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DEFINITIONS OF SYMBOLS USED

A = Amplification of the amplifier without feedback.

al - Amplification of the amplifier with feedback.

B = Attenuation of the feedback control resistance, or ratio of the
voltage supplied to the feedback network to the total output
voltage. A pure numeric, independent of frequency.

Y = Attenuation of the feedback network. A vector quantity.

By » & vector quantity.

Total output voltage.
Signal input voltage.

Rg = Resistance across which eg is developed.

R, = Cathode biasing resistance.
Ry = Resisbtance terminating the feedback network.
R
Rf, R'f = Feedbeck control resistances such that a!.___E___
Rp *R'p

Ry = Resistance through which the plate voltage is applied to the tube.

Rag = Screen grid voltage supply resistance.

C,s = Cathode by-pass condenser.

Cp = Blocking condenser for the feedback control circuit.
ng = Screen grid by=-pass condenser.

c = Coupling condenser between stages.

Zo = Charecteristic impedence of network.

Zy = Transfer impedance of network.

fo = Null frequency, ecycles per second.

The term "regeneration" refers to the effect of feedback voltage
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upon amplifier characteristics when the vector sum of the input signal
voltage and the feedback voltage present in the amplifier is pgreater
than the input signal voltage.

The terms "degeneration", "inverse feedback", and "uegative feedback"
ere synonomous in this thesis, and refer to the effect of feedback
voltage upon smplifier chereacteristies when the vector sum of the input
signal voltage and the feedback voltege present in the amplifier is

less than the input signal voltage.




FREQUENCY DISCRIMINATION BY INVERSE FEEDBACK
INTRODUCTION

The use of negative or inverse feedback in amplifiers has
become widespread since the appearance of He 5. Black's paper1 on the
subject in 1934. Much improvement in the opereting cheracteristics of
emplifiers may be realized by inverse feedback. Essentially the method
of use consists in taking pert of the output voltace of the amplifier
and returning it to the input ecircuit in the proper phase relative to
the impressed signel. TVhen this is done the re~amplified feedback
voltage will tend to cancel the distortion and the noise originating in
the amplifier. This advantage is, of course, obtained at the expense
of reduced voltage amplification but with the high gain possible with
modern tubes this gives little cesuse for concern. Usually inverse feed-
back may be added to en existing emplifier or designed in the circuit
of an amplifier by the sddition of only one condenser and one or two
resistances.s The benefits mey be summarized es follows?s
(1) Reduction of emplitude distortion.
(2) Reduction of noise.

(3) Reduction of frequency and phase distortion.

1Black. HeS., Elec. Eng., vol. 53, Jan., 1934, p. 114

2Reich, Hed., Theory and Applications of Electron Tubes, McGraw-
Hill, 1939, p.220




(4)

(5)
(6)
(7)

Increase of stability (reduction of variation of amplifi-
cation with operating voltages and tube age).

Reduction of variation of amplification with input voltage.
Reduction of variation of amplification with load impedance.

Increased demping of loud speaker transients and resonance.

In some cases it may be desirable to have & gain-frequency charac-

teristic which is not flat but discriminates apgainst certein frequencies.

One way in which this mey be eccomplished is by the insertion in the

feedback circuit of a network having a response characteristic the in-

verse of that desired for the emplifier. In perticular the emplifier

may be made highly selective by the use of a frequency=-mull bridge or

network such as the parallel-T network. It is the purpose of this thesis

to desirn and test several emplifiers which achieve frequency discrim=-

ination through the use of inverse feedback networks.



ANALYSIS OF INVERSE FEEDBACK

In figure 1, which represents a feedback amplifier in general
form, a portion of the output voltage is returned through the feedback
network to the input circuit. "A" represents the amplification without
‘feedback, § is the ratio of feedback voltage to the total output vol=
tagee. In general both A and ¢ are complex quantities, Neglecting the
harmonic and noise components, the ocutput voltage, expressed in terms

of the signal voltage, will take the form of the series:
eo = Aeg (1+AY + 2%+ - - -) (1)

which is convergent iflAQL(l. The overall amplification, with feed=

back, is

- de
s - o (1+Ag+APE - - =) 2)

The quentity in parenthesis in the above equation is the power series-
development of
1
T -5
Equation (2) May therefore be written
A

& TR (3)

Thus the original amplification is changed by the factor

3 4

T1-a¢



The product AF is celled the feedback factor and is considered posi-
tive when the vector sum of eg and fep is greater then eg, negative
when the sum is less than eg.

The feedback is positive, resulting in increased amplification
when Ilm@ﬁ|< 1, negetive, resulting in decreased amplification when
|1—gﬁ1 > 1, and there is no change in gain when |1-g¢| =1. Thus the
magnitude of lw&ﬁ is the criterion for determining whether feedbeack is
positive or negative, and not the feedback feactor.

