers whose responses are shown
in curves A and D, the response in
the specified pass band is nearly the
same for both, while the amplifier
for which K, = 1/2, K, = 2 dis-
plays a greater bandwidth. The
8-db po.nt in this case occurs when
w/ow, equals 1.64 compared with
1.46. This increase in bandwidth
indicates that for equal bandwidths
the amplifier with staggered com-
pensation may be expected to give
approximately 20 percent more gain
than the conventional -shunt-peaked
circuit.

If a four-stage amplifier is set
up, with K, =1, K, =1, K, = 1/2,
K, = 2, the composite character-
istic would be as in Fig. 4. Re-
sponse of a conventional four-stage
amplifier in which K = 1 is shown
by curve B of Fig. 4.

The time-delay characteristic for
each type of amplifier may be de-
duced from Fig. 5.

The circuit chosen for the above
analysis was selected not for its
excellence as a video amplifier but
rather for the ease and simplicity
of analysis and demonstration. The
method may also be applied to most
other types of high-frequency com-
pensation networks, perhaps with
a bit more mathematical difficulty.

It has been shown in a qualitative
manner than factors of K, = 1/2
and K, = 2 should produce no dis-
cernible deterioration of amplifier
performance principally because the
high-frequency components have
relatively small amplitudes. Ex-
periment indicates that values of K
larger than 2 may be used, but the
author has made no extensive
mathematical study of this.

Further Applications

An interesting consequence of
Eq. 7, which shows that the gain
of an amplifier stage at a frequency
f. may be independent. of the value
of load resistance, is in the use of
the circuit as a phase shifter.

While the gain of the circuit at
f. does not change as R is varied,

the phase shift certainly does. This
can be seen from study of Eq. 15.
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Let K be equal to zero (R = 0) and
o/wc¢ = 1, then © becomes plus 90
degrees. If K becomes very large
(R approaches infinity) © ap-
roaches minus 90 degrees. Thus a
variation in R can produce a phase
shift which lies between plus or
minus 90 degrees. The phase shift
is equal to zero when K is 1/2.

Figure 6 is a plot of O versus K
and illustrates the use of this cir-
cuit as a constant-amplitude phase-
shift network. To obtain a variable
phase shift of n = radians, it is only
necessary to cascade n identical
stages.
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Stagger-Tuned I-F Design

Chart gives overall bandwidth for 3 db and any fraction of 3 db, for i-f amplifiers

having 1 te 500 synchronous or stagger-tuned stages and up to 5 elements per stage

HE BANDWIDTH reduction
factor R is here plotted as a
function of the number of single
or multituned stages = in the
amplifier. The family param-
eter m represents the number of

By MATTHEW T. LEBENBAUM

tuning elements in the interstage
coupling network when all stages
are synchronously tuned; thus,
m = 1 for a simple RLC tuned
interstage, and m = 2 for a
double-tuned interstage. For a

stagger-tuned amplifier, n is the
number of n-uples and m is the
number of elements in the gen-
eral n-uple.

Ezxample 1: Assume an ampli-
fier is to have 8 stages using
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identical single-tuned interstage from the chart. The 0.5-db- is impossible to achieve the de-
couplings. (a) For what 3-db down bandwidth then is 0.12 X gsired gain with a synchronous
bandwidth must each stage be 20 or 2.4 mec. single-tuned amplifier. Twelve
designed if the overall bandwidth Ezample 2: An amplifier is stages arranged in six staggered
is to be 6 me? (b) What will be to be built with an overall band- pairs will not give the desired
the 0.5-db bandwidth? width of 20 mec and overall gain gain, either, but 9 stages ar-
Solution. (a) From the curves of 80 db; 6AK5 tubes are used ranged in triples or 8 in quad-
forn = 8and m =1, R = 0.3. with an assumed gain-bandwidth ruples will. Possible systems are:
Dividing overall bandwidth of 6 product (gn./2% C:) of 70 me. n/m Tubes db gain
mc by this value of R gives 20 (a) What is the minimum stag- 6/2 12 75.5
mc as the required bandwidth of gering required to achieve this 3/38 -9 80.5
each stage. (b) If n’ stages  result with 12 or less tubes? (b) ;ﬁ " o
cascaded give a certain 3-db If equally loaded double-tuned (b) 12 double-tuned interstages
bandwidth, each stage must be circuits were used (gain-band- give R — 0.49 (n = 12, m = 2).
down by 3/n’ db and n of them width = V2 gu./22C:), how The overall gain then is 91.6 db
will be down (3/n") n = z db at many stages would be required? for the desired bandwidth. This
that bandwidth. To determine Solution. (a) Assume a value illustrates the superiority of
the z-db bandwidth then, the of n, and determine R from the multituned coupling over the cor-
R factor is determined -for a curve, This fixes the single-stage responding order of staggering
number of stages n’-where n’ = bandwidth required. From this, (91.6 db versus 75.5 db for the
n (3/z); here m is the actual the gain per stage may be calcu- same number of staggered-pair
number of stages and z < 8 db. lated from the gain—bandwidth tubes). Increasing the stagger.
In the case at hand, »’ = 8 X product, and from this the over- ing to triples makes staggering
(8/0.5) = 48, and R = 0.12 all gain. It will be found that it still better, 102 db.
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Modified Wallman Circuit with Vbltage
Feedback

By SHIGEO SHIMIZU

THIS is a report of a.new low-noise lifier, to form a more convenient For this purpose, the Wallman
amplifier circuit. The second stage circuit. This ecircuit was devel- circuit (Fig. 1) was generally used
of the Wallman circuit, which is a oped during a study of a low-noise for its superiority in terms of
current-feedback amplifier, can be i-f amplifier of a microwave noise-figure; but it has some disad-
replaced by a voltage-feedback amp- receiver. vantages, such ag difficulty of ad-
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FIG. 1—Normal Wallman circuit with
current feedback in second stage
justment, and inconvenience due to
the floating cathode of the second

stage tube.

The operating expression of the
second stage of the Wallman circuit
is as follows:

ig = gma (€12 + %2 Zia)
i (1 — gm2 Zia) = gz ena
gmz €ia ]

1 mZe - Zm
(Za gm1 c1;1) + Ens
Zn

benefits that are obtained in the
Wallman circuit through the use of
current feedback. The resulting
circuit (Fig. 2) has the advantage
of a grounded cathode in the second
stage and easier adjustment due to
the use of a pentode. The operat-
ing expressions are as follows:

(1) Without feedback

epl = Zpl gm (Ea + Eﬂ)
€p2 = Zm Im3 (091 + E-:)
= Z2 gt [Z31 gm1 (B4 + Em) + Enal

(2) With feedback

s’ = en/Zs gm = (E, + Eu)
e’ = ea/Zy1 gmi = Zya g3

[+ B + 2]

where the mean square of E,,

E,
e =Znip=Zugmen+ ”n“

From these equations the facts
are clear that, the second stage of
the Wallman circuit is a current
feedback amplifier and this stage
has lower input impedance and
lower noise output than a normal
grounded-cathode amplifier. It was
decided to try voltage feedback in
the second stage to achieve the same

B+

FIG. 2—Modified Wallman circuit per-
mits grounding of second-stage cathode
and offers several other advaniages
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El=4kTB
[R.. + Rt ( RR“‘Jngn —5

For the conditions studied—center
frequency 50 mc, and a 6AK5 tube
connected as pentode

En =4k T B (4,300)

The converted value of this to the
first tube grid is

Bt
(Zp1 gm)?

By comparison of these expressions
and expressions of normal Wallman
circuit, it is evident that this cir-
cuit has an equal noise figure for
the case where

=4k T B (43)

Bn >> [R"’ + (Rﬁ'fzu) Bn ]

and in addition to that, this circuit
provides easier adjustment.

Result of the Experiment

In experimenting with this cir-
cuit for examination of the fore-
going theory, it was found that this
circuit (with a center frequency of
52 me, bandwidth of 10 me, and em-
ploying a 6AK5 tube) had a noise
figure of 1.9, as compared to 2.04
for the normal Wallman circuit.

Simplified Q Multiplier

Portion of cathode-follower output is stepped up by passive components and fed back to

grid of tube to give extremely high selectivity with absolute stability. Extra parts needed

are one tube, one capacitor and two resistors

ITH THE RISE of radio naviga-

tion, c-w radar, and other
systems requiring maximum signal-
to-noise ratio, there have grown up
in recent years a large number of
applications for amplifying systems
of very narrow bandwidth. Since
the basic limitation on the narrow-
ness of bandwidth which can be
obtained in an ordinary tuned am-
plifier is the resistance associated

By H. E. HARRIS

with the tuned circuit it uses, it
seems logical that one solution to
the problem would be the use of an
active network to supply energy to
the system according to exactly the
same laws by which the resistance
dissipates it, so that some of the
effect would be cancelled out.

The use of such active networks,
known, for obvious reasons, as
negative resistances, turns out to

be an entirely practical method of
raising the Q of a tuned circuit,
Ohm’s law holds exactly for a nega-
tive resistance element, except for
sign change, so it is possible to
treat it exactly as any other cir-
cuit component, even to the extent
of combining it with the positive
resistances in the circuit.
Consider, for imstance, a tuned
circuit having an equivalent par-



30
allel resistance R. The initial
value for Q would be
R
Qs = oL @

and suppose there is put in parallel
with this tuned circuit an active
network having a negative resis-
tance characteristic. The negative
resistance can be combined with the
positfve resistance of the circuit by
the usual laws of combination of
parallel resistances to give the
following relationship for R,,,:

(—RB)R B R
Bu=—_my+E - R @
which is obviously greater than the
original R, corresponding to a
multiplieation of the original Q by
a factor equal to the ratio of the
two resistances. In other words

Qott Ra

@  R.—E @
This Q multiplication can be made
arbitrarily large by simply letting
R, approach R.

