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hase shift is very importnt in television amplifiers. 

Circuits in the amplifier must be arranged so that the phase shift 
or delay In the amplifier IS directly proportional to the 
frequency, or distortion of the television picture results. 

In an uncompensated amplifier the phase shift is positive 
at low frequencies. Positive phase shift is due to the grid 
coupling circuits and to the cathode impedance circuits This 
phase shift may be reduced or eliminated by a capacitance-resis- 
tance network in the plate circuIt of the amplifier tube. 
Generalized design curves for phase shift and gain of low frequency 
compensation networks are given together with the mathernatic&l 
developernent of the generalized equation from which the curves 
were calculated. 

The measurement of low-frequency phase shift was accomplished 
by the use of the cathode-ray tube as a null indicctor and the 
use of a negative phase shiftirgbridge for the measurement of 
positive phase shift. The positive phase shifting bridge was used 
to measure negative phase shift at low frequencies. Several curves 
showing measured against calculated values of phase shift are 
included. 

In an uncompensted amplifier the phase shift is negative 
at high frequencies. This negative phase shift is due to the stray 
shunt capacitances in the load circuit of the tube. It may be 
reduced by several methods. One method involves the use of a small 
bypass capacitor across the cathode biasing resistor. This method 
was fully developed in this paper. The generalized equation was 
derived and several sets of generalized curves are shown. 

The measurements of high frequency phase shift were made 
by means of a cathode-ray tube and a camera. The elliptical trace 
was measured to determine the phase shift of the amplifier. 
Several curves showing the results of phase shift measurements are 
shovm. 

The use of square waves for the testing of the phase shift 
arid gain characteristics of wide-band amplifiers was explained. 
The low frequency response of the amplifier was tested by means 
of a O-cycle square wave. The distortion resulting from the 
deficiencies in high frequency response are given. 
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Foreword 

The need for further investigation of the theo-. 

retical and practical problems of the measurement and 

calculation of phase shift in ;'1de-band amplifiers was 

brought to lIght during the desIgn of a specIal high- 

zaIn television amplfier.* A survey of the literature 

dealing with this subject revealed considerable material 

but there seemed to be a definite lack of practical in- 

format5on on ways and means of actual measurement of 

phase shift at both low and high frequencies. 

Other deficiencIes in methods of calculating and 

designthg compensating circuits to mInimIze the de- 

flciencies of ordinary cpacItance-resstance coupled 

amplifiers were also revealed. Particularly, the lack 

of universal design curves for low-frequency compensation 

cIrcuits was noted. CertaIn other problems n connection 

with the practical application of negatIve feedback seemed 

to be inadequatel' treated in the 11terature. 

This thesIs was undertaken to solve certain of these 

problems. 

* 
This amplifier was designed and constructed 

by kir. F. A. Everest of the department of Electrical 
Engineerin at Oregon State College and the writer 
durIng the surmner of 1938. 



THE CALCULATION AND MEASUEIiENT OF 
PHASE SHIFT IN WIDE-BAND AMPLIFIERS 

By 

HERBERT R. JOHNSTON 

INTRODIJ CT ION 

In all amplifiers, the presence of reactive com- 

ponents In the cIrcuIt causes the utput voltage to have 

an angular displacement with respect to the input voltage. 

Ths angular dIfference is commonly known as phase dis- 

tortion or phase shift. 

In audIo amplifiers, it is not necessary to have 

an exact knowledge of the phase distortion. The ear does 

not detect tt . e phase shift which does occur in any audio 

amplifier at each end of the frequency amplifIcation 

range. In recent years it has become necessary to con- 

struct amplIfiers, for various purposes, with a minimum of 

phase shift or delay (30). The most important of the 

applicatIons of amplifiers wIth a mInimum phase shIft is 

in video amplifiers for use in televIsion. 