It may be shown that when the feedback is negative the cheange in
amplificetion is always such as to result in a decrease in amplitude dis=-
tortion and frequeney distortion, and in some types of noise. Since it
is beyond the purpose of this paper to analyze in detail the effect of
feedback on noise end distortion these components were omitted from the
diagram in Figure l. A complete analysis from this standpoint maey be
found in the references listed in the bibliography.

As A is increased beyond the value of three or four the im=-

portance of 1 in the gein expression

al = T‘%ﬁ'
becomes small in comparison with ﬁﬂ', particularly if the imegineary com=
ponent of Aﬁ is large in comperison with the real component. Thus if
the feedbeck is increased or is sapplied over & higher gain the oversll

emplification approaches the limiting value:

P T (4)

S




and is independent of A. If l Aﬁj’ | 2> 1 the amplifier gain is inversely
proportional to ﬂ} which means that the frequency response character=-
istic of the amplifier with high feedback is the inverse of the response
charscteristic of the feedback network. Since ﬂhﬁ?)’, and/ﬂ does not
introduce any phase shift, the frequency response of the amplifier should
be flat when)/ =1. If ) has a null point the amplifier will have a
frequency response peak, or if ¥ is a low-pass filter the amplifier
will have a high-pass characteristiec. Or, by proper design it is pos=-
sible to correct the characteristic due to some section at & point be=-
yond the emplifier by putting & network with identical characteristics
in the feedback circuit.

If '&ﬁ‘ >> 1 the smplification is independent of load impedance
provided the load does not form a part of the feedback circuit. Also
the emplification is independent of A and hence of supply voltage end
tube factors, which greatly. improves the stability of the amplifier.

Nyquist has shown5 that a great deal may be learned sabout the
operation of a feedback amplifier by plotting a polar diagram of Aﬁ et
all frequencies from zero to infinity. The magnitude of A@ is plotted
to a linear scale against the total phase shift angle. If this curve
encloses the point IZLEL_the feedback is positive and in sufficient
amount to cause the amplifier to oscillate at a particular frequency.

If the curve does not enclose 1/ 0 but does intersect a cirele of unit
radius with center at 1/ O the feedback is positive at these frequencies

but oscilletion will not occur. If the curve does not iantersect this

SNyquist, H., Bell System Tech. Jours, vol. 11, p. 126




circle at any point the feedback is negative while tencency to the
circle means there is no change in geain. The polar diagram for the
triode feedback amplifier with pure resistance load is a circle with
center at _%fL 180° and radius of _%;L e In general the high values
of relative phase shift occur at frequencies for which A is small, so
that it is possible to prevent oseillation in one-, two-, or three-

stage resistance coupled amplifiers,
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THE PARALLEI~T NETWORK

In the section on feedback analysis it was shown that if lﬁﬂ1>>1
the Pfrequency response curve of a feedback amplifier will be the inverse
of the response characteristic of the network used in the feedback
circuite The types of networks that may be used are practically un-
limited, the type used depending on the response characteristic desired.
In Figures 9 and 10 are shown configurations used by Fritzinger4 to ob=
tain high=- and low=-pass response respectively in an amplifier. Addition-
al sections may be added to increase the sharpness of cut-off.

A resonant circuit or a frequency bridge may be used to provide
@ null in the feedback path and hence &peeak in the amplifier character-
istice. Figure 7 shows the Viien bridge which is well suited for this

purpose. 4t balance:

R4 ('j ﬁ%? )

R, =-j_1
R]. - 4 ¢ wo4
wcs
RRR, - jRaRa- sRaRs_ R1 __ yRRy
Wcs WG4 W20504 wey

In order for this equation to hold the sum of the reals and the sum of

the imaginaries must equal zero.

4pritzinger, G.H., Proc. I. R E., vole 26, Jun. 1938, p. 207




Equeting reals:

R

- 1
R =
1R3Re =

5 _
W= 1 (5)
RzRqcz04

Equating imeginaries:

i s T
c3 o4 cq

RiRy _ RpRy = RyRs

C3 C4
%4 _ReRy - MRy B By (6)
c3 RiRg R] Rq

In many cases it is not convenlent to use a bridge because of
the necessity of isolating the input terminals. Furthermore the ad-
ditional frequeney distortion and phase shift introduced by the iso-
lating medium may be objectional in many cases. For these reasons the
equivalent parallel-T (Figure 8) or bridged-T 3-terminal networks are
more desirables The perallel-T will be considered in some detail here-
withe.