Practical Systems

A riumber of systems have been
used to secure this negative resist-
ance characteristic, such as secon-
dary emission in a tetrode (dyna-
tron)* or the formation of a virtual
cathode between screen and sup-
pressor (transitron)®, By far the
most satisfactory method to date,
however, has been the use of posi-
tive feedback around a vacuum-tube
amplifier.** This basic method is
used in the new circuit proposed
here.

Consider an amplifier of gain A
and internal resistance R; such as
is represented schematically in Fig.
1A, and assume that positive feed-
back is introduced through the re-
sistor R,.

Under the assumption that the
input resistance of the amplifier is
80 high compared to the other cir-
cuit resistances that it may be neg-
lected—a condition easily realizable
-in practice—Kirchhoff’s voltage law

The author is now with Magnetic De-
vice Section, Control Divisions, General
HRlectric Co., Schenectady, New York.
‘Work described was done at MIT Research
Laboratory of Electronics under U. S.
%\Tavy Bureau of Ordnance contract Nord-

661.
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can be applied to yield the following
equation

e = uR; + uRi + Ae (4)
which can be rearranged to yield
- _ B _ R
% 2 A-1 A-1 )

where Z, is simply the effective in-
put impedance of the circuit.

This effect is the basisfor the in-
creased selectivity 6f the ordinary
regenerative amplifier or detector.
Such a regenerative circuit,‘how-
ever, lacks the important character-
istic of stability. Referring to Eq.
3 it is seen that appreciable multi-
plication of the Q is to be had only
when R, is very nearly equal to R.

Therefore it takes only a very slight -

percentage change in R,, such as
would be caused by variations in
plate supply voltage, to cause the
two resistances to become equal,
the Q and impedance level to go to
infinity, and oscillations to ensue.
One way to resolve this difficulty
is to use a highly stabilized ampli-
fier for the active element so that
changes in electrode voltages and
other random variations will have
little effect upon the gain, and hence
upon the negative resistance which
is produced. Both Terman® and
later Ginzton* have considered in
some detail one such circuit utiliz-
ing a highly stabilized two-stage
amplifier. It is the purpose of the
present paper to describe a much
simpler circuit which achieves
essentially the same results with

only a single stage. The basis of
this circuit is the cathode follower.
It has power gain, correct phase re-
lation, and it has very high stabil-
ity. But, it has less than unity gain.
Fig. 1B shows that this drawback
can be eliminated by a passive gain

element, a transformer. The evo-

lution from this circuit to the prac-
tical ones is shown in Fig. 1.

Stability Considerations

The most serious factor limiting
the applicability of any positive
feedback circuit is the stability.
Ginzton* described a two-tube cir-
cuit; a more general derivation fol-
lows:

Consider the circuit shown in
Fig. 1F in schematic form. Note
that in the special case where C, =
o and A’ > 1, this circuit reduces
to the type of system considered by
Gizton, while when C, £ «, A’ <

1, it represents the new circuit of
Fig. 1E,

The gain of any feedback ampli-
fier can be represented by the
equation

, K

A =3—F% ©)

In the present case, the gain of
primary interest is not that of the
tube itself, but rather that from
points X-X (Fig. 1F) to the tube
grid and through to the output at
the cathode. This gain is the
product of the active gain A’ and
what might be called the passive

-;»Yl

>t
[

FIG. 1—Simplified circuits showing evolution of single-tube Q multiplier
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FIG. 2—Curves show selectivity obtainable with Q multiplier. Higher Q values were
not tested because of measurement equipment limitations

gain a, or gain contributed by the
tapped tuned circuit

akK
A=T 5% @
where
— O’ + Cl
6= —G—— ®)

At this point the assumption is
made that the output impedance of
the amplifier is negligible with re-
spect to the feedback resistor R,.
This is reasonable for an amplifier
stabilized with a high degree of
negative feedback. Equation 5 for
the negative resistance developed
across terminals X-X then reduces
to

Ry
A-T1 ®
or, substituting from Eq. 7 for the
actual gain of the circuit

R, (1~B8K)
aK~14+B8K

Passing over the details of the
derivation, it may be said that this
equation is now differentiated parti-
ally with respect to the no-feedback
gain K, simplified, and rearranged
to yield an equation relating the
fractional change in the negative
resistance produced to the frac-
tional change in the no-feedback

- R, = —

— R = - (10)

gain. That is, an equation of the
form

[ 1 8K

R S

where the factor k might be called
the stability coefficient of the sys-

tem. In this case the stability
coeflicient is

p= A~ BE)[@a+pK -~
aK

1t is apparent that one would like
to make the magnitude of this sta-
bility coefficient as large as possible.
The maximum possible value is
found by differentiating again with
respect to a convenient parameter
—in this case f—and setting the
derivative equal to zero. The opti-

mum value of 8 turns out to be

fon = ~[5———4—] @

The corresponding value of the
stability coefficient is

K
kopt=— 04

1 12

a9

It is now a simple matter to de-
termine the optimum operating
conditions for the circuit

ﬁopt = -1 (15)

kopt = — K/2 , (16)
The stability of the negative re-
sistance is merely incidental to the
matter of prime concern—the sta-
bility of the effective Q. The above
results can be related to the Q
stability by beginning with Eq. 3
and employing much the same
process of differentiating (this
time with respect to R,) and simpli-
fying as in Eq. 10. The result is

0Qott _ _ [ _Qetr _ R,

=[] w
Or, combining the two equations

Qo1 — Qo1t _ i_ _‘S_K__

Qete Q l] K K 18

N

A number of interesting, facts
are apparent from this expression:
(1) The stability is independent of
the absolute value of initial Q. It
is then just as easy to multiply Q
from 100 to 1,000 as from 10 to 100.
Thus it is important to begin with
as high a Q as possible to gain max-
imum stability. (2) The stability
is independent of the frequency, so
that the circuit can be used to mul-
tiply Q anywhere in the spectrum
where the stated assumptions can
be met. (8) The higher the Q
multiplication, the lower is the sta-
bility. For high multiplications
this is approximately an inverse
relation. (4) The stability in-
creases in direct proportion to the
no-feedback gain.

Another Stability Criterion

It seems logical to set up as an
important design criterion of a
narrow-band amplifier circuit, the
amount of change in the no-feed-
back gain—that is, the change in
the g¢. with electrode voltage
changes, aging, and other possible
circuit variations—which can be
tolerated without causing the sys-
tem to break into oscillation.

Asg a starting point, consider
again Eq. 3 for the Q multiplica-
tion, and solve this equation for R,

Qsll

Qe

Ry=R—F—— 19
Qets _ 4
Q

From Eq. 3 it is apparent that
the point at which oscillations begin
will be that point where R, becomes
equal to B. Therefore if R is sub-
tracted from the above expression
for R,, the result will be the abso-
lute value of the change in R,
which can be tolerated without
causing oscillations. This can then
be divided by R,, to yield the frac-
tional change in R, which can be
tolerated

B
Qoﬂ
ARa xeft 4
(B = — &
R, (20)
or, making use of Eq. 19 again
AR, =@
( R, )(ohnblt Qott @1
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But here again the negative re-
sistance is merely a derived char-
acteristic of the circuit. What is
really wanted is the permissible
change in the no-feedback gain K.
It is apparent from the optimum
operating conditions which were de-
rived, and from Eq. 10 that the
negative resistance can be repre-
sented as

(22)

n-n (££H)

Then if R, represents the value
of the negative resistance at some
particular chosen operating point
of the circuit and R, the critical
value of mnegative resistance at
which oscillations occur, Eq. 21
above can be rewritten

Qe

(%)ww.. = R-lI;uR" = Qi

Substituting from Eq. 22 and simp-
lifying, this becomes
Rnl - Rtu
Ry
2 (Ka — Kl)
KK, — Ki+ K,—1
where K, is the no-feedback gain at
the particular operating point
chosen above, and K, is the no-feed-
back gain at the critical point.
Now let K, = K, + AK. Then
Rnl - Ru

2AK
K+ K3AK+AK—-1

which, by Eq. 21 is equal to —&®—.

(23)

02

(25)

Qoﬂ
Equating and solving for AK gives:
_ Kt—1
Ak 2 Qust K41
@ (Ki+1) (26)

If this equation is now divided
by K, the result is the fractional
change in no-feedback gain K
(=gnR.) which can be tolerated
without oscillations

(.A_K_) =
K tol
1

1 - ——

K*
%)

@

In practice, K is almost always
kept much larger than 1, and the Q
multiplication much larger than a
half, so that a somewhat simpler
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working formula may be obtained:

(AK
K

)™ G
-1

(28)

K

2
This is a most interesting expres-

sion. For suppose that at some
particular operating point a

Qott __kK l

Q |a 2 a (29)

The above equation then goes to in-
finity, signifying an infinite change
in K necessary to cause oscillation.
Further, suppose that

Q. K
Q:‘ e <72 ’a (30)

Then the fractional change in K
necessary to cause oscillations is a
negative number greater than 1.
But this would require a negative
gain, which, of course, is impossible
in a vacuum-tube amplifier. It can
be concluded, therefore, that if at
any operating point, the condition

Qert K (€3]

Qo 2 a
is met, or, in other words if the
circuit constants are adjusted so
that the no-feedback gain K
(=g=R.) is always greater than
twice the degree of Q multiplication
which is desired, there will be no
chance of the circuit breaking into
oscillation no matter how much the
gm of the tube may change with
aging, changes in electrode voltages,
shock and so on.

Here, then, is the fundamental
contribution of this new circuit.
Without any substantial increase in
the complexity over the ordinary
regenerative system, it has made
possible attainment of arbitrarily
high Q multiplications, while at the
same time retaining the absolute
stability of the ordinary amplifier.

aZ

Practical Circuit

It is not possible to set down any
hard and fast rule as to the magni-
tude of the ¢.R, product which
may be obtained. Experience has
shown, however, that with a 6AK5
and a supply voltage of 200 volts,
values of about 100 are easily at-
tainable. With higher supply volt-

ages, correspondingly higher values
of the g..R, product may be realized.
Now suppose that a relatively
modest degree of Q multiplication—
say 10—is all that is wanted. (This
still will allow Q’s of the order of
2,000 to 3,000 if a good coil is used).
The above equations then become

(% eléange in 1 (% change in)
ottt 5.6 gm (32)
Oscillation impossible

In other words, the percentage
change in the Q is only approxi-
mately a sixth of the percentage
change in the g, which caused it,
and it will be impossible to cause
the circuit to oscillate no matter
how much the g., may change with
shifts in plate voltage and other cir-
cuit parameters.