Very severe requirements are placed on amplIfiers 

by present day televis1on standards. Excessive phase 

shift at high and low frequencIes can not be tolerated if 

a hih definition picture Is to be obtaIned. Distortion of 

the pTcture results when the ampflfiers are not properly 
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designed or adjusted for televisIon signals. 

In a compensated amplifier, it is possible to 

perfectly correct or compensate the circuit out to a cer- 

tain frequency for either gain or phase shift but this 

ideal cannot be achieved for both at the same time. 

ever, improving either phase shift or frequency response 

alviays tends to improve the other. Generally speaking, 1f 

the phase shift is rrci as perfect as possible, a peak 

In the frequency response curve will always be present. 

A compromIse is usually made between gain and phase delay 

in practical amplifiers. 

It can be shown (12)(29) that the criterion for the 

transmission of transIents through an amplIfier wIthout 

dIstortion is that the time delay must be substantially 

Independent of frequency. This may be expressed by the 

equation 

de/df = constant, (1) 

where e = phase delay in degrees, and 

f = frequency In cycles per second. 

It is found that a maximum vriation In phase delay 

of one microsecond between the low and hI frequencIes Is 

tolerable over the whole television systeir. (12) The actual 

time delay in seconds for any frequency is found from the 

equation 

t(seconds) = e/2r, (2) 



where e and f have the same meaning as in equation (1). 

The following material will 1eal, first, wIth the 

calculatIon and measurement of gaIn and phase shift in 

nmplifiers at low frequencIes and then with the high- 

frequency phase shift and gaIn consIderations. 

Because of lack of time and limitatIons of available 

apparatus, a large number of measurements at high fre- 

quenc:tes were not obtained. Enough work was done to show 

the limitations of methods which have been proposed (29) 

and to show the means of applying a straightforward but 

less accurate method detaIled in reference (17). 



LOW-FREQUENCY CONSIDERATIONS 

DISCUSS ION 

Television requirements are such that video ampli- 

fiers must have very good low-frequency characterIstIcs. 

The amplifier must pass frequencies from 30 cycles up with 

substantially no phase shift and constant gain. A de- 

fIciency in low-frequenc'7 response shows up in a televisIon 

pIcture by its effect on the general background Illumin- 

ation. The background will vary in brightness from the top 

to the bottom and the contrast :iill be affected adversely. 

The phase shift in the low-frequency end of the am- 

plifler characteristic is more important than a perfectly 

flat response curvo. The practice is to allow a small 

hump or peak at the lowest frequency to be nplified and 

make the phase shIft zero out to this frequency. The re- 

quirernents of a wide-band amplIfiers are such that an:- 

thing done to improve the low-frequency response must not 
affect the hIgh-frequency response adversely. It is 

therefore necessary to keep the high-frequency require- 

monts In mind even when dealing with the low-frequency end 

of the response curve. 

The elements of a wide-band resistance-capacitance 

coupled amplifier which cause loss of gain and phase shIft 

at low frequencies are the grid capacitor and the grid 



roslstor coupling elements between stages and the catiode 

basng resistors with their associated bypass capacitors. 

Any compensating arrangements must take into account both 

of these circuits. 

The loss of gain and the phase shirt at any frequency 

which occurs in the grid coupling cIrcuit depends on the 

product of the coupling capacitance in farads tImes the 

coupling rosistance In ohms. This product Is known as 

the time constant of the circuit. The general expressIon 

in complex notation is readily obtained and Is given by 

i 

Response ratio i - /WTg ' () 

where response ratio = the ratIo between the output 
voltage at 1ov frequency and 
the output voltape at mid- 
band frequency, 

w = 2if, and 

T = R C time constant of the 
g g g grid couplIng circuIt. 

Fguros (1) and (2) are the resilt of plotting WTg 

as an independent variable and loss in decibels and phase 

shift In degrees as dependent variables. From these gen- 

eral curves may be found the decIbel loss and the phase 

shift for any frequency and for any particular value of T. 