To show the equivalent circuit of the parallel-T network at the
null frequency each component T is first reduced to an equivelent pi
section and then the two sections are paralleled. Using the T to pi

transformation equations (notations in Figures 2 and 3):

leZ + ZZZS + zszl
2

4y2=
3
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23

L1Cg + Zplg + Igly
Zy

13 =

For the T section shown in Figure 4

RiRy - JRoXg = JRyXg

10

Rationalizing
2, = JRRy + RpXg + RyXg
R4R . R4R
a3 12 Ry + Ry s (Rp#+ R+ JEE2
X
3
R Ro= jRoXz = JRX Ro,X
= 172 23 1%8 = i
Zog = 5 Ro= § (22 x5 )
1 R
RmR, - JRX; - JR;X R, X
- 2 3 173 15
251 - R sRl"j(T'l'XS)
2 2
For the T section shown in Figure b
-X1Xp - Rz - JX1Rz XX
Z1, = R, -Rs-j(Xl-l-Kg)
, %%y - KRy - JKiRg
23 = -jxl
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Rationalizing
=J%1K9 + XoRs + Xle RzXo
Zog = = $Ry ) = 3K
23 X, e el A
~X1Xp - JXgRz - JX1R3
byl = -
-3X,
Rationalizing
2 2
For design convenience let5 Rl & st 2?\’.:.5 =R
Xl - Xzz 2X5 - X

Then the equivaelent pi for figure 4 becomes:

2

_ . 2R
212_ 2R+ JT

bys = Ly = R=3K

And for figure 5:

2x2
Lygm =" = J%

™
"
™~
n

R=3X

23 31

5This assumption will be justified on page 16

12




Paralleling the two pi's the series element is:

2) (-

2
2R
2R--—-_- + B a9
R 3 X )

71 (2r+ j 2RC - jex )

12 =

13

_ o o-ax® - e+ ar® B2 - x® - gemx
B 2 (R - X%) ¢ 3¢ R2.};§ 32_32 _i.j-' !
- ( ) ui( )« )(ZR '%5?0

Rationelizing and simplifying:

R .X X% . R°
g1 - 29F" WK
12 R2 x2
@2 4RZ
2 2
) R +-§ ; Ki-%;
T y® _ g? " N
282 2x? 282 ox2

(7)

The shunt elements of the equivalent pi, egual if balanced, are:

® - %) (R~ jX) _
2(R - jX)

R - jX
2

In terms of the originel resistance and reectance:

- X

Llog = L'z = Rs 3

At one particular frequency, the balance frequency,
deonminator of Z';, becomes zero and Z’lz becomes infinite.

equivalent pi circuit is that shown in Figure 6.

R =X.

(8)

The

Then the
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The characteristic impedance at the null frequency is equal to
Zo, m Rz - JXg (9)
since Z, = \/ZOG Zge ®8nd Zoc = Zso = R3 - JX,

Tuttleshas shown that at balance each of the component T networks
plays its part independently of the other, and the null condition is
simply thet corresponding to equal and opposite traansmission through the
two compenentss Thus as in the case of a belanced bridge the impedance
of the pgenerator or of the common output circuit has no effect on the
balance condition. WNo voltage is developed across the output circuit
because the currents from the two component sections are equal and op-
posite and hence balance out. Hence in calculating the transfer im-
pedance the output mey be assumed to be shorted. From Figure 2, with
the output terminals shorted, currents assumed in a right-hand rotation,

the transfer impedance is

°s 2, 2,
Zy12 = 1,= f1+vZp + T 7, (10)

For the parallel combinetion of the two T networks the null condition is

e a
do# L'y = — + ? (11)
Zi12 g2

6ruttle, W.N., Proc. I.R.E., vol 28, Jan. 1940, p.23
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giving

Igre + lpp = U Yl Z%:z b By eiley *-zﬂ——Z|lz;2 =0 (12)
For two components this eguation states that the sum of the two transfer
impedances must be zero. For three or more components this is not true,
but in the general case a balance requires that the sum of the transfer
admittances must be zero, as may be determined from equation 11 above.
Tuttle has shown that a network of the type shown in Figure 5 has
an equivalent transfer impedance circuit formed by a condenser in

series with a negative resistsnce

1 2
k= K02 ~J Wey )

while the network of Figure 4 has & transfer impedence equal to an in=
ducteance in series with & positive resistance (2R1+jR21 WCz).

Equating real end reactive components:

2 _ g2

_.1_.__._“.2_= 2R,
Rsclzw

Dividing the first by the second:

¢ 2
O - s @2 (13)
2C, Ry
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where Q is the ratio of reactance to resistence of the transfer im-
pedence, and is the same for both T's at balence.
Q mekes & convenient design parameter and, when unity,

1/2 cq

[ab]
n

By ganging 3 resistances the null frequency may be easily veried. The
three resistances will be equal if Q is chosen to be V2

RliRz =R3

C; = C, =1/4 Cq
Or, what is more convenient at high frequencies, the three condensers

may be ganged and made equal if Q 1

Ve

Then:
Rl = R2 = 4R3

CI=C2 =Cs

It mey be shown also thet e mull may be obtained when the two
series branches are not equal or that the null frequency may be varied
by control of & single element. The effect of unbalance is to increase
the attenuation of the network especially of frequencies on the low side
of the mll point.

The parallel-T networks used in these tests were constructed in
shielded compertments in small plug=in cans for convenience in changing.

