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ABSTRACT 

Increased gain stability and gain-bandwidth product result from 

the use of inverse feedback in an i-f amplifier. Improvement in gain 

stability is related to the number of cascaded stages, the stage gain, 

and the magnitude of the feedback. A circuit is described which uses 

feedback over a pair of cascaded stages. Generalized selectivity curves 

for this feedback couple are shown, and the design procedure is outlined. 

A description of an experimental amplifier concludes the paper. 

This report is issued for information purposes only. Publication or 

reprinting of its contents either in full or in part is not authorized 

without express permission. 
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INTERMEDIATE-FREQUENCY GAIN STABILIZATION MITH 

INVERSE FEEDBACK 

INTRODUCTION 

Increased gain stability and gain-bandwidth product result from the 

use of inverse feedback in an i-f amplifier. In addition, the response curve 

of the amplifier may be designed to have a flatter top and steeper skirts 

than the curve for an amplifier of cascaded, synchronous, single-tuned stages 

without feedback. The improvement in flatness and gain-bandwidth product has 

been described by previous investigators for the case of feedback over a single 

stage.1*8 This paper analyses a method using feedback over pairs of stages and 

presents experimental confirmation of the design procedure. 

Formulas introduced in the text are derived in detail in the appendix, 

where a complete list of symbol definitions appears. 

STABILITY RELATIONS 

The voltage gain of an amplifier of n identical cascaded stages with no 

feedback is 

G 
X 

n 

where Gx is the overall gain, and fj. is the gain of a single stage. For good 

gain stability, it is desirable that the derivative 

dG, n , 
■37T = 

(1) 

be as small as possible. Ordinarily, ji may be expected to vary with changes 

in tube transconductance due to power supply variations and tube aging, and 

with variations in constants of the interstage coupling networks. The de¬ 

rivative given in (1) represents the worst possible case, that of a particular 

variation in /j. occurring simultaneously in all stages. 

Now consider an amplifier of a identical cascaded stages in which feed- 
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back is applied over groups of « stages. Then 
a 
m 

G„ tL (2) 

where G2 is the overall gain, and is the gain of the feedback network.8 

In order to compare the feedback amplifier with the zero feedback amplifier, 

we let G * G and find that 
a x 

dG, 
h4^ (3) 

where 

G2 3 (4) 

Again, for good gain stability, dG2 should be small. For maximum stability, 
d fx 

h should be a minimum. If a, and consequently /3. is increased to obtain this 

minimum, it is found that 

G2-e (5) 

and 

me i 
— lo9 ^ 
M 

(6) 

where e • 2.718, and log indicates the logarithm to this base. Obviously, 

maximum stability has been achieved at the cost of stage gain, each m group 

having a gain of e. The maximum stability conditions demonstrate the pos¬ 

sibility of increasing feedback beyond the point where increased stability 

results. A given overall gain may be maintained with increasing feedback and 

stability by increasing the number of stages, but stability is not improved by 

increasing feedback beyond the value. 

(7) 

Practically, because of the many stages required, there will be few cases 

where feedback of this magnitude is desirable. 

If G2 and a in .equation (4) are both constant, it is more advantageous to 
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l 
/-« a 

increase feedback by increasing m rather then p. since j . In most cases, 

a will not be greater than three. 

The preceding argument does not consider bandwidth; the gain equations 

refer to center-frequency gains only.. 

PARTICULAR METHOD 

Figure (1) is the schematic diagram of a cascaded pair of radio-frequency 

stages with inverse feedback. Power supply connections are omitted for sim¬ 

plicity. Symbols necessary to the design of this feedback couple are defined 

in the following list: 

A = 

1 + B = 

Ci = 

C2 - 

C3 = 

C. “ 

= 

Af = 

G = 

G = 
o 

g = 

p = 

Qi = 

Q2 - 

R = 
O 

Ri " 

R2 * 

s = 

CO = 
o 

Aw = 

P = 

center-frequency voltage gain of couple with zero feedback, 

feedback factor. 

plate load capacitance in farads, 

feedback capacitance in farads, 

divider capacitance in farads, 

divider capacitance in farads, 

center frequency in cycles per second, 

bandwidth in cycles per second, 

voltage gain of feedback couple. 

center-frequency voltage gain of feedback couple 

normalized gain 

design factor. 