Even for the relatively high Q
multiplication of 100, which would
correspond to possible Q’s of the
order of 30,000, stability is excel-
lent.

(% change in Qotr) = 2 (% change in %3%)
100% change in g,, to-cause oscillation

This is still well within the prac-
tical range of operation, if a power
supply of any reasonable regula-
tion is used.

Experimental Results

The curves of Fig. 2 show the
results obtainable from a typical
circuit of this new type. These
curves were taken by applying a
variable-frequency, constant-volt-
age signal to the Q multiplier cir-
cuit through an isolating stage and
measuring the output voltage as a
function of the frequency. The no-
feedback curve is a plot of output
voltage versus frequency when the
feedback circuit was opened, or
when R; = oo and the circuit was
operating as an ordinary cathode
follower. The other curves show
the effect of reducing the feedback
resistor closer and closer to the
critical value of 29,300 ohms. The
maximum Q value of 15,000 shown
was by no means the limit obtain-
able with the circuit. There was
simply no measuring equipment
available precise enough to allow a
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reliable set of data to be taken for
higher Q’s.

Theory indicates that the shape
of the response curve should be un-
altered by the Q multiplication.
This was checked by plotting data
taken for several values of multi-
plication on the , same graph as the
universal resonance curve. In every
case the results were identical. This
means that these circuits may
profitably be cascaded or staggered,
using the identical means of calcu-
lation as for ordinary resonant
circuits.

Experiments have verified the
two stability relations. In both
cases, the stability turned out to
be slightly higher than predicted.

Practical Suggestions

For the convenience of the de-
signer, it might be well here to sum-
marize a few practical hints which
have been discovered in the course
of working with this circuit. First
of 3ll, for reference, the actual cir-

500/9
=Ry
v 8
3 1
oot 8 6aK5 = S
> > S
c'; g 35
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FIG. 3—Practical circuits of single-tube

Q multiplier. In B the first triode section

serves as the Q multiplier and the sec-
ond as a grounded-grid amplifier

cuit used for the preceding experi-
mental measurements is reproduced
in Fig. 3A.

The exact critical value of the
resistance R, is easily found from
Eq. 3. Remembering that the nega-
tive resistance is developed across
only half of the tuned circuit in this
system, Eq. 3 actually becomes:

Q.“ - Ra
Q R.—R/4

But R, is given by Eq. 22. Substi-
tuting and regrouping gives

(34)

1
—%f‘-"'l_ E/A (K—1) (35
R, (K+1)

from which it is apparent that the
critical resistance is

R (K—-1)
4 (K+1)

For design purposes this value
can be taken simply as one-fourth
of the tuned circuit impedance. If
the circuit is operating properly,
oscillations will ensue for all values
of R, less than this value. For R,
— oo the circuit operates as a
cathode follower, and as R, de-
creases toward the critical value,
the Q multiplication increases with-
out limit.

The actual R, to be used in com-
puting the g.R. product is the
cathode resistor R,, in parallel with
the series combination of R, and
one-fourth of the impedance of the
tuned circuit—that is, approxi-
mately the cathode resistor in par-
allel with one-half the tuned circuit

impedance in the multiplier.

The grid biasing connection
shown in Fig. 3A is used for the
purpose of increasing the guR.
product, and hence the stability.
Using this arrangement, a large
cathode resistor can be used with-
out increasing the grid bias exces-
sively and thus reducing ga..

(36)

Ry =

Somewhat higher stabilities are
obtained by using pentode as in
Fig. 8A, instead of the triode dis-
cussed previously. The screen
should be by-passed to the cathode.
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Otherwise the tube will operate as
a triode. If only moderate multi-
plications are needed, however, the
double triode circuit shown in Fig.
3B may be found useful. Here the
first section is used as a Q multi-
plier, and the second as a grounded-
grid amplifier.

The source impedance should be
kept high, either by the use of a
series resistor ag in Fig. 3A, or by
designing the preceding stage for a
high output impedance. If high Q
multiplications are sought, the ser-
ies resistor is preferable, in con-
junction with a low output imped-
ance for the previous stage.

The phase shift must be kept to
a minimum to avoid frequency shift
as the Q multiplication is changed.

When the split inductor variation
of Fig. 1D is used, the cathode re-
sistor R,, may be omitted. This
allows about a 2-to-1 increase in
stability.

The signal input should be kept
relatively low for best results. Ex-
perience with the type 6AK5 has
shown that inputs much more than
a volt or two result in reduced
effective Q multiplication due to
curvature of the tube characteristic.

It is possible to raise the Q of a
coil alone by use of the circuit in
Fig. 1D with the capacitor omitted.
Use in such a manner suggests a
number of additional applications
for the circuit.
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Gain-Doubling Frequency Converters

Theory and experimental results for a method of obtaining twice the normal conversion
transconductance from pentode mixers. Signal is applied to an inner grid, and No. 3

grid is used in an outer space-current local oscillator. Practical converter circuits for

narrow-band broadcast receivers and wide-band f-m receivers are given

N THE USUAL frequency mixer
tube the conversion transcon-
ductance is approximately ¢./=,
where g¢. is the maximum signal
grid-to-plate transconductance dur-
ing the excursion of an oscillator
cycle. The possibility of obtaining
a conversion transconductance equal
to 2g./= was first pointed out by
E. W. Herold". In effect, his method
involves changing the phase of the
signal current 180 deg at the local
oscillator frequency rate, using a
beam-deflection tube or one having
multihumped characteristics. The
method to be described here
achieves the same gain-doubling
result more simply with a pentode
mixer.

Analysis

The conversion transconductance
g. of a mixer tube, when consider-
ing a small signal modulating a
relatively large local oscillator sig-
nal of radian frequency o, is

By VERNON H. ASKE

g0 = —217 _: gmcos i dwt) (1)
Solution of this equation does not
give maximum conversion trans-
conductance because the negative
portion of the cycle subtracts from
the positive portion. However, if
the integral is observed from =/2
to — =n/2 only, we obtain g¢g./n as
the maximum positive limit for
conversion transconductance with
conventional mixing. These limits
are achieved in a triode mixer by
imposing sufficient oscillator volt-
age on the No. 1 grid to cut off the
tube during the negative portion of
the oscillator cycle. In conven-
tional pentode mixing with the os-
cillator signal on an outer grid, the
same limits are obtained by divert-
ing the space current to an inner
grid of the tube during the nega-
tive portion of the local oscillator
cycle. The goal, however, is to
double this transconductance value.

With conventional triode and

pentode mixing, the i-f signal is
obtained from a tube element that
is cut off for half of the tube-
operating period. If by some
means the sign of the integral of
Eq. 1 could be changed for this cut-
off half of the oscillator cycle, then
the conversion transconductance
would be doubled.

Consider a pentode mixer in
which the incoming carrier signal
is applied to the No. 1 grid and.
the local oscillator to the suppres-
sor (No. 3) grid. Since a pentode
maintains essentially constant cur-
rent in the screen-plate region, each
increase in plate current due to
oscillator modulation of the sup-
pressor must be offset by an equal
decrease in screen current. As a
result, the i-f components of plate
and screen currents are 180 deg
out of phase and can be added in a
conventional push-pull manner to
get twice the gain from the tube.
Actually, the mere placing of a
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FIG. 1—Comparison of conventional balanced push-pull pentode mixer with improved method that places tuned circuit_ between
screen and plate of each tube. Values of components are not necessarily the most desirable for the frequency and bandwidth used
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FIG, 2—Comparison of conventional single-tube pentode mixer circuit with improved method that eliminates screen bypass capacitor
so tuned circuit is between screen and plate. Values of corresponding inductances and capacitances should be equal as indicated

tuned circuit between the plate and
screen changes the sign of the in-
tegral in Eq. 1 for half of each
cycle to give the desired doubling
of conversion transconductance.

Verification

Experimental verification of gain
doubling with this frequency-mix-
ing process is given in Fig. 1 and 2.
Performance of a conventional bal-
anced type mixer is presented in
Fig. 1A and results for the new cir-
cuit, using the same tubes under
the same d-c operating conditions,
are in Fig. 1B. The tubes were de-
velopmental types with many-turns-
per-inch suppressor grids. The
oscillator voltage is used as a
variable.

Since the voltage gain is in-
versely proportional to Af and the
two vary with oscillator voltage,
the product of these two terms
serves as a convenient means of
comparison between the two sys-
tems. The last column of the tabu-
lation in Fig. 1B indicates the ratio
of A,Af, for the new system to
A, Af, for the conventional system.
These values center about a ratio
of 2 to 1, which is predicted from
the theory.

As a further check and compari-
son, the new frequency-conversion
method was compared with the con-
ventional method when using a
single tube. Data for a conven-
tional single-ended mixer circuit is

given in Fig. 2A, and correspond-
ing data for the new circuit in Fig.
2B. The ratios are again approxi-
mately 2 to 1.

The foregoing data were ob-
tained with the suppressor grid
operating at zero d-c bias rather
than the grid-leak bias that is usu-
ally employed. Operating the grid

FIG. 3—Balanced and unbalanced oscilla-
tor circuits emplqying new gain-doubling
technique

at zero bias results in a much

greater peak g, and thereby in-
creases conversion transconduct-
ance. If sufficient oscillator voltage
is impressed, the plate current is
swung into saturation and g, ap-
proaches the ideal value of approxi-
mately 32 percent of the peak g...