The maximn value of T that can be used In a tele- 

vision amplifier is limited by a number of practIcal 

considerations. If a large capacitor is used, the 
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mechanical size will be excessive and it wIll have an 

excessively high stray capacitance to gronnd which will 

lower the high-frequency response of the amplifier. The 

maximum value of the grid resistor is limited by the 

type of tube employed and it depends on a number of desIgn 

factors of the tube. It is well to have the grid coupling 

resIstance as large as possible, consistant with the tube 

input characteristics, and use a smaller condenser for 

the sare valuo of the time constant T,. The OErid resIstor 

is, in effect, in parallel wIth the plate load resistor 

of the previous stage. 

Two other practical consideratIons limit the value 

of the grId cIrcuit time constant Tg These consIdera- 

tons are the possibility of sustained low-frequency 

oscillatIons commonly known as "motor-boating" (ii) and 

the possibility of having the amplIfier block (31) and 

become paralyzed under strong excitation or shock. A 

large time constant Increases the susceptibility of the 

amplifier to both of these conditions. A good practical 

limit has been found to be of the order of Tg = 0.01. 

The effect on frequency response and phase shift 

of the cathode resistor and bypass capacitor netork 

depends on its tIme constant or the product of the cathode 

resistor In ohms timos the capacitance of the bypass 
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capac'tor in farads. The general equation for the response 

ratl in complex notation is (15) as follows 

i + jwT Response ratio = k , (4) 
(1 + M) + jwTk 

where response ratio = ratio between the output voltage 
at low frequencies and the 
output voltage at mid-band 
frequency, 

Tk CkRk = time constant of cathode 
circuit, and 

M = GmRk = transconductance of tube 
tImes cathode resIstance 

This equatIon is derived for high transconductance 

tubes under the assumption that the plate resIstance is 

very much larger than the plate load resistance of the 

stage and that the amplificatIon factor of the bube is very 

much larger than one. 

FIgures (3) and (4) give the loss In decibels and 

the phase shift in degrees plotted aga±nst wTk as the 

Independent variable. The parameter M is used to Indicate 

the product of the transconductance of the tube In ohms 

tImes the cathode biasing resistance in ohms. 

The value of Rk depends on the tube and must be the 

correct amount to furnish the necessary grid bias to the 

tube in the stage. The capacitor Ck may be the largest 

available considering the mechanical size and the space 
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required. For hiíh transconductance tubes such as the 

type 1651, 1652, and 1653 this condenser should be at 

least several hundred rncrofards to mInrnize phase 

dl stort ion. 



LOW-FREQ.UENCY PHASE SHIFT AND 
GAIN COMPENSATION CIRCUITS. 

Two methods of low-frequency phase shIft and -ain 

compensation make use of capacitance-resIstance networks 

in the plate and in the grid cIrcuit. (15) The most 

widely used and the most pract1.cal method Is the use of the 

plate circuit compensatIon network. The latter Is the 

only one treated in this paper. See figure (5). 

The plate circuit low-frequency compensation network 

consists of an additional plate load resistor which is 

shunted by a relatively large capacitor. As the frequency 

Is reduced, the reactance of the capacitor becomes larger 

load increases and 

the gain of the stage at low frequencies. The phase shift 

and gain characteristics of this network should be exactly 

opposite to the characteristics of the rest of the circuit 

for exact compensation. 

The method of attack of the problem of the proper 

design of the low-frequency network seems to be largely 

that of the trial and error method. O. E. Keal gives in 

reference (15) a generalzed equation and a method of 

calculatIon which, it appears, leaves much to be desired 

in the way of simplicity and of dIrect approach to the 

problem. 

The desIre for a simple approach to the problem of 



Figure 5 

CIRCUIT DIAGRAM SHOWING PLATE CIRCUIT 

LOW FREQUENCY COMPENSATION NETWORK 
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desIgn.ng low-frequency compensation netvorks led the 

writer to derive a eneral parametric equation for the gain 

and phase shift characterstcs of plate cIrcuit compensa- 

tion networks. This equation was derived for use in 

television amplIfiers sInce the assumption Is used that 

the magnitude of the plate load resIstor is negligible 

in comparIson wIth the dynamic plate resistance of the tube. 