Q of tuned circuit consisting of shunt-connected L1# Clt Rj 

Q of tuned circuit consisting of shunt-connected L2. C2, R, 

cathode bias resistance in ohms. 

effective plate load resistance. 

effective feedback resistance. 

tube transconductance in ohms. 

27rf radians per second. 

27rAf radians per second. 

step-down ratio of tuned output circuit. 

Normalized gain curves for several values of feedback are given in Figure 
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(2). where g is plotted against Qj^-- The curve labeled B=0 is the normalized 

response of the couple with zero feedback. Note that the curves for appre¬ 

ciable feedback display flatter tops and much greater skirt attenuation than 

the curve for zero feedback. 

The improvement in gain-bandwidth product varies with the degree of feed¬ 

back. For a single-tuned stage with zero feedback, the gain-bandwidth product 

18 

= 2 tk 
(8) 

For the feedback couple, the gain-bandwidth product, per stage, is 

n,^ i.7n. (9) 

in the more useful range of feedback values. 

Generally, the feedback factor 1+B should be chosen as large as possible 

in order to obtain maximum stability. The improvement in center-frequency 

gain stability over a zero-feedback amplifier cgn be calculated directly from 

(4). 

For example, if a ■ 4, n * 2, Gq = 10 H , p = 102, h = 2(0.1) 2 = .02. or an 

amplifier consisting of two feedback couples with the given constants has one- 

fiftieth the gain variation of a similar two-stage amplifier with no feedback. 

In the appendix, it is shown that the design may be proportioned to give 

peaked responses at the extremes of the pass band. Curves for several nor¬ 

malized peaked responses are given in figure (3). 

A feedback couple may be designed using formulas developed in the appendix 

and information given in the curves. The design procedure follows: 

Given Af, fo, S, and G„ 

a. Choose value of 1 + B. In Figure (2) or (3) , find Q1-^L for g 

b. Calculate Q1# If Qa is impractically large, choose a smaller value 

of 1+B. 

c. Calculate C,= 
s g. 

'1 <^o/Go l 1 + B) 

d. Calculate R = vl • 
& o C 

e. In Figure (4), find P and A/p. 
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f. Calculate A » (i+B)G , and p• 

g. Choose R from tube data. 
o 

h. Calculate R * (— _i)R . 
2 >S o 

i. Verify p2R2 >> R . If this is not true, choose a smaller 1+B and 

re-design. 

j. Calculate Q2 * Qx. 

k. Calculate C ■= 2 
2 -oR2 

l. Calculate C^ s • 

C 
4 

PC 
1 * 

EXPERIMENTAL RESULTS 

The electrical arrangement represented by Figure (1) must be duplicated 

in practice as closely as possible if results are to match the predictions of 

the design. Several practices, noted as critical during the course of the 

experimental work, should be followed: 

1. Ensure adequate by-passing of the "ground" ends of the tuned plate 

circuits. This is especially important in the tapped output circuit. The design 

formulas ar© based on an output impedance at the tap which is usually a few 

ohms, and it does sot take much reactance in the by-pass capacitor to modify 

the output impedance considerably. 

2. By-pass the screen grid of the first stage directly to the cathode. 

The formulas for RQ and C1 will not be correct if the screen is by-passed to 

ground, 

3. Install interstage shielding and power lead decoupling as in an or¬ 

dinary zero feedback amplifier. Because of the greater gain-bandwidth product, 

the gain per stage will be even larger than for a zero feedback amplifier. A 

small amount of regeneration may work mischief with a carefully calculated 

design. 

Tuning the amplifier is greatly facilitated by providing a switch to break 
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j Ji 
the feedback line to the cathode of the first stage. The amplifier plate cir¬ 

cuits are peaked in the normal fashion. The feedback is then switched in. and 

the feedback tuned circuit is adjusted for maximum response at the center fre¬ 

quency. If a slight asymmetry of the response develops, it is usually possible 

to minimize it by detuning the feedback circuit. A large asymmetry indicates 

a design error, regeneration, or inadequate by-passing. A useful final adjust¬ 

ment is the value of Rq. A bandwidth which is too large can be decreased by 

decreasing R . If the bandwidth is too small. R should be increased. 