To solve for the balance frequency the condition for which the

denominator of equation (7) becomes zero is used:



by

1
£ s
° = ZmWRC

or, in terms of the original network velues:

1
s B e 4
2 24 R Cq (14)

Or, in the more genersal case the sum of the transfer impedances of the
two T components is set equal to zero:

Ry R 1 1 1
22 -i—-i— -

-Sp— Ve Wep W20, CoRg
]

n
o

R1+ R2 +

If Q = 1 and the network is balanced,

Rl - RZ = 2R3 =R
¢ =6, = 1/2(:3 =C
Then:
. R® .2 2
2R + “Jd = - : = 0
e ne WeRC?
2WC !
Equeting reals: R = 1
W2RG?
"
R C
or
» ? . 1
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DESIGN OF SELECTIVE TRIODE suPLIFIER

The tube employed in the single-stage amplifier (Figure 1l1) is
a 6J8, a triode with comparetively high mutual conductance snd amplifi-
cation fector. It is important that the tube selected be capable of
working into a low-impedance load if a wide variety of networks is to
be used in the feedback path, since the feedback network should have a
characteristic impedance well above the normal load impedance of the
tube. OSince it is desirable, in most types of networks, to keep the in-
ternel dissipation down to as low a value as possible it is the usual
practice to make the characteristic impedance of networks rather low.
For general test runs, therefore, the use of & regular pentode as the
sole amplifiying tube is ruled out because of its high plate resistance,
unless some impedance transforming device is used. This fact together
with the desirebility of testing amplifiers of both low and high gein
led to the selection of the 6J5 for the first tests. In general the
values of circuit elements used in the triode amplifier are not criticel,
end ordinary commercial tolerences in the values of resistances and con-
densers suffice.

To simplify the test runs a battery plate supply, with substantial-
ly constant voltage output, was used rather than a rectifier=filter
supplye An a.ce supply would have to be designed for close voltage
regulation or a variable control used toreset the voltage at each read-
ings In use with & null network, however, any supply that meets the
normel voltage and filter requirements should be satisfactory since the

negative feedback pregent except at the mull freguency minimizes the
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effect of supply line fluctuations. Used as a band-pass, high-pass, or
low=pass amplifiier any precaution dictated by the required stability
over the transmitted band should be observed in choosing, or designing,
a supplye.

Since neither meximum gein nor minimum distortion is sought in
the particular amplifier tested, a fairly low value of plate=supply
resistance was used, permitting a lower pleate-supply voltage to be used.
Excluding the output circuit the load impedance is made up of the
elements Ry , Xey, , Rp » Rpl, and the input impedance of the network
(see Figure 11). It may be uecessary in calculating some network im-
pedences to consider also the reflected impedance of the network termi=
netions Cy should be made large enough to have & negligible reactance
compered with the load impedance at the lowest frequency to be con-
sidered. In most cases, however, unless the network input impedance is
very low the load impedance will be approximately equal to the feedback
resistance Rp + Rfl in parallel with Ry. It should be noted that in a
permanent set-up where no control over Beta is desired Ry or R plus Rfl
might be omitted entirely leaving only Ry in parallel with the input im=-
pedance of the feedback network as the load resistance. The plate
resistance of the 6J5 is approximately 7000 ohms. In this perticular

case Ry was made 20,000 ohms, Rf plus R_,, 20,000 ohms, and Cy, one micro=

fl
ferads The input impedance of the 1100 cycle network most used in these
tests was approximately 21,000 ohms. Therefore, when Beta is zero

Rj, ¥ 10,000 ohms. When Beta is unity Ry, ¥ 6,700 ohms. If another stage

had followed the triode or if a low impedance output circuit had been
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used it would be desireble to make Ry considerably greater. In the
tests made an output circuit having more than ten times the value of Ry
was used and so this impedance was not considered in these calculaticns.
It mey be noted that the Beta control could as well }lave been placed at
the terminating end of the network, and in some cases this might be
more desirable.

The blocking coudenser Cy should be & high=quality paper or mica
condenser with low dec. leakage current, OSince at least a portion of
the leakage current will flow through the feedback network, which is in
series with the d. c. grid bias, & considerable change in operating
point may be effected by it, especielly if the feedback is aplied to =
pentode stage. The bims voltage introduced by this leakape current will
be positive with respect to ground causing an increase in average plate
current, possibly introducing non-linear distortion and overloading the
tube. Both mica and paper dykanol-filled condensers were tried and
found to be satisfactorye.

The cathode bias resistance of 1000 ohms was selected so as to
give seven volts negative bias at seven millieamperes plate current. In
order %o prevent stray constant-current feedback ecross R, the by-pass
condenser Cc employed had & value of 26 microfarads. The reactance of
C, should be very small compared with R, at the lowest frequency to be
amplifieds.

The resistance Rt terminates the feedback retwork and, in general,
should be about equal in magnitude to the characteristic impedence of
the network. In the case of the parallel-T network it has been shown

that the generator or termineting resistances do not affect the null
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frequency, elthough the shape of the attenustion curve may be eltered,
The lower the resistance the less the voltage developed across it and
the less effective the feedback becomes. For certain other types of
networks the cut-off frequencies are not independent of the generator
or load resistances and it is desirable to terminate them in their
characteristic impedances so that the simple design equations will hold.