This assumption Is entirely valid for high transconductance 

pentodes that are used In wide-band amplIfiers. 

Te equatIon for the response ratio of the low- 

frequency networks s derived in Appendix (1) and is as 

foil ow s 

(n + 1) + jwT 
1esponse ratio = _____________________, (5) 

1 + jwT 

where response ratio = ratio between the output 
voltage at low frequency and 
output voltage at mId-band 
frequency, 

Tc CcRc time constant of low- 
frequency compensation 
network, and 

n = Rc/RL = ratio between resist- 
ance in netrk to 
plate load resist- 
ance. 

FIgures (6) and (7) give the results of plotting 

equation (5) usIng wT as an Independent varIable and 

decibels gain and phase shift In degrees as dependent vari- 

ables. Various values of n are used whIch cover the 
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useful range of design factors. For other values of n 

not given on these curves, it is possIble to interpolate 

between the curves or calculate a new curve from the gen- 

eral equation. 

These curvos may be used to determIne quickly the 

phase shift in degrees and the gain in docbels for any 

combination of plate load resistance and compensatIon net- 

work resistance and capacitance, wIthin the limits imposed 

by the assumptions used in the derivation of the equation. 

The procedure for the desi,n of a low-frequency corn- 

pensation network using the general curves Is as follows. 

First it is necessary to assume the time constant for the 

grid coupling circuit and assume a reasonably large time 

constant for the cathode circuit. This latter should be 

of the order of 0.05 or better. Then by the use of the 

curves of figures (1), (2), (s), and (4), the phase and 

flain characterIstics of the entire stage Is plotted on the 

same scale transluscent coordinate paper as s used for 

figures (6) and (7). ThIs may be done easily since the 

loss in decTbels of the two circuIts may be added directly 

at any one frequency. The phase shift in degrees may also 

be added directly at any one frequency. The curve showing 

the loss of the assumed stage should be plotted with the 

ordInates reversed so that the curve may be superimposed 



upon the airì curves of fugure (6). In these curves, the 

independent variable should be frequency in cîcles per 

second. 

If t'e best possible phase-shift characteristics are 

desired, the curvo for the atiplifior which sows the 

variation of phase shift wIth frequencï should be supertn- 

posed upon f5gure (7). The curve is shifted from left to 

rIght or from rIght to left until one of the parametric 

curves coIncides with the phase shift curve of the ampli- 

fier. The parameter n that should be used is the one thich 

shows no more than 10 degrees phase shIft at the loest 

frequency of importance to be amplifIed. If the phase 

shift is made zero up to the lowest frequency of importance, 

the fInal gain curve will show a considerable peak or 

hump and the gain wIll be sustaIned to very low frequencIes. 

The value of n should be as small as consistant with the 

desired phase-shift characteristics. 

With the curve showing the phase characteristics of 

the amplifier superimposed upon figure (7), the value of 

wT on figure (7) should be noted under any convenient 

frequenc: say f cycles per second. The value of T is then 

found from the relatIon 

= wT/2,tf. (6) 

The value of RL Is fixed by high frequency consIdera- 



21 

tions and thus R is found by the relation given below, 

= 
(7) 

The capacitance is now found from the reation 

C = Te/RC. (8) 

Finally, the complete gain and phase shIft charac- 

teristics of the compensated stage are plotted against 

frequency. If the gain Is too high at low frequencies, 

a smaller value of the time constant in the grid circuit 

Tg must be assumed and the work repeated until a satis- 

factory response curve is obtained. 

It should be emphasized again that a compromise 

between phase and gain characteristics must be reached in 

the desIn of the low-frequency network. It is impossIble 

to have a perfectly flat gain characterIstic wIth a 

perfect phase shift characteristic. 

It Is belIeved that the use of these curves greatly 

simplifies this desIgn procedure over other methods. 