In Figure (5) is shown the gain characteristic of a feedback couple using 

two 6SK7 tubes with the following design values: Af = 30 Kc/s, fQ= 450 Kc/s, 

S* 2000 micromhos, and Gq = 100. The normalized gain curve for 1+B = 10. 

taken from Figure (2). is superimposed for comparison. 

The overall gain and bandwidth agree well with the given values. The 

skirts are not quite as narrow as the normalized gain curve predicts. The lack 

of agreement is due to approximations that were made in the analysis. In par¬ 

ticular, it was assumed that p2R2» Rx , and that j-A-|» | SZ 2 | . The latter in¬ 

equality will not hold as well for frequencies far removed from resonance as 

for the center frequency. To the extent that the approximations are not a- 

chieved in practice, the skirts may be expected to deviate from the calculated 

values by small amounts. 

The normalized gain curves plotted in Figures (2) and (3) are also ap¬ 

proximate in that the quantity fj. is considered equal t o , as explained in 

the appendix. This approximation was chosen because it allows the normalized 

response curves to be plotted as symmetrical characteristics, facilitating 

reading of bandwidth values. The approximation fails for bandwidths which are - 

a large fraction of the center frequency, and in such cases it is advisable 

to plot curves with p. equal to its exact value. 

In Figure (6) is shown the variation in gain of the experimental couple 

with plate supply voltage. A similar curve is shown for the same amplifier 

with zero feedback. 
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APPENDIX 

Complete Hat of aymbola 

I 
A « center frequency voltage gain of zero feedback couple. 
— 

A ■ coaplex voltage gain of zero feedback couple, 

a ■ nuaber of stages in feedback anplifier. 

B * design factor. 

1+B > feedback factor. 

• plate load capacitance in farads. 

C2 • feedback capacitance in farads. 

■ divider capacitance in farads. 

m divider capacitance in farads. 

D.C.F, ■ design paraneters. 

f ■ frequency in cycles per second. 

fQ b center frequency in cycles per second. 

Af ■ bandwidth in cycles per second. 

G ■ voltage gain of feedback couple. 

Gq b center frequency voltage gain of feedback couple. 

G b coaplex voltage gain of feedback couple. 

G^ b voltage gain of zero feedback anplifier. 

G2 ■ voltage gain of feedback anplifier. 

g * normalized gain, 

h • instability reduction factor. 

Lx * plate load inductance in henries. 

L2 * feedback inductance in henries, 

a b nuaber of stages in each feedback loop, 

n ■ nuaber of stages in zero feedback anplifier. 

P ■ design factor 

Qx > Q of tuned circuit consisting of shunt-connected Lx, C1# Rx. 

Q2 b Q of tuned circuit consisting of shunt-connected L2. C2, R2. 
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cathode-bias resistance in ohms, 

effective plate load resistance in ohms, 

effective feedback resistance in ohms, 

tube transconductance in mhos. 

(jj O 

"o w 

Qx u. 

Taloe of ?t corresponding to g 9 

parallel-tuned circuit impedasee in ohms, 

feedback tuned circuit impedance in ohms, 

voltage gain of feedback network 

natural logarithmic base, 2.718. 

voltage gain of single stage. 

2«rf radians per second. 

2ir i . 
V 

2wAf* 

zero feedback gain-bandvidth product, 

feedback gain-bandwidth product, 

step-down ratio of tuned output circuit. 
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Stability Equations 

*fr- 'V ‘ '• ' 

From the formula for gain in a feedback amplifier8, we find 

J£ 
l+/6^m' 

(2) 

and 
(3) 

where i _ a 
h = TT 

r In 
G2a 

(4) 

Now dh 1 
"cfa n 1--S- 1o<3G: 

-li- 1-, 
G2 a 

If 
°• then 

g2=^ 

g2= 6 (5) 

and h = -21. 
n/i.m 

But, since we have allowed G2 - G1 = /xn . 

log G2 = n log fj. = -g- 

-S. = m log /x 

and 

In addition. 