The input resistance Rg provides an ever=present path for the
dece bias voltage. It should be made sufficiently high so as to in-
troduce negligible attenumtion of the input signal. On runmning tests
on the amplifier using a high-output oscillator such as the Western
Electric 13=A, which was used in this case, care must be exercised to
keep the peak input signal voltege to the amplifier well below the value
of dece bias on the tube.

In Figure 11 is shown the circuit of the single=-stage amplifier
tested. If Ry were shunted out end the feedback network with its con-

trol resistance Rf plus R'f and blocking condenser C. were taken out,

b
an emplifier stege of conventional design, with some slight modifications,
would remain. As has heen shown in the section on feedback theory the
voltage fed back to the input circuit must have a component in inverse
phase with the input signel voltage in order to produce degeneration.
Since the normal phase shift in a single tube is 180° it is necessary
only to take voltage directly from the plate circuit and conduect it back
to the grid circuit to get degeneration. Because direct current from

the plate-supply battery E,y would flow through Rg or Ht a direct con=

nection cannot be made and some type of blocking device such as Gy must

be useds This introduces additionsl phase shift but if Cb is made large



this shift is not excessive., If the feedback voltage is to be reduced
or varied a voltage divider must be useds This is the purpose of Rp
and R‘f. Then Beta, the frection of the cutput voltage fed to the grid,

or the controlling network, is epproximately:

~ Re
B2 Rp+ Rp'

If streight feedback without a controlling network were used the input
terminal would be connected directly to the common junction point of Rf
end R'se There are a mimber of modifications of this form of feedback.

In the amplifier constructed R, and R'  consisted of & two-pole selector

£
switch used with fixed resistances. This arrangement permits the re=-
setting of Beta to precise values.

If a bridge or four-terminal network (Figure 7) is to be used in
the feedback circuit at least one isolating transformer will be necessary.
One transformer would permit the necessary isolation and balance to
ground but it also introduces approximately 180° phese shift and hence
the phase must be inverted or reversed again by some method. The use
of an equivelent three-terminal network, (Fipgure 8), rreatly simplifies
the desiegn of the feedback path since there is & common input and output
connection. TUsed over a single stage transformers are unnecessarye On
the other hand the bridge has the advantage of requiring only two con-
trols, Rz and Ry, while the three terminal equivalent network requires
three variable elements.

Thus in the circuit of figure 11 the output voltaege across Rp is

subjected to the frequency discrimination of the feedback network. The




voltage passed by the network appears across Rt in series with the
signel voltage, and, if the phase shift within the network is less than
90°, this voltage is out of phase with the signal voltege by more then
90°. If Beta is high this gives the overall anplifier & characteristic
approximately the inverse of the feedback network charascteristic. For
convenience in testing emplifier response with different networks the
network connections were brought to a tube socket and the networks were
constructed in shielded aluminum cens (see photograph) mounted on plugs.
A simple arrangement of e peak-reeding diode voltmeter es shown
in Figure 12 was used to measure the voltage on both input end output
circuits. A meter of this type was selected in preference to & thermo-
couple or copper oxide meter because of its flat frequency character-
istic and its low demping. The output condenser end resistor (Figure 11),
were used to provide an se.ce. supply entirely free of de.ce for the meter.
The condenser has a value of several microfarads and the resistence is
of the order of one meg=ohm. Reasonsbly accurate results could be ob~
teined with copper=oxide rectifier voltmeters. Iwo Weston 10,000 ohms-
per=volt meters were tried and found to give results very similar to
the wvecuum tube meterss The tube used is s 6HE with the two diode sections
connected in parallel. R is 500,000 ohms, C is one microferad, the meter
used wes & Sensitive Reseerch Polyranger, 0-100 microamperes., Since
identicel voltmeters were used on the input end on the output of the
emplifiier it was not necessary to calibrate them to measure voltage smpli=-
fication. Instead a voltege divider wes used on the imput circuilt per-
mitting the adjustment of the two meters to the same voltage reading so

that the smplification was equal to the voltage divider ratio.
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The voltaege developed aoross the condemser in Figure 12 is a
" ‘,' ;

& -~

linear function of the peak volts applied and is nearly independent of

frequency, provided C is large and R is highf
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DESIGN OF TWO=-STAGE SELECTIVE AMPLIFIER

In order to see the effeet of increased gain on selectivity a
two-stage amplifiier wes constructeds For the first stage a 6J7 pentode
wes selected beceuse of its high emplification factor. The 6J5 triode
was again used in the final stage because of its low plate resistance.
If a pentode were used for this stage also care would have to be cb=-
served to prevent owerloading of the tube by the comparstively low im-
pedence of some networks. The beem power tube, however, is well suited
to use in the stage loaded by the uetwork.