THE MEASUREMENT OF LOW-FREQUENCY 
PHASE SHIFT IN AMPLÏF 1ERS 

METH ODS 

Under certain conditions it is difficult or impossible 

to calculate accurately the phase shift of a multistage 

amplifier. In order that this important characteristic 

may be determined, it is necessary to devise some method 

of measuring the phase shift with a fair degree of accuracy. 

There are a number of methods which can be used for 

the measurement of phase shift (40). One of these methods 

is described ¶n reference (17). In this reference, the 

author makes use of a cathode-ray tube for the purpose of 

measuring the Lissajous figures produced by the phase 

shift in the amplifier. This method was used by the 

present writer for the measurement of phase shift at high 

frequencies and it wIll be expla1.ned n detaIl under that 

heading. 

The method of low-frequency phase shift measurement 

used in this investigation is one whIch makes use of the 

cathode-ray tube as a null indicator. The fgure on the 

fluorescent screen of the tube is used to indIcate the 

point of zero phase shift between the voltages applied 

to the horizontal and vertIcal deflectIon plates of the 

cathode-ray tube. 

It can be shown that when two sInusoidal voltages 
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of the same frequency are applied to the horizontal and 

vertIcal deflection plates of a cathode-ray tube, (27) a 

Lssajous figure will be formed whose exact shape will 

depend on the phase difference between the two voltages. 

The figure will be a circle if the magnitudes of the two 

voltages are the same and they are 90 degrees out of 

phase. Vthen the fgure is an ellipse, the phase shift is 

less than 90 degrees but more than zero degrees. then the 

figure is a straight line, the two voltages are in phase 

or 160 degrees out of phase. (27) 

FIgure (8) shows, in outline, the general method 

used for the measurement of phase shift at low frequencIes. 

If the phase shift of the amplIfier Is positive, enough 

negatIve phase shift Is introduced into the cIrcuit by 

means of the phase-shifting bridge to reduce the total 

phase shift In the circuit betveen the two sets of deflec- 

tion plates to zero. This condition of zero phase shIft 

is indicated by a straight line on the florescent screen 

of the cathode-ray tube. ThIs lIne will be inclIned at 

an angle to the horizontal, depending on the relative mag- 

nitudes of the two voltages. 

ThIs method provides an easy and fa1rl' accurate 

means of phase shift measurement. The accuracy depends a 

great deal on the skill of the operator in finding the 

exact null point and also on the focus of the beam on the 
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fluorescent screen. FIguro (9) shows a series of photo- 

graphs of the trace formed on the end of the cathode-ras 

tube. The top trace (a) shows ari unbalanced condition 

and Indicates a defInte phase shift; trace (b) shows a 

partly balanced bridge and trace Cc) is a straight 11.ne and 

indicates zero phase shift wIth the bridge perfectly 

balanced. 

In the uncompensated or properlî compensated ampli- 

fier, there should not be any negative phase shIft at low 

frequencies. In order that positive thase shift may be 

measured, it is necessary to use a bridge which has a 

negative phase shIft. Thus when the negative shift of the 

bridge Is equal and opposite to the posttive phase shift 

of the amplifier, the resultant phase shift is zero. The 

trace on the cathode-ray tube is then a straight line. 

Figure (10) illustrates the circuIt diararn of the 

negative phase-shiftIng bridge used in this investigation. 

This brIdge also serves as a voltage divider to attenuate 

the output of the auxiliary amplifier which must be of 

considerable maznitude since It is dIrectly connected to 

the horIzontal deflecticn plates of the cathode-ray tube. 