Isolation

Another interesting aspect of the
circuit is the isolation it offers to
signals that tend to pass through
the mixer tube at the intermediate
frequency. Isolation exists, since
any signal on the No. 1 grid pro-
duces modulation of the same phase
on the screen and plate currents,
and will cancel out in the push-pull
i-f transformer. This action makes
it somewhat difficult to align the
i-f by the usual manner of placing
the i-f signal on the signal grid of
the mixer tube. In this case the
signal can better be placed on the
oscillator grid. The degree of iso-
lation is determined by the degree
of balance in the primary of the i-f
transformer and by the transcon-
ductance from gsignal grid-to-plate
relative to the transconductance of
signal grid-to-screen.

In a pentode we are mainly con-
cerned with shot-effect noise and
partition noise. The former is due
to time-varying emission from the
cathode, and the latter is due to
random distribution of cathode cur-
rent to the positive electrodes in
the tube.
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Noise Suppression

Assume an ideal pentode in
which partition noise does not exist.
Assumé also that there is a push-
pull connection between plate and
screen, and that the screen and
plate currents are precisely equal.
The noisé in the plate and screen
would then be of equal magnitude
and identical phase, disregard-:
ing transit-time effects. With a
perfect output transformer, there
would be no noise output from the
tube, because of cancellation within
this transformer.

Now, imagine another ideal pen-
tode in which no shot-effect noise
exists, but in which partition noise
does exist. In this tube any noise
variation that takes place in the
plate circuit must be accompanied
by an equal and opposite noise vari-
ation in the screen circuit, since
space current is perfectly constant.
Thus, if this push-pull connection
has in some way doubled the effec-
tive transconductance, the equiva-
lent noise resistance of the tube has
not changed since the effective noise
has also been doubled.

The pentode mixer circuit pre-
sented here is actually the com-
bination of these two ideal cases.
It therefore has somewhat smaller
equivalent noise resistance in the
circuit than does a conventional
mixer, since the shot-effect noise
has decreased while the affect of
partition noise remains unchanged.

Converter Tube

In conjunction with this work on
the mixer circuit, a program was
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also carried out to combine this cir-
cuit into a converter tube that per-
forms the functions of mixer and
local oscillator. In this converter,
the outer space current oscillations
that exist between the outer ele-
ments of a multigrid tube are uti-
lized. The resulting converter cir-
cuit gives four times the voltage
gain with 30 percent less cathode
current relative to the 6BE6 con-
verter. The equivalent noise re-
sistance of this converter was be-
low 18,000 ohms, which is less than
one-tenth that of the 6BEG6.

The tube characteristics most de-
sirable for the oscillator are those
of a pentode whose No. 3 grid-to-
plate transconductance is relatively
high. This No. 3 grid is used as
the control grid, and the plate or
screen as the oscillator anode.

The oscillator may be either the
balanced or unbalanced type. In
the balanced oscillator, shown in
Fig. 3A and 3B, the plate-screen
coil is center-tapped to r-f ground.
This oscillator is suited to a bal-
anced-type circuit since the current
variations, as caused by No. 3 grid
modulation, are 180 deg out of
phase in the plate and screen. The
plate voltage holds the same phase
relationship to the controlling grid
voltage as it does in a conventional
oscillator.

For unbalanced operation; either
plate or screen may be grounded to
r-f as in Fig. 3C. Since the screen-
plate current is nearly constant, the
oscillations are confined to the
outer space of the tube.

The No. 8 grid characteristics
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FIG. 4—Characteristic curves for No. 3

grid of typical experimental pentode

for a typical experimental pentode
are shown in Fig. 4A. The nega-
tive resistance characteristic en-
countered above 10 volts tends to
enhance oscillations. To find the
required grid-driving power, a sine
wave can be impressed on the sup-
pressor grid and a time plot of cur-
rent obtained from the grid charac-
teristics. The product of instan-
taneous voltage and grid current is
shown in Fig. 4B. A peak swing of

~ 10 volts is used because this value

produces plate current cutoff and is
in accordance with characteristics
that follow. The average power
may be obtained by integrating the
instantaneous power curve. The re-
sulting average power is three mil-
liwatts, which is very low and
normally will be less than the asso-
ciated circuit losses.

Converter Design

It is possible to calculate the
tickler coil impedance required for
a particular application. Suppose
an oscillator is to be built at 20 me
in which a tickler coil is placed in
the plate circuit to excite a tuned
circuit connected to the No. 3 grid,
and a total driving power of 15
milliwatts is required. The avail-
able exciting power is proportional
to the external voltage drop, or in
this case the reactive drop across
the tickler coil. Then P  eitine =
I.* oL = 15 x 10 The effective
plate current for the development
tubes used is approximately 4 ma.
The required tickler coil impedance
is then oL = 15 x 10*/(4 x 10™)*
= 938 ohms. ’

These outer space current oscilla-
tions may readily be obtained from
a pentode as used in Fig. 5 and 6,
and the application of a signal to
the No. 1 grid will result in a
simplified converter. In each cir-
cuit, a tickler coil is placed in series
with the i-f transformer primary
to provide feedback to the No. 3
grid, which is tuned to the local
oscillator frequency. In Fig. 5 the
screen is grounded for r-f. Figure
6 represents a similar circuit in
which the i-f is connected in push-
pull between the screen and plate,
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and results in increased conversion
transconductance. The circuit of
Fig. 5 is most useful in narrow-
band applications, since the plate
resistance in converter use is much
larger than the effective plate-
screen resistance. Conversely, Fig.
6 is more applicable to wide-band
circuits.

The above circuits are operated
with zero d-c bias on the suppressor
grid. This type of operation is de-
sirable since greater conversion
transconductance will result owing
to the larger peak plate current. A
grid-leak bias on the grid of the
oscillator is not necessary with the
outer space current oscillator, as it
would have little effect on the aver-
age current.

It is desirable that the peak
swing be sufficient to produce plate-
current saturation during the posi-
tive excursion of the local-oscillator
cycle, and plate-current cutoff dur-
ing most of its negative excursion,
since these are the desired charac-
teristics for maximum conversion
transconductance.

Comparisons

The most important character-
istics of a converter-type tube are
probably (1) conversion transcon-
ductance, (2) plate resistance, (3)
noise, (4) isolation between signal
and oscillator circuits, which is in-
dicative of antenna radiation, (5)
voltage gain as a function of wide-
range tuning, and (6) automatic
volume control, which indicates the
cutoff characteristics of a particu-
lar tube and any undesirable detun-
ing effects. These characteristics
will be discussed in connection with
a comparison of the new high-gain
pentode converter circuit of Fig. &
and a conventional 6BE6 frequency
converter for the same narrow-band
-application (550 to 1,600 ke).

Before making comparative
measurements, the oscillator volt-
age on the No. 8 grid was measured
as a function of tuning. The oscil-
lator voltage varied from 19 volts
at 1,006 kc (the low end of the os-
cillator range) to 66 volts rms at
the top frequency of 2,056 kc. This
wide range of oscillator voltage is

undesirable from the viewpoint of
oscillator radiation, hence a series
R-C circuit was used to load the
oscillator. Values of 10,000 ohms
and 6.8 puf discriminate against
the higher frequencies as desired
to keep the range of oscillator volt-
age between 11 to 19 volts rms,
which is within the practical limits
of most converters.

Comparative sensitivity values
are given in Fig. 5. With the ex-
perimental type pentode, the com-
ponents were tuned for each indi-
vidual measurement. The voltage
gain was measured from the signal-
generator terminals to the secon-
dary of the i-f transformer. The i-f
transformer used was designed as
an output transformer, and conse-
quently had closer coupling than
that usually found in input i-f
transformers. With the conven-
tional circuit, plate and screen volt-
ages were 100 volts, and the signal
grid was biased to —1.5 volts. The
circuit was optimized for voltage
gain.

The comparative data shows that
greater than twice the voltage gain
can be obtained with the pentode
with 30 percent less cathode cur-
rent. The increased voltage gain
results from the increased con-
version transconductance.

The conversion transconductance
of the experimental pentode was
approximately 1,200 pymhos. This
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conversion transconductance is eas-
ily determined for this type of
operation by measuring the g, of
the signal grid with 410 volts on
the suppressor grid, and taking 30
percent of this g, value as the con-
version transconductance. This is
accurate to within a few percent.
The effective mixer plate resist-
ance for the new type of operation
is approximately three times the
value measured for the tube as an
amplifier. This value was 350,000
ohms for the development tubes
used, as contrasted with 1 megohm
for the 6BE6. The -conversion
transconductance of the 6BE6 is
475 pumhos. '

Oscillator Radiation

Radiation back to the antenna
from a converter tube depends on
the capacitance and space charge
coupling between the oscillator grid
and the signal grid. In the circuit
of Fig. 5, oscillator currents are
confined to the outer space of the
tube so there is little or no space-
charge coupling. The capacitance
from the signal grid to oscillator
grid of the tube under these condi-
tions is approximately 0.10 uuf,
while the corresponding capacitance
for the 6BE6 is 0.15 uuf. The rela-
tive coupling values from the oscil-
lator to the signal grid at signal
frequencies of 550, 1,000 and 1,550
ke are 0.01, 0.07 and 0.13 re-
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gpectively for the 6BE6 and 0.01,
0.05 and 0.21 for the pentode.

The space-charge coupling within
the tube acts with a 180-deg phase
shift relative to the direct capaci-
tive coupling voltage. In most con-
verters, these effects are controlled
so that they are approximately
equal on the broadcast band. This
is the reason that the coupled volt-
age is slightly less with the type
6BEG6 in spite of the fact that its
capacitance and space-charge cou-
pling are greater.

AYC Action

The action of an ave voltage on
the signal grid of the experimental
péentode changes the oscillator amp-
litude as well as the signal-grid g..
This gives accentuated ave action,
and may require a very remote cut-
off characteristic for proper oper-
ation. Since extensive bias will
ultimately result in a reduction of
oscillator grid g¢. to the point
where oscillations will cease, ex-
tended avc application (1,000 to 1
reduction of gain) is not possible
in this new converter.