Over two stages the normel phase shift in the signal voltage
epproximaetes %60°, Therefore, the feedbsck voltage cannot be introduced
in exactly the ssme fashion ®s it was over a single stege unless a
transformer or phase inverting network is used. Perhaps the simplest
manner is to terminate the feedback circuit in a resistence in series
with the signal voltege in such a manner that the phese of the feedback
voltage with respect to the input signal voltage is reversed. As may
be seen in Figure 13 this resistance must be placed in the cethode circuit.
The plete current also will flow through the termineting resistance
which, if provision is not maede to prevent it, will bias the grid highly
negative, To secure the proper bies e high resistance, R, (Figure 13),
connects the grid circuit of the tube to a point in the cathode circuit
such that the drop ecross R,, is applied to the gride Then a low re-
actence condenser C; is used to provide & path to ground for the as.cs
volteges The reactence of Cq should be negligible, compared to the

resistence of Rl, at the lowest frequency to be amplified so thet the
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effect of Ry on the signal voltage will be negligible.

The termineting resistance Ry depends on the particuler network
used and should bte made as low as is consistent with good feedback
since the IR drop in R; caused by the plate current reduces the plete
voltage and limits the current obtainable from the tube.

The only other unusual consideration in the design of the ampli=-
fier is in the selection of the coupling condenser Ce This condenser
should be made as large as possible to prevent undue additional phase
-~ C time

E2

constent mey become too large and motorboating might teke place, or the

shift et low frequencies. If mede too large, however, the R

decs leakage current from E.y flowing through R : might upset the bias

E2
on the followirg stege. For these reasons C should be of good quality
and should heve a feirly high cepeciteance. & value of O.]l microferad
was used in the amplifiier tested snd geve setisfectory resulis.

In medium or high cein smplifiers care must be teken to minimize
stray feedback, especielly positive feedback. The coupling between
wires, tube elements, e common ground path all may cause some feedbaclk,
which prevents the actual response from conforming with the celculated
responses. The higher the gain the more sensitive an amplifier is to
small amounts of feedback. Over two or more stages, K special care should
be observed to prevent oscillation from teking place. A small fixed

emount of negative feedback may be of greet help in stabilizing the oper-

etion of the emplifier,.
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EXPERIMENTAL VERIFICATION OF THEORY

Before any tests were made on the amplifiers frequency runs were
mede on the networks to determine their attemuetion characteristics.
For these runs a Western Electric 13-A beat-frequency oscillaetor with
continuously veriable frequency control from 20 to 10,000 cycles per
second was usedes The input to the networks wes held constant at 10
volts R.M.S. by meens of e Weston 10,000 ohms=per-volt rectifier type
meter. The output voltage wes measured with a similar meter. In all
the attenuation or response curves shown the termineting resistance was
so high as to have a negligible loading effect on the networks tested.
On page 30 are shown the respounse curves for & single perallel-T ietwork
with By = Ry = 30,000 ohms ' e The terminating meter has a resistance of
100,000 ohmss It was found thet the use of a terminating resistance
several times the magnitude of the charecteristiec impedance gave es=
sentially the same results as open circuit termination. If Ry is equal
in magnitude to the characteristic impedance of the networgfthe at=-
tenuation is somewhat greater et frequencies away from the null frequency,
especially below the null frequencys At half the null frequency it is
about twice the value of the open circuit value while at twice the null
frequency it is only slightly greater. Around the null point the curve
is practically unchengeds. A further reduction in Ry therefore decreases

the effectiveness of the network, especielly on the low frequenecy side

of the mll point. For most effective operation of the network, Ry should

7 Numbe r (1) in Appendix.

e
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be as high as possible or the network should be designed so thet Zg is
only one-third or one-fourth the value of R, demanded by the circuit.

The linearity of these curves near the null frequency, especielly
on the high=frequency side shows that the attenuation is logarithmic in
this range. The effect of unbalencing the series elements of the T
components is to increase the attenuetion, especially st low frequencies,
while & definite mull is still obtained although et a different fre-
quency. Thus any element cen be used as & mull frequency control
although the effectiveness is reduced and the simple design equations
no longer holds. It has been shown that the criterion for a null is that
the sum of the transfer impedances of the two T components be zero.

The second curve on page 30 shows the effect of using two identical
networks in tendem. As would be expected the response is approximately
the square of that of either network alone.

In order to compere networks designed for the sesme frequency but
with widely different circuit counstants two 1100 cycle networks were
constructed, one with R} = Ro = 30,000 ohms armd the other with
Ry = Ry = 300,000 ohms. The curves for these two networks are shown on
pege 32. It will be noticed that provided R, is several times the
magnitude of the characteristic impedance the attenuetion is substantial-
ly independent of the characteristic impedance of the network. For
practical considerations the low=impedance network may be more usefuls.