h = Hf- log M 

= e 
l+^m 

(6) 

so that 
(7) 
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Feedback couple analysis 

The complex impedance of a two-pole formed by shunt connecting in¬ 

ductance L. capacitance C, and resistance R is 

Z = 
1+jQu 

where _R_ _i &_cd . Acd 
CD 

l J UJ O LiX* 

7T' and Xsnr~—-nr 

In the circuit of Figure (1), 

G = 

1+(A + SZJ (—2—) 
P 2 r0+z2 

where it is assumed that p2R2 >> R^ and 

(l+jQxu) 

If it is also assumed that j-^-|>> |SZ2 | . then 

9 R. 

Substition of the expression for A in G, and expansion, 

G = _1 ♦ JPx_ 
gives 

1+B - (1+ 2P)x2 ♦ j|j +^£ + p(l - x27J 

where B = 

P d +ir) 

p . ^BQ2 
p -T5T 

and Qxu = x 
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No* g - G (-*4-^) = 
1 ♦ P^x 

22 

2 + 
IP" 

t^*2’2 * '^T^-r^’V 

y2 

Le t 
9 -*- . n 

D s 1 J>B^ * E-iTb-' F ="1?H- Then 

2„ 2 ___J__1 + P^X_ 

1 •*■ (E2-2D) x2 ♦ (D2- 2 EF ) x4 + F2x6 

The relative values of the coefficients in the above equation determine 

the shape of the generalized response. 

It can be seen by inspection that, for maximum flatness with no in¬ 

flection . 

E2 - 2D « P2, D2 - 2 EF = 0 

These tvo conditions give 

A 
P 

1 

and 
1 ♦ B 

1 ♦ 2P 

P2 
/TV(^+p“) 2 - l 

Plots of these two functions are given in Figure (4). The equation for g 

no* becomes 

~p2x6 

1 +(1 +B)2 (1 + P*x2) 

Plots of this function are given in Figure (2). For a slightly peaked 
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response with one inflection, 

E2 - 2D * P2 . D2 - 2 EF * 5(1Vg) 2 

These two conditions give 

5P' 
4* 1 

and 1 +B * 1 *.2P" A 

o.ooxf 
1.1+ (% +P) * + T%TVW - 1 

Plots of these two functions are g'iven in Figure (4). The equation for 

slightly peaked g now becomes 

9 

1 + 
p2x6 ~T 

(1+B)2(1+P2x2) 

5S 

Plots of this function are given in Figure (3). 

It should be noted that responses with almost any degree of peaking 

are available with a different choice of the coefficients D.E.F. For any 

particular set of these coefficients, it is necessary to derive new ex¬ 

pressions for-—, 1+B, and g in terms of P. Responses may be obtained 

which give three peaks to the usual i-f amplifier selectivity curve, or 

two inflections in the expression for g. 

h * G (1 + B) * (SR.)2 © 1 

go a ♦ b) S2Q2 

' ~c 2 
° 1 

Benign formulae 
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C l 

SQj. 

% ^G0 <1 ♦ B) 

By definition, 

A 

(c) 

P 

C 
3 

_ 

P- 1 

C, " PCi 

(h) 

(I) 

Ga in-bandwidth product 

For a single-tuned stage with zero feedback. 

SQi S 

a;0Ci £*C1 

n0 - PM 
S 

2vQ1 
(8) 

For the smooth response feedback couple. 

G 
o 

A 
1 ♦ B 

(Sty2 

(a;oCi)2 (1 + B) 
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(Sxc)2 

(&JC1)2 (1 + B) 

where xc is the value of x at g ■ % 

Sx 
nB * /GTAf - ■ __ 

6 0 2nC1 V 1 + B 

then n. = n 
' 6 0 /l+B 

Reference to Figure (2) results in the following table: 

For most useful values of l+B, 
/l+B 

is thus approximately 1.7 

ne * 1.7 n0 (9) 

or 
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FIG. 2. NORMALIZED GAIN FOR SMOOTH RESPONSE 
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FIG. 3. NORMALIZED GAIN FOR PEAKED RESPONSE 
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Fig.5. RESPONSE OF EXPERIMENTAL AMPLIFIER 
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