In conjunction with ave, it is im-
portant to consider the amount of
frequency shift that results from
its application. To obtain this
relative measurement, the gain of
the two systems was decreased by
the same ratio, and the frequency
shift of the oscillator section was
measured. The results indicated
that the frequency shift was com-
parable in the two systems, but in
opposite directions; the frequency
of the 6BE6 converter decreased
with decreasing gain and the fre-
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FIG. 6—Wide-band version of new converter circuit

quency of the new converter in-
creased with decreasing gain.

F-M Converter Circuit

Modifications needed in the new
converter circuit to meet the re-
quirements of the f-m band are
given in Fig. 6. The relatively wide
bandwidth permits the use of a
push-pull i-f and derives increased
gain. At 100 mc the voltage gain
from the grid through a double-

tuned i-f transformer is 27.5. (The
calculated gain of the 6BE6 under
similar conditions is one-fourth this
value.) The center of the i-f band
is 10.7 mc and the bandwidth at the
half-power points is 350 ke. The
frequency drift of this oscillator
circuit was compared with that of
a triode in a Hartley circuit and
found to be nearly equal. The con-
verter had less frequency shift as
a function of filament voltage, but
more as a function of supply
voltage.

Conclusions

Increased gain can be obtained

by using a pentode tube as a con-
verter, with the signal applied to
an inner grid and the No. 3 grid
used as an outer space current local
oscillator. Four times the gain of
the type 6BE6 may be obtained by
using this less complicated tube,
with 30 percent less cathode cur-
rent. Simple tube construction,
high conversion transconductance
and low noise characterize this con-
verter., The Sylvania type 5636
and SN1007B tubes are suitable for
this application.

The author acknowledges the
valuable assistance of B. F. Tyson
and James Cooper who supplied
measurements that confirmed the
theory outlined here and John B.
Grund of Sylvania’s Emporium di-
vision, whose measurements in
practical circuits contributed
greatly to this project.
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Gated-Beam Mixer

By S. RUBIN AND G. E. BOGGS

THE PROBLEM of isolation between
the signal and oscillator circuits in
a mixer is often of serious propor-
tions for many high-frequency ap-
plications. The gated-beam tube as
exemplified by the 6BN6 may be

satisfactorily used as a mixer and
results in improved signal circuit
isolation.

With the usual mixer configura-
tions and a high impedance in the
signal grid circuit, a voltage of os-

cillator frequency on the signal grid
may well cause grid-current flow.
This will of course alter the tube
characteristics. In addition, the os-
cillator voltage present in the sig-
nal circuit may assist in the switch-
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ing or modulating of the tube and
may change the shape of the switch-
ing function. If the signal circuit
is returned through the ave bus,
the oscillator voltage appearing on
the signal grid may bias this grid
thus reducing the conversion trans-
conductance.

In practice the problems aris-
ing from poor isolation between
the signal and oscillator circuits are
frequently met by maintaining a
low impedance in the signal grid
circuit. Unfortunately, this is a
poor solution, since it may dras-
tically reduce the gain ahead of the
mixer.

In tubes where the signal is in-
jected on one grid and the oscillator
on another, the coupling between
grids is made up of two components,
capacitance between the signal and
oscillator grid and space-charge
coupling. Tubes utilizing the inner
grid for oscillator injection have
relatively large space-charge coup-
ling at high frequencies and hence
are not suitable for applications
where good isolation is imperative.

Outer-Grid Mixer

When the signal is applied to the
first grid and the oscillator to an
outer-grid the combination has
come to be known as an outer-grid
mixer. This arrangement exhibits a
space-charge coupling effect of only
% to Y5 of that present with tubes
employing inner-grid injection.® It
should be noted that with an outer-
grid mixer, the voltage induced on
the signal grid, due to space-charge
coupling between the two grids,
adds to the oscillator voltage on the
signal grid which is due to capaci-
tive coupling. This is opposite to
the effect when using inner-grid in-
jection.

Since the 6BN6 has two rather
high transconductance control grids
it may be employed as either inner-
grid or outer-grid mixer. Maximum
isolation is obtained when the tube
is used as an outer-grid mixer with
the oscillator injected on the third
grid. This grid fortunately will not
develop a high bias since the grid
current is limited by tube design.

The grid-current limiting feature
of this tube results in very low os-
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FIG. 1—Switching function characteristic
for 6BN6

cillator power requirement and it is
found that six to ten volts rms pro-
vides adequate oscillator excitation.

A typical switching function for
the 6BN6 is shown in Fig. 1. The
tube has about a 10-percent im-
provement in conversion efficiency
compared to the 6SAT.

Transconductance

Since grid current in the 6BN6
is limited by the design of the tube,
the bias voltage built up on the
oscillator grid is very small, result-
ing in a higher value of peak trans-
conductance. With low bias voltage
on the oscillator grid, the magni-
tude of the grid resistor is not eriti-
cal within limits. Also, the g, is
practically constant with changing
oscillator excitation voltage after a
threshold value has been reached,
which in this case is about 8 volts.

At 30 me, with 120 v on the plate
and 70 v on the accelerator, the con-
version transconductance was lower
than anticipated. The low g, is at-
tributed largely to transit time
since raising the plate and acceler-
ator voltages to 155 and 90 v respec-
tively increased the conversion
transconductance to 790 pmhos.
With a high-impedance input to the
gignal grid, some loading of the in-
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put circuit was observed, as would
be expected with outer grid injec-
tion. While no input admittance
measurements have been made, it
would be reasonable to assume that
good performance can be obtained
with this tube in the lower vhf
range.

A typical circuit used during the
course of this experimental work is
shown in Fig. 2. No special pre-
cautions were found necessary, but
a metal shield across the tube socket
between pins 4 and 5 and pins 1
and 7 is recommended to maintain
low capacitance between the two
signal grids.

Since the 6BN6 may be employed
as an outer-grid mixer, it may be
assumed that the method described
by Aske’, where a tuned circuit is
placed between the plate and screen,
may be used to double the conver-
sion transconductance. If desired
the single tube may be used as a
converter by using the number 3
grid in an outer space-current local
oscillator.

It is interesting to note that
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FIG. 2—Schematic diagram of the 6BN6
mixer

above a given supply voltage the
conversion gain is essentially con-
stant with increasing supply volt-
age. Thus in some applications it
may be desirable to operate this
tube at higher voltages than neces-
sary in order to obtain good voltage
stability.

If the 6BN6 is operated at very
low voltages, the linearity will suf-
fer. When grid voltages as high as
one volt are necessary, the accelera-
tor voltage should be rather high,
in the order of 90 v.

Conclusion

The 6BN6 has been shown to
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perform well in mixer service. It is
one of the very few commercially
available high-transeconductance
tubes for outer-grid injection. The
greatest advantage obtained with
this tube is the reduced space-
charge coupling and low capacitance
between control grids. This allows
higher frequency operation with a
fairly low value of i-f without re-
sulting in excessive values of os-
cillator voltage appearing on the
signal grid.

The tube has a conversion trans-
conductance of approximately 800
pmhos with less cathode current
than that taken by many existing
pentagrid tubes. In addition the
6BN6 can probably be used in the
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gain-doubling circuit of Aske® to
further increase its utility. The
6BN6 exhibits positive input load-
ing as do all outer grid mixers. At
vhf the relatively high value of
input conductance may result in a
serious loss in gain. While no meas-
urements have been made of input
conductance, experimental results
at 30 mc indicate little input load-
ing.

In the course of the experimental
work it was found that there is a
considerable variation in the char-
acteristics between different tubes.
In particular, the signal-grid trans-
fer characteristic exhibited consid-
erable variation. This is no doubt
due to the fact that this tube is not

tested for this type of service. It
may, therefore, be suggested that
the 6BN6 could be rated for mixer
or converter service by the manu-
facturer and a portion of these
tubes sold for this purpose.

While the 6BN6 makes a very
satisfactory mixer for many appli-
cations, it is thought quite possible
that a gated-beam tube could be de-
veloped which would have superior
characteristics for mixer applica-
tions.
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Graphical Power-Level Computations

Chart relating current, voltage, resistance and power in watts or dbm simplifies

numerical calculations. Given any two of these parameters, the other two can be

HERE THE ACCURACY of cal-

culations involving Ohm’s
laws for power and voltage need
not be high the accompanying
chart will save time. Typical
uses include checking wattage of
resistors, choosing dropping and
current-limiting resistors, and
comparing power levels at points
of different impedances in ampli-
fiers and other circuits.

On the log-log chart the hori-
zontal axis represents resistance
and the vertical axis represents
power. Superimposed on these
coordinates is a similar set of
log-log coordinates drawn at 45
deg with respect to the others.
These latter coordinates repre-
sent current and voltage.

The chart solves equations of
the form wx = y and 2y = 2
(or wa® = z and y*/w = 2).

Given any two parameters, the'
other two are located at the in-
tersection of the indicated co-

found directly from the chart

By DANIEL C. NUTTING

ordinates. For example, if the
measured potential across a 20,-
000-ohm load resistance is 30
volts, the chart indicates that the
load consumes 0.045 watt and
draws 1.5 milliamperes.

The auxiliary scale on the
right-hand margin of the chart
gives-the power in terms of deci-
bels with reference to one milli-
watt, as is customary in com-
munication measurements.
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ANTENNAS

How to Select Antenna Towers

A knowledge of mechanical design principles is essential. This article summarizes gen-
eral practice with respect to self-supported and guyed structures, materials, mounts and
footings. Erection and maintenance, factors which affect the choice, are also covered

LECTRONIC ENGINEERS are fre-

quently called upon to select
structural supports for antennas.
Special design is occasionally neces-
sary but in most instances stand-
ardized supports are indicated. In
either case, selection is facilitated if
the engineer has a general knowl-
edge of mechanical design princi-
_ples, installation and maintenance
problems. It is such knowledge that

By WILLIAM SCHWARTZ

this paper is intended to summar-
ize.