In all the network attenuation curves it may be seen thut at one
point the attenuation is infinite end a null is obtaired. This will
hold true at one frequency for eny design of the parallel-T network of

the type shown in Figure 8. If the signal contains appreciable harmonic
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content it is difficult to obtein a good null, especislly by acoustic
detection, sinee the harmonics are passed through with little attenu-
ation. When the network is used in the feedback circuit of an asmplifier,
however, the harmonics contained in a weve will pass through while the
fundementel is attenuated. This provides degenerative feedbeck which
will greatly reduce the amplificetion of harmonics, provided the phase
shift in the network is not greater thean 90°,

After mekinpg tests on the networks alone frequency runs were made
on the single-stage amplifier with various values of Bete and with dif=-
ferent network combinations. The response of the amplifier alone is
shown on page 34 in the curve Beta equal to zero., The frequency re-
sponse is flat over the normal range of au&io frequencies from 100 to
10,000 ecycles. Now the 1100 cycle parallel-T network is plugged in the
circuit and Beta set at 1/4, 1/2, 3/4 and 1 successively. The effect
of increasing the feedback voltege as shown on page 34 is to"pull in the
sides" of the response curve, making it sharpsr and slightly reducing
the peek emplification. The curves are very similar in sppearance to
resonence curves with veariable Q.

The effect of linear degenerative feedback retwork over all
frequencies is shown by the dotted curve. For this test & plug with
jumper between input and output terminels is used insteed of & network.
With 8 small smount of feedback the amplification is greatly decreased.
Since the originsl response curve was nearly flat the effect of feed-
back on frequency distortion cennot be very well illustrated in this
amplifier.

On pege 35 is shown the band-pass effect obtained by using two
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identicel parallel=T networks in tandem in the feedbeck cireuit. The
response curve of the two networks slone is shown on page 30.

To find the effect of increased gain on the response curve, and
to try a sécond method of applying negative feedback a two stage
emplifier (Figure 13) wes used. The overall gain of this amplifier is
about ten times the gain of the single triode. It is important that the
signal voltage be held low here to prevent overloading of the second
stage so as not to introduce distortion.

The curves on page 37 and 38 show graphicelly the effect of in-
creased gein in peeking the response curves. If AB is high the over=
all selectivity is eccentuated, becoming more pronounced than in the
network itself. A dedrease in Bete has greetest effect on frequencies
well away from the peek frequency. Instead of raising the peek response
with a decrease in Beta it was slightly reduced. The explanation for
this apparent contradiction might be thet some positive feedback is also
present due to capacity coupling between network elements. Therefore a
decrease in Bete also decreases the regeneration, slightly reducing the
responses 1The curves with Betea equel to one show & remarkably high
seleotivity and could be approached only by resonant circuits having
very high Q, a quality difficult to obtein at low frequenciess The
lower frequency limit to which the parallel-T network could be constructed

with small receiver parts is well below one cycle per second.
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CONCLUSIONS

The use of a network in the feedback circuit of an amplifier
offers a convenient method to obtain frequency discriminetion of almost
any desired form in the amplifier. The diserimination is essentially
gained by & reduction in amplification over the umwented renge. If the
product of gein and network response is much greater than unity then the
overall frequency response of the amplifier will be approximately equal
in form to the inverted response charecteristic of the feedback network.

The sharpness of the cut-off frequency is a direet funetion of
gaine If & null metwork is employed in the feedback circuit the se-
lectivity of the emplifier response curve can be increased by reising
the gein of that portion of the amplifier over which feedback is epplied.
A parallel-T network used in a feedback emplifier yields a response
curve similar to thst which might be obtained from & high=-Q resonant
circuits A great advantege over the resonant circuit is the fact that
ordinary small-size condensers and resistances mey be used in the
parallel-~T network to get a mull at extremely low frequencies of the
order of one cycle per seconds An equivalent resonant circuit would in=
volve bulky and expensive coils and condensers and the selectivity would
ordinaerily be of a low quality.

The use of two identical perallel-T networks in tandem gives a
bend-pass effect for the feedback amplifier, substentially passing all
frequencies from one-=half to twice the null frequencye.

Since the uetwork used to get frequency discriminetion is in the

feedbeack circuit, end not in the line the loss of power in the network is
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negligible. Thus the network may be conveniently designed with little
attention given to dissipestion in the elements. The parasllel=T network
is unaffected by the smount of resistence in its elements so long e&s its
termination is several times grester than its charscteristic impedance.
Becsuse of these reesons the system is applicable to power amplifiers
also, especially those employing beem power tubes, which are capable of
giving full output and high efficiency on low driving voltage.

By introducing a small, constant amount of positive feedback in
the emplifier, in addition to the negative feedback with parallel-T net=-
work en oscillator with resistence frequency control, no coils, and an
unusvally good wave form may be obtainsda.

The selective amplifier may be used as & signal enalyser at audio
frequenciess The parallel=T network is not limited to audio frequencies
but works equally well at radio frequencies. It is believed that circuits
of the type described in this thesis will be increasingly used and should
be considered for possible advanteages whenever new measurement or se-

lectivity problems are encountered.