The optimum conditions are obtaIned when the two voltages 

Impressed on the two sets of deflectIon plates of the 

oscilloscope aro equal in magnitude. Thus t is advis- 

able to have the attenuation of the phase-shIfting bridge 
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(a) 

(b) 

(C) 

FIGURE 9 

(a) CATHODE RAY TUBE TRACE SHOWING A CERTAIN 
PHASE SHIPT BRIDGE UNBALANCED 

(b) TRACE SHOWING BRIDGE PARTLY BALANCED 

(e) PERFECTLY BALANCED BRIDGE SHOWING 
ZERO PHASE SHIFT 



Figure IO 

PARALLEL TYPE NEGATIVE PHASE 

SHIFTING BRIDGE AND ATTENUATOR 

(output) 
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equal to the amplification factor of the amplifier to be 

tested. This may easily be done by varying the two re- 

sistances R1 and R2 and adjusting the phase by means of the 

capacitor C. See figure (10). 

The equation shown the phase shift of the negatIve 

phase-shIfting bridge s derived in AppendIx (3) and is 

= (-) arctan wCR1h2/(R1 + R2), (9) 

where w = 2if. 

If the amplifier to be tested has an amplification factor 

such that R1 must be much greater than R2, then the above 

equation may be wrItten as follows 

e = (-) arctan wCR2. (ic) 

In case equation (10) is applIcable to the problem 

In hand, the capacitance C must be of consIderable magni- 

tude. The resIstances R1 and R2 must be standard resls- 

tances whose values are accurately known and they must have 

negligible inductance. 

FIgure (11) is a photograph of the parallel phase- 

shifting brIde used in these investigations. Use was 

made of a 1.0 rnicrofarad standard mica decade capacitor in 

parallel with a bank of paper capicitors with a switch 

bank for the capacitance between 1.0 m1crofarad 

and 32 microfarads. ThIs bank of capacitors was first 
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FIGURE 11 

PHOTOGRAPH SHOWING PARALLEL TYPE 

NEGATIVE PHASE SHIFTING BRIDGE 
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accuratel?j calibrated by means of a sensitive capacitance 

bridge. The resistances were built into a universal 

bridge as shown in the photograph. 

If It Is desirable to measure negative phase shift 

in an amplifier, It is necessary to use a positive phase- 

shifting bridge (29). A series tiype bridge is shown in 

ficure (12). If It is desIrable to make R a fixed rosis- 

tance, as it was in this investigation, the relative 

posItions of the phase-shifting bridge and the amplifler 

may be Interchanged as In figure (13). The Input to the 

test amplifier must be through a resistance voltage 

divider as shown in fure (13). 

It may easIly be shown tbat the phase shift in degrees 

of the bridge shown in figure (12) is given by the equa- 

t on 

O = (+) arctan l/wRC , (11) 

where w = 2itf, R is in obms, and C In 
farads, 

Certain precautions must be taken in the measure- 

ment of phase shift if accuracy is to be obtaIned. In 

the first place, the input resistance of the test amplifier 

must be much higher than the resistance R2 (see fiure (10)) 

of the negative phase-shiftIng bridge. The wave form of the 

low-frequency oscIllator must be free from harmonics and 
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the auxi11ar7 amplifier must be free from harmonic dis- 

tortion. The test amplifier itself must be operated at a 

point where its harmonic output s a minimum. 

This might necessitate the use of another amplifier 

betveon the test amplIfier and the vertical deflection 

plates of the cathode-ray tube. In this event, it is 

necessary to calibrate this second amplifier with the 

test amplifier removed from the circuit. The actual value 

for the phase shift of the test amplifier is then obtained 

b? subtracting the phase shift of the second auxiliary 

amplIfier from the measured values with the test ampli- 

fier in the circuit. 

This precaution against harmonics Is necessary if a 

straight line Is to be obtained on the oscIlloscope screen 

when the phase-shifting bridge is balanced. If harmonics 

are present, It Is impossIble to balance the bridge 

accurately. A typical figure obtaIned on the screen If a 

second harmonic Is present Is a small figure eIght Instead 

of a straight line. In case the presence of harmonics Is 

unavoidable, it Is necessary to cause the middle of the 

figure to close and ignore the ends of the lIne. 