The maximum strain on most
antenna supports is imposed in a
horizontal direction by wind; ice
coatings create additional gravity
loads but their greatest imposition
of stress is caused by the increment
of area they add to the surface the
structure presents to the wind.

The wind pressure on a structure

varies with the square of the wind

velocity; calculations based on
wind-tunnel data are given below:
Wind Pressure
Velocity (1b per sq ft
(mph) Flat Surface Ro Surface
60 13.3 8.9
70 18.2 12.1
80 23.7 158
90 30.0 20.0
100 37.0 24.6
110 448 29.8
125 57.9 38.6

The profile or projected area is

FIG. 1—Wind and ice loading zones in the United States
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used for calculations of wind load.

Meteorological records and re-
search have established maximum
wind and ice conditions normally
to be expected in various parts of
the United States. Figure 1 delin-
eates the various wind and ice load-
ing zones. Conservative design
practice anticipates the following
loadings:

Ice-Coating Wind-Velocity
(in.) (mph)

Light 0 60
Medium 0.25 70
Heavy 0.50 90

Ice loadings are expressed as
radial thicknesses to be added to
the projected area of members.

The loading map does not take
into account unusual local condi-
tions which may suggest design to
a higher or lower wind velocity. In
areas subject to hurricanes it is
usually best to select towers rated
at 90 miles per hour. Hurricanes
involve winds having speeds of over
125 miles per hour, but only near
the eye or center of the storm;
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velocities in the periphery are usu-
ally below 90 miles per hour. It is
therefore sometimes cheaper to re-
place a damaged structure with a
similar structure than to replace
with one which would resist the
rarely encountered forces which de-
stroyed the original.

Masts and towers are generally
rated in terms of pounds of hori-
zontal top load at a given wind ve-
locity, or wind velocity plus a given
ice load. An additional figure is
often given for the gravity load
which may accompany the maxi-
mum horizontal load. Thus a tower
with a capacity of 200 pounds at 90
mph can be loaded with 68 square

feet of flat surface, 10 square feet.

of round members, or any combina-
tion totaling 200 pounds of wind
resistance.

Self-Supporting Structures
Stress analysis of a self-support-
ing structure is complicated by the
fact that it is loaded as a beam and

NN

P = Tor,
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FIG. 2—Loading on a tapered, self-supporting tower, turned on its side in the
drawing for better visualization of forces involved
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N

FIG. 3—Cross section of triangular tower

FIG. 4—Cross section of square tower

as a column at the same time..
Figure 2 shows the loading on a.
tapered tower; it is turned on its
side for better visualization of
forces. Shaded area P shows the
total wind load on the support
structure, usually expressed in
pounds per square foot and here
represented as increasing toward
the base because of longer bracing
members and heavier corner posts
at the base. The letter T denotes
wind load on the antenna, and G
and W are the gravity loads of the
antenna and tower structures re-
spectively, plus the weight of any
ice coating.

Assuming a tower of triangular
cross section, the maximum com-
pression load imposed on member
C in Fig. 38 occurs when the wind is
from direction N. A line parallel
to AB and one third up from the
base will be the gravity or neutral
axis of the section; this line has no
theoretical stress. With the wind
from N, C is in compression and A
and B in tension.

The corner post C is a column;
its tensile strength is its net area
multiplied by the allowable stress
of the material, but its compression
strength is always something less
than this. Since the wind from di-
rection N imposes a tensile load
divided between A and B, while an .
equal compression load is placed on
C alone, and considering that the
corner post in effect is stronger in
tension than in compression, it be-
comes obvious that the compressive
strength of the corner posts is the
critical design factor in a self-sup-
porting tower.

Gravity loads of all kinds are
equally divided among the corner
posts but unfortunately they add to

the compression load on C while
subtracting from the tensile load
on A and B. Referring to Fig. 2, G
is constant except for the addi-
tional weight of any ice and its
weight is transmitted throughout
the length of the tower, while W is -
additive owing to the tower taper;
some towers have heavier corner
posts toward the base in considera-
tion of this latter fact.
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In the case of square towers P is
uniform from top to base of the
structure and W increases uni-
formly instead of geometrically.
Maximum stresses occur in a sec-
tion when the wind is from N as in
Fig. 4. The neutral axis is a di-
agonal, B is in compression, D in
tension, and A and C have very
little stress.

Guyed Structures

The guyed structure is subject
to a different set of stresses, as
shown in Fig. 5. The strain taken
by each guy is resolved into its
horizontal and vertical components
for purpose of stress analysis. The
horizontal components H,, H,, and
H, are equal to the horizontal wind
load on half of the sections adja-
cent to each guy point. The hori-
zontal load on the antenna itself, I,
is taken by H., and H, the bottom
horizontal reaction, is merely half
the wind load on the bottom sec-
_tion.

Referring to Fig. 6, V = H tan ¢,
and the greater ¢ becomes, corre-
sponding to anchoring the guys
closer to the base of the tower, the
greater V will become for a given
wind load reaction H. In effect,
failure of a guyed structure results
from wind load stressing the guys
to the point where they pull the
tower down. Good practice usually
has the guys anchored from 70 to
100 percent of their height from
the tower base, but some tubular
masts, taking advantage of the
lower wind resistance of round
members, are designed to take the
downward pull of guys anchored

closer. Since it is most economical
to have all guys in a set anchored at
one point, ¢ is usually small for the
lower guys.

The summation of all vertical
forces at the bottom of the tower,
3V as in Fig. 5, is the accumulation
of gravity loads of the antenna,
structure and ice, plus the vertical
components V,, V, and V, of all the
guy strains. The maximum column
load .on the corner posts occurs at
the bottom of the structure. Since
a substantial increment is added at
each guy point, many large guyed
towers make a change to heavier
corner post sections at the guy
points. The fact that a structure
does not add corner-post material
at each guy point, however, does
not necessarily mean that it is
poorly designed. Changes in cor-
ner-post section complicate section
splices in some designs and there
are economies in keeping the num-
ber of different sections to a
minimum. Heavier material is
often used higher up the tower
than stress analysis alone demands.

The wind direction for maximum
stress in a guyed tower is different
than for a self-supporting one, and
is S rather than N in Fig, 8 for a
triangular section. Corner-post C
again gets the greatest load, in
compression, and A and B share an
equal tensile load between them.
A wind from N will throw the full
tensile load on C alone, but the
corner post is stronger in tension
than in compression.

For the square tower, Fig. 4,
corner-post B was in compression
in the self-supporting structure; if
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guys are added D takes the com-
pression load when the wind is
from.-N and B is in tension. The
guys at A and C are slack. A
wind normal to any face of a guyed
triangular or square tower will not
impose stresses as heavy as those
just described, because the com-
pressive loads are then divided be-
tween two corner posts.

Figure 7 shows how wind pres-
sure on a triangular section be-
tween guys stresses it as a simple
beam with a uniformly distributed
load. With the wind coming from
direction N, this results in a com-
pression stress in A. Thus there
are three compression loads on A4,
the beam stress just mentioned, the
vertical component of guy strain,
and the gravity loads of the an-
tenna and the structure itself plus
the weight of any ice. These con-
stitute the maximum loads of any
member of the tower, and reach
their highest values at the bottom.

Cross-Bracing

The cross-bracing of towers is
subject to infinite variation, de-
pending upon decisions of the in-
dividual designer. Many combina-
tions of horizontals and diagonals
can result in a sound structure, and
some successful lighter designs
omit either horizontal or diagonal
bracing entirely.

In general, and where a struc-
ture has both, the horizontals are
compression members while the di-
agonals distribute tensile Ioads
among the corner posts. The corner
post is a column unsupported be-
tween bracing; the greater the
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FIG. 5—Loading on a guyed iower, showing vertical and horizontal components

FIG. 6—Guy-angle geometry
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length of a bay the heavier the cor-
ner post must be, and the bracing
must also be heavier. The designer
arrives at a compromise between
putting his material into corner

ELECTRONICS FOR COMMUNICATION ENGINEERS

bolted together at erection. Where
rod and tubing are used, factory
assembly ig generally done by weld-
ing; this is highly satisfactory if
the welds are sound and are care-

. Hp

FIG. 7—Wind pressure on triangular tower section between guys

posts or bracing and tries to get a
combination which will expose a
minimum of area to the wind.

A few successful designs have
used wire cable for diagonal brac-
ing, despite the fact that end con-
nections are expensive and cable
is subject to stretching.

End connections of rigid bracing
usually require that the material
be two to three times the diameter
of the bolt or rivet in width; this
often determines the minimum sec-
tion which can be used for bracing.

Because of corrosion, traditional

structural practice has in the past
prohibited the use of any section
less than # inch thick, but the
tower industry, doing careful
stress analysis and using cor-
rosion-resisting materials and
coatings, has in many instances
safely disregarded this arbitrary
minimum. The more massive
- structures are usually built en-
tirely of standard channels and
angles, but lighter towers often use
specially formed sections stamped
from sheet or extruded in the light
metals. Round tubing is an excel-
lent shape for corner posts as well
as bracing, since it is equally
strong in all directions.

Fastenings
Towers other than the most mas-
sive designs are usually factory as-
sembled into sections which are

fully cleaned before galvanizing or
painting. The most dangerous type
of corrosion starts at improperly
cleaned welds.

Factory-driven rivets give little
trouble except where they have not
been thoroughly descaled before
finishing the structure. Bolts and
nuts are usually hot-dip galvan-
ized; the nuts are usually re-
tapped slightly oversize after gal-
vanizing to permit easy assembly.
Electro-zinc and cadmium plating
of bolts and nuts permits their
manufacture with closer fits than
hot-dip galvanizing, but the diffi-
culty of maintaining quality con-
trol, especially in barrel plating,
has in some instances in the past
made them less uniformly cor-
rosion-resistant. However, electro-
zinc and cadmium plate are excel-
lent paint bases; even if the
structure itself is not galvanized,
plated fastenings are well worth
their slight additional cost.