8caywood, R.W., QST, Jan. 1941, p. 22

S(‘:O‘l‘.t, HCHI’ Proc., I.RoE., vol. 26, Jane 1958, Pe 226

Terman, F.E., Buss, R.R., Hewlett, W.R., and Cahill, F.C.,
Proce I.ReE., vol, 27, Oct., 1939, p. 649




Pc;raﬂd -7 Network

with shield cover removed

Two Jtage
Jelkc:‘:n Amplifier

Under Cha.s.w.s I/mw'
of {wo stage Amp/.rftcr

Parts Layout

in test run




42

BIBLIOGRAPHY

FEEDBACK THEORY

Black, H.'S., 8tabhliszed Feedback Amplitiers, Elec. Eng.,
vol.: 53, Jan., 1934, p. 1ll4

Day, J.R., and Russel, J.B., Preacticeal Feeddack Amplifi-
ers, Electronics, vol, 10, Rpr.1937, p. 16

Everitt, W.T., Communication Engineering, McGraw-Hill,
1937, p. 463

Nyquist, H, Regenerattion Theory, Bell System Tech.,ﬁour—
nal, vol. 11, p. 126

Reich, H.J., Theory and Applications of Electron Tubes
McGraw-Hill, 19329, p. 220

Rumble, A.R., Audio Feedavacx, Comm. and Bdcast Eng. vol.
4, Apr., 1937, p. 14

Terman, F.E., Feedback Amplifier Design, fZlectronics,
vel. 10, Jan. 1937, p. 12

NETWORK ANALYSIS

Everitt, W.T., Communication Endineering, McGraw-Hill,
1937, pp.- 1 - 58
Guillemin, E.A,, Communication Networks, vol. 1, " The

Classical Theory of Lumped Constant Networks", John
Wiley and Sons, 1931

Tuttle, W.N,, Bridged-T and Parallel-T Null Circuits
for Measurements et Radio Frequencies, Proc., I.R,E..
vol. 28, Jen. 1940, p. 23

Woodward, R.W,, Hetrofil - An A1d to Selectivity, UST,
'CSept. 1939, p. 11

BELECTIVE FEEDBACK APPLICATIONS
Caywood, R.W., An Amateur Application of the Wien Bridge,
¢ST, Jen. 1941, p. 22
Dawley, R.L., A Wide Range Audio Oscillater, FKadio,
June 1940, p. 17

wwm—mmmme The Improved Wide Range Audio Oscillator, FHao-
-dio, Dec. 1940, p. 16

Fritzinger, G.H., Frequency Biscrimination by Inverse
Feeddack, Proc. I.k.E., vol.26, Jan. 1938, p. '226

‘Scott, H.H., 4 Mew Type of Belective Circuit and Some
Applicaetions, Proc. I.R.E., vol.26, Jan. 1938, p.'226

Terman, F.E.,Buss, R.R.,Hewlett, W.R., and Cashill, F.C.,
Some Applications of Negative Feedback, Proec. I.E.E.,
vol. 27, Oct. 1929, p. 649




43

APPENDIX

Table of values used in the triode selective amplifier

shown in figure 5 :

Rg= 100,000 @ R,= 20,000 @
R,~ 1000 @ Ce= 26 uf

R,» £0,000 @ (net.#1) Cy» 1 uf

R +R}= £0,000 B, ® 270 volts

Tridde = 6J5, u= 20, G.= 8000 umhos

In the output circuit used with the diode meter :
R = 1 megg C= 14uf

In the diode meter, figure 6 :
R = 500,000m C= 1nuuf

w_amp = 100 u_ampere meter
Diode = BHG

Table of valued used in the two-staege selective amplifier

shown in figure 7 :

Rg,~ 100,000 @ Rg,= 250,000 g
Ro,~ 1100 o Ry, 1000 o

R, = 20,0000(net.#1) R,#R 1= 20,000 @
Rye" 1.1 mega Ry, = 20,000 @
R, = 250,000 @ C, = 10 uf

Ry= 260,000 @ Cp= 1 uf

€,,~ 25 uf E, = 815 volts
Cog™ 1 uf Cyr 1 uf

Com 0.1 uf Triode = 6J5

Pentode = 6J7, G,= 1200 wmhos, R = @ne megg




Table of values used in the parallel-T networks. Notations
from figure 2 : '

Three networks having a null frequency of epprox-
imately 1100 cycles/sec. were used :

(1) sna (2)

RyR= 0,000 @ R,= 15,000 @
CCg= 0.005 uf Cg= 0.08 uf
(8) : |

ReR~ 80,000 @ Rg= 150,000 @
€1=C.= 0.0005 uf Cs= 0.001 uf

In the network having a null frequency of approx-
imately 39 cycles/sec, the following values were
used :

(4)
Ry=Rg= 40,000 @ Rg= 0,000 @
Ci“Ca' 0.1 uf Cg= 0.2 wf