Both self-supporting and guyed
towers are subject to substantial
vibration in gusty winds. Invest-
ment in locknuts or lockwashers of
any standard type, plated like the
nuts and bolts, is well worth the
cost of additional material and
erection labor.

Mounts and Footings

Guyed and self-supporting struc-
tures are mounted on different

types of footings. The self-sup-
porting tower must be anchored so
that each leg footing can resist a
tensile pull of high magnitude. Re-
ferring to Fig. 2 and 38, this is:

Tensile Pull = PH/8 <+ J 4+ TH'
+~J — (G + W) = No. of corner
posts. For a given top load capacity
and height, a tower with a greater
spread at the base will cost more
than others but, where soft ground
conditions require extensively
spread footings, a more economical
installation will result from the
fact that the tensile forces the base
must resist will be less, since the
denominator J shown in Fig. 8 is
greater. Where a self-supporting
tower is used as a vertical radiator,
push-pull insulators are usually em-
ployed for the legs; Fig. 8 shows
how such insulators translate ten-
gile pull on the leg into a compres-
sion strain on the porcelain.

The base of a guyed structure is
less elaborate, since there are no
upward components of force, but
the footing, usually a slab of con-
crete, must be spread over enough
ground to distribute vertical loads
over an area which can support
them without sinking. The slab
must resist substantial internal
shear stress unless ground condi-
tions permit it to be small in area;
it is usually provided with reinforc-
ing bars. The horizontal loads on
the base of a guyed tower, being
quite small, are taken by a few
bolts or anchor rods locating the
tower base on its footing. Base in-
sulators for guyed vertical radi-
ators have to be quite substantial
to take the downward thrust of the
guy strains and gravity loads.
However, porcelain has a high
strength in compression, so pivot
insulators of the type illustrated in
Fig. 9 can support even the most
massive structures.

Guy anchors require careful in-
vestigation of soil conditions and
installation. For straings up to a
few tons in medium or hard soil,
galvanized guy anchors equipped
with bearing plates or suitable for
use with a deadman buried in the
ground are often employed. These
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are inexpensive and easy to install;
even if the largest size cannot sup-
port all the guys in a set it is
worthwhile providing more than
one anchorage if this allows their
use. In soft soil, and where guy
strains are several tons, concrete
footings must generally be de-
signed. Shaping them along the line
of average direction of guy pull
saves material and labor and the
use of a wedge-shaped plate trans-
mitting guy pulls to the anchor al-
lows self-alignment of the guys.

Materials

Steel towers are low in first cost,
but their weight is a factor in ship-
ping and erection expense. Even
though galvanized they are usually
painted periodically in all but quite
dry climates; this expense is neces-
sary in any case where the Civil
Aeronautics Authority declares a
tower to be a hazard to air traffic
and requires that it be painted in
orange and white stripes for maxi-
mum visibility.

Aluminum has become important
as a tower material since the devel-
opment of strong and corrosion-re-
sistant alloys. Having a modulus
of elasticity about one third that of
steel, an aluminum-alloy tower
under load deflects roughly three
times as much as a steel tower made
to the same design. The alloys used
for towers weigh about one third as
much as structural steel, and their
yield point in tension is about a
third higher. In order to reduce
deflection, deeper sections are used,
but good designs are on the market
which are about 40 percent of the
weight of a structural steel tower
having the same load -capacity.
They are more expensive than steel
structures, but in many cases the
additional first cost is offset by sav-
ings in shipping and erection.

Stainless steel is the best mate-
rial for towers from the corrosion
standpoint, but is quite expensive.
In its annealed state, 18-8 stainless
steel has a yield strength about the
same as structural aluminum and
higher than structural steel. How-
ever,  most stainless steel used for

antenna-support structures is in
the form of tubing, where the cold
working accompanying the drawing
operations materially raises its
strength. Especially where a tower
need not be painted, stainless steel
towers, like aluminum, effect sav-
ings in shipping, erection and main-
tenance.

Magnesium alloys will undoubt-
edly play an important part in the
future of antenna support struc-
tures. Substantially lighter and
more corrosion resistant than alum-
inum, they permit the erection of
massive towers with little gear.
Research is producing stronger al-
loys and gradually eliminating
detrimental factors such as the sus-
ceptibility of magnesium to notch-
effect failures.

Phenoli¢ resin-bonded plywood
was used for mass-produced masts
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feet were built in wartime because
of the shortage of metals. Design
requires great care and flawless
materials must be used. The allow-
able stress being low, sections are
bulky and the wind loads conse-
quently quite high.

Selection of Site

Guyed towers require substantial
areas for guy anchorage. Installa-
tion on a rooftop adds to the height
but roof framing must often be
reinforced for the tower base and
sometimes for guy anchorage as
well. One method of anchoring
guys on a rooftop of limited area is
shpwn in Fig. 10; alternate meth-
ods include running one or more
guys to the ground or to another
building.

Self-supporting towers require
less room for the base, but legal
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FIG. 8—Support for unguyed tower

up to about 100 feet in height dur-
ing World War II. It has the ad-
vantages of low cost, easy erection,
low maintenance and the employ-
ment of noncritical material. How-
ever, it has a shorter life and less
load capacity than most metal types
and must be lowered when an-
tennas are to be tuned or serviced.
Postwar development, particularly
in the direction of using fiberglass
as a filler material, has improved
the quality of this type of product;
it is especially useful for testing
work and temporary installations
where frequent moving of equip-
ment is necessary.

Wooden masts and towers are
rarely satisfactory at heights above
50 feet althought many up to 250

FIG. 9—Support for guyed tower

liability exists where the structure
might fall onto property owned by
others; insurance must be figured
into the maintenance cost so some-
times it is cheaper to acquire land
around the tower to reduce this
charge. Reinforcement of roof
framing to anchor a self-support-
ing structure is usually more costly
than for a guyed structure of the
same height because of the tensile
loads the base must resist, but guy
anchorages are eliminated.

Soil conditions should be deter-
mined before the selection of a
tower to be ground mounted. Soft
or swampy ground may dictate the
choice of a self-supporting tower
with the base spread as much
as possible. A guyed structure
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mounted on soft ground should be
as small and light as possible; some
of the stainless steel towers made
of round tubing are costly but their
wind loads are low, their vertical
thrust against the ground eorres-
pondingly small and the base re-
quired less elaborate than for more
massive steel units. In temperate
or cold climates the footings should
go at least below the frost line for
safety.

Rock footings are relatively
simple. Usually holes are drilled,
steel rods with appropriate cross-
members for bonding inserted, and
the holes filled with concrete. In
the case of the lighter structures,
the rod itself can be used as an
anchor bolt attached to one leg of
the tower. For heavier structures
a triangle or square of metal fitting
the leg angles of the tower is
buried.

Accessibility of the site will
sometimes be a major determinant
in selection of an antenna support
where there are serious limitations
of carriers and roads.

Erection Methods

For crane erection, either an en-
tire structure or a few bottom sec-
tions are assembled on the ground.
A truck or crawler crane hooked to
the structure just above its center
of gravity lifty the unit and lines
attached to the bottom end swing it
into an upright position. The
crane then lowers it onto the anchor
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lifting up to ten tons at the end of
a 100-foot boom are available in
most centers of population in this
country, so units up to possibly 200
feet high can be erected by this
method. However, great care must
be exercised in raising units over
100 feet high, because the guyed
units especially are quite limber,
and buckling may occur. Rental of
cranes is expensive, but the crane is
needed only for the minimum hir-
ing period of one day. Gin poles
and A-frames can take the place of
the crane for smaller units.

For piecemeal erection the bot-
tom section of the structure is
erected as a unit. A jib is then
attached to one corner post, project-
ing up more than half the length of
the next corner post. This jib is
used with a pulley and rope to raise
the members of the next bay. After
the bay is completed the jib is
again raised. A winch on the
ground may be used to lift the
material, or a jeep or truck may be
used, employing a pulley on the
ground to change the direction of
pull. Piecemeal erection is neces-
sary on the more massive towers;
when mounted on prefabricated
sections the jib may raise an entire
tower section. Some manufactur-
ers supply jibs suitable to their
towers on a sale or rental basis.
Where a massive structure is to be
erected on a rooftop it must be
determined whether there is room
on the roof to install a hoisting der-

bolts. Crawler cranes capable of rick to lift the members or whether
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FIG. 10—Use of guy anchor column on rooftop of limited area

they must be carried up in elevat-
ors. These conditions may dictate
a maximum size of members, which
would control the basic design.

For boom erection many guyed
masts are equipped with four sets
of guys instead of the minimum
three. The boom, which may be
one quarter to a third the length
of the mast, is attached to the mast
base at right angles to it, and the
base itself is equipped with a hinge.
The mast, including all the guys, is
assembled on the ground and the
boom is attached in a vertical posi-
tion. One set of guys is attached
to the boom, shortened as neces-
sary. Two sets are attached to
their ground anchors. The fourth
set, opposite the boom, is attached
to a truck or held by manpower. A
line fastened to the end of the boom
is pulled in the direction opposite
the mast, and, as the boom end is
pulled down, the mast is raised.
At some point near plumb the
weight of the boom balances the
weight of the mast; beyond this
point the mast falls into an upright
position and the fourth set of guys
opposite the boom must take up
their slack and ease the mast into
position.

Maintenance

Materials of construction, fasten-
ings, climatic conditions and re-
quired length of life determine
mantenance requirements.

Painting is the most costly repet-
itive item and the one most often
neglected. Aluminum structures
need not be painted unless they are
exposed to salt air or industrial
fumes corrosive to the metal; in the
former case they need painting less
often than galvanized steel if a
zinc chromate priming coat has
been well applied. In dry climates
galvanized steel does not need
painting either, though both it and
aluminum are subject to weather-
ing which may make their appear-
ance undesirable. Galvanizing pro-
vides a better paint base than bare
steel, as also do Parkerizing and
similar chemical treatments for
metals.

Bolts are the first parts of a
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tower to show signs of corrosion in
most cases, even when painted.

Streaks below a bolt head may in-
dicate only the combined effects of
rain and dust; nothing need be
done about them until wire brush-
ing shows bare metal has been ex-
posed or pitting started. When
bolts and nuts begin to rust on an
aluminum tower wire brushing and
painting will save them.

About six months after a tower
has been erected, or after its first
winter, all the bolts should be tight-
ened and any showing signs of cor-
rosion painted or replaced. Subse-

quent tightening need only be done
once a year, but signs of misalign-
ment or damage should be promptly
attended to.

Guys should be adjusted at erec-
tion so that the structure is per-
fectly plumb and straight with all
the slack taken out of the guys
and all equally taut. Some manu-
facturers supply guy-tensioning de-
vices based on spring-adjusted turn-
buckles, but screw turnbuckles
should be provided in addition to
these. Guys should be checked four
times a year or after severe
storms; all wire rope is subject to
stretching.

a7

Lighter units generally have
bracing handy for climbing, and
more massive units are usually pro-

vided with a ladder. Where brac-
ing is too widely spaced for climb-
ing, extra horizontals on one face

may be provided to form a ladder,
or one -corner post may be fitted
with cantilever climbing rungs.

Tubular masts can be fitted with
ladders or rungs attached to clamp
rings. These, of course, add to
wind resistance. A mast is usually
painted by lowering it, or by using
a boatswain’s chair suspended from
the top if it is erect.

Antifading Broadcast Antenna

The service area of a broadcast transmitter within which interference between ground

and sky-wave components does not occur can be extended by reduction of high-angle

radiation from the antenna.

Use of a sectional mast with an insulator cancels the

progressive wave usually found on fabricated towers

HE RECEPTION of a broadcast
T station in the frequency
range 0.5 to 1.6 mec is frequently
affected by fading at relatively
short distances, especially at night.
This kind of fading, which results
from interference of ground and
sky wave, is observed at distances
of about 50 to 100 miles or more.
It causes linear and nonlinear dis-
tortion at the receiver, sometimes
to an extent which completely spoils
a high-quality radio program, even
with ave in the receiver. This
effect is true also for a high-power
station, the signal from which is
strong enough to overcome r-f
noise. As a result, a considerable
part of the potential coverage area
of many radio stations suffers from
poor reception. In order to achieve
an undisturbed primary coverage
as large as possible, especially at
night time, many high-power radio

By HELMUT BRUECKMANN

stations have been equipped with
antifading antennas. However,
not all of them have been success-
ful.

In 1930, German broadcast sta-
tions started to use a single vertical
wire or metal rope hung in the axis
of a self-supporting wooden tower
with a height in the order of half
a wavelength and excited elec-
trically at the base. Experience
with this kind of antenna in respect
to reduction of fading was good.
In some cases, the undisturbed
night-time primary coverage was
increased by 100 percent in area,
compared to an antenna with a
height of one-quarter wavelength
or less. However, the maintenance
of the wooden tower proved to be
expensive and difficult, and many
towers were destroyed by fire or
storm. In time they were replaced
by self-radiating steel towers which

were fed at the base in the same
manner as the one-wire antennas.
These steel towers were much
cheaper, easier to maintain and less
subject to hazards. However, they
were disappointing in respect to re-
duction of fading.

Beginning in 1936, several inves-
tigators showed that this effect was
due to the progressive voltage-cur-
rent wave along the tower which is
superimposed on the standing volt-
age-current wave as shown in Fig.
1A. This progressive wave carries
the energy which is radiated by
each element of the antenna or dis-
sipated by losses. In a thin con-
ductor like the one-wire antenna,
the progressive wave is small com-
pared to the standing wave and,
therefore, the radiation of the pro-
gressive wave is almost negligible.
In a thick conductor like a steel
tower, this is no longer true. The
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miles to about 105 miles. This re- by an inductance. According to B o i K_.“\
duction corresponds to a decrease the flow of energy there is a pro- oL TN
in undisturbed area of 40 percent. gressive wave superimposed on the ELEVATION ANGLE ¢ IN DEG
(8)
Table I—Characteristics of Antenna Operating at 1.195 kc 24 XY WAVE OF SHORT ANTENNA
w
=Z20 \ J’— AIL
I '.\,‘;%Rpuuo WAVE
Loop-fed Base-fed g: 16 7X] PO ALy ANENNAS
Length of stub in feet between grounded 58.7 55.1 52.0 * 5; / N MAST /]
tap and base of mast 8. 8 L S\ L1
Height in feet of the current node above —0.8 8.8 16.8 11. 22 / \ A
ground . o2 J SKY WAVE ‘\ 'SKY WAVE
Elzittixg; ;x;ﬁ:i i pgtegreesm of null of 90 62 54 65 §g ot ng-?‘%;;}“ —formin
Gati:intdtgg(t:sh?ﬁx;m directiondue  2.15  2.40  2.61 — " -45—3650 5126150 165 B0
pal cula DISTANCE FROM TRANSMITTER IN MILES
Input impedance in ohms of the coaxial 100 —-151 8437 274,35 * (c)
transmission line
Antenna efficiency in percent, including 73 67 62 73 e ————— —
matching network : .-PROGRESSIVE |
Losses in stub in percent of the input 3 10 12 * i WA .‘L
power ’ 4
Heat losses in percent along the mast 0.7 0.6 0.7 0.7 | !
(calculated) N SINHaX -sﬁn__—*_
Losses in percent in coaxial transmission 1.4 1.4 4.2 * | e
line inside mast [ A
Ratio of current in percent at current —— 2.9 2.7 26 { -SINBHX") 4
node and at current loop | % -TOTAL CURRENT
Voltage in kv across base insulator 5.9 8.3 10.2 9.5 } _______
Voltage in kv across sectional-mast 5.7 4.4 6.9 *» ] BH-XHSIM ax’
insulator L X EH-Ase
Maximum voltage in kv across coaxial 6.8 8.0 13.0 * - a-.._g.g.
transmission line inside mast =
Standing-wave ratio in coaxial trans- 2.2 2.5 7.9 — ()
mission line inside mast
FIG. 1—(A) standing, progressive and
total current waves on radiator fed at
* Disconneeted base, (B) vertical pattern of vertical
** Shorted 0.585-wavelength radiator, (C) sky and
’Volla;el are for 100 kw rms unmodulated power input. ground-wave field strengths, and (D)
standing, progressive and total current
waves on center-fed radiator
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standing wave in each part of the
mast, traveling upward in the
upper part and downward in the
lower part. Each of the two pro-
gressive waves is, near the current
source, about half as strong as in
the case of excitation 4t the base.
The radiation components originat-
ing from them cancel each other at
least partially because of the op-
posite direction of the progressive
waves. For the sake of brevity,
this kind of antenna may be called
the loop-fed antenna, in contrast to
the base-fed antenna.

As shown in Fig. 2, the current
distribution in the lower part of
the mast depends upon the induct-
ance which is connected between
the base of the mast and ground.
This means that the vertical radia-
tion pattern can be controlled by
varying this inductance. In order
to have a pattern suitable for re-
duction of fading, it is not neces-
sary to have a current loop at the
sectional-mast insulator. Actually
a current distribution similar to
that in Fig. 2B is more favorable
because it allows reduction of the
total height of the mast, which can
be as low as 0.4 wavelength, Since
the inductance at the base can be
adjusted conveniently, it is possible
to adapt the antenna during opera-
tion to a change in ionospheric con-
ditions, as it happens, for example,
during spring and fall.

A simple way to feed the antenna
at the sectional-mast insulator is
shown in Fig. 8A. A coaxial r-f
cable is wound as a big coil. Its
outer conductor is connected be-
tween the base of the mast and
ground, representing the induct-
ance mentioned above. The inner
conductor of this cable is continued
through the inside of the lower
part of the mast and insulated from
it up to the lower end of the upper
part of the mast. This continua-
tion of the inner conductor and the
mast itself form a coaxial transmis-
sion line, with the mast as the outer
conductor. A current equal in
phase and magnitude and opposite
in direction to the current in the
inner conductor flows on the inner
surface of the lower part of the

mast. No radiation originates
therefrom. At the sectional-mast
insulator, this current goes around
the rim of the mast shaft and con-
tinues on the outside surface.
Normally, a tuning and matching
network would be introduced at the
sectional-mast insulation between
the antenna terminals and the
coaxial cable. However, in this
case it is not necessary. On that
part of the coaxial transmission
line which is formed by the mast
itself and the inner conductor, even
a high standing-wave ratio does not
matter, both from the standpoints
of power losses and break-down
voltage of the insulators, because of
the great dimensions available.
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the base-fed antenna, and by 23 db
compared to a simple short an-
tenna. In effect, the loop-fed mast
is about equal to, if not better than,
the base-fed one-wire antenna in
respect to the sky-wave suppression.
The calculated field strength of
the reflected sky wave as a function
of the distance, when based on the
measured pattern, is shown in Fig.
1C. According to this diagram, the
undisturbed primary coverage at
night time is increased consider-
ably; namely, by about 30 percent
in radius or 68 percent in area,
compared to a base-fed mast.

Radio Frankfort Antenna
The first broadcast transmitter
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FIG. 2—Effect of variation of series impedance Xp at base of loop-fed antenna on
current distribution

Therefore, it is sufficient to have a
matching and tuning network at
the lower end of the lower part of
the mast shaft where it can be
operated conveniently. Even more
convenient, the matching network
can be installed at the grounded end
of the coil of coaxial cable.

In order to determine how much
the loop-fed antenna actually im-
proves sky-wave suppression, field
strength measurements by airplane
were made with a 830-foot high
antenna model operated at 1,640 ke.
For an elevation angle of 43 de-
grees, the field strength was re-
duced by about 14 db compared to

which was to have obtained a per-
manent version of the loop-fed an-
tenna wa