Figure (14) shows a close view of the test amplifier 

used In the low-frequency measurements and also a enera1 

view of the laboratory apparatus. The three-inch RCA 

odel TMV 122-B cathode-ray oscIlloscope shown in the 
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FIGURE 14 

PHOTOGRAPH OF LABORATORY APPARATUS AND TEST 

AMPLIFIER USED IN THE LOW FREQUENCY PHASE 

SHIFT MEASUREMENTS 
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photograph s slightly modified to allow :1rect access to 

the unrounded vertical and horizontal deflection plates. 

Figure (15) shows a complete circuit diagram for the 

test amplIfier shown n fIgure (14). The fIrst tube is a 

type 6J7, a metal shell pentode, which it was found 

necessary to use when taking any measurements with one of 

the new high transconductance pentodes. The type 1851, 

which is the second tube, Is a recent addition to the 

vacuum-tube family and It is rnde especIally for use in 

televison amplifIers. It has a transconductance of 9000 

mlcrombos which Is over seven tthes that of the ordinary 

pentode receiving tube in common use in radIo sets today. 

Thus, the type 1851 gives seven tImes the ¿ain of an ordi- 

nary pentode tube using the same plate load resistance. 

ThIs enables the plate load resistance to be reduced whIch 

results In the extension of the hgh-frequency gain charac- 

teristics of the amplifier. The 1851 grid circuit must 

work out of a circuIt of a few thousand ohms Impedance 

or instability and oscillations will result due to its 

high sensItIvity. In thIs amplIfIer, the impedance In 

the plate circuit of first tube is 3000 ohms which provides 

the necessary equivalent loading effect on the grid of 

the type 1851 tube. 

It was found that it was necessary to provide an 

additional ground connection to the metal shell of the two 
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tubes used in the amplifier. The paint was sandpapered 

away from a narrow strip around the metal shells and 

bands of metal fastened about these unpaInted strips. These 

bands were then connected to the nearest poInt of the 

ch ass I s. 

Provisions were made under the chassis for quickly 

changing values of the low-frequency compensation network 

In the plate circuit of the 1851. A lead from the cathode 

of the type 1851 tube was provided so that varIous values 

of cathode bypass capacitor could be easily connected into 

the circuit. 

Tie low-frequency oscIllator used in thIs work was a 

Western Electric iiode1 l3A beat-frequency oscillator. This 

oscillator Is dIrectly calibrated down to 20 cycles per 

second and up to 10,000 cycles per second. It proved very 

satisfactory for this work due to its low harmonIc content 

and ample output. 



ThE EASUREMENT OF LOW-FREQ,UENCY 
PHASE SHIFT IN AMPLIFIERS 

RESULTS AND CONCLUSIOI'JS 

A considerable number of measurements at low freq- 

uences were made of the phase shift and gain characteris- 

tics of the test amplifier under different condtons. 

Some of the results of the measurements are illustrated by 

figures (16) to (21) inclusive. Figures (16) and (17) 

show the measured (solId lIne) and the calculated (dotted 

lIne) phase shift and gain characteristics of a low- 

frequency network whose constants are shown on the figurss. 

It may be seen that the measured and the calculated values 

check very ;e1l and any dIfference may easily be accounted 

for by the errors in measurement that are Inherent to the 

method. 

These curves, shown in figures (16) to (21), are 

difference curves which were obtained as follows. The 

test amplifier and the output amplifier were calIbrated 

both for phase shift and for gain at the low frequencies. 

Then the low-frequency network, for example, was Inserted 

into the test amplifier and the circuit again measured. 

The difference between the two measurements was taken to 

be the amount of phase shift and gain introduced into the 

cIrcuit by the inserted network. The calculated values, 

shown as dotted lInes, were taken from the corresponding 
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curves which were calculated from the general parametric 

equation (5) on parre lô. 

Of particular interest are te curves showing the 

characteristics of the low-freauenc:7 compensation networks. 

The close check between th.e calculated and the measured 

values serves to check both the accuracy and the consist- 

ancy of the method used to measure the phase shift and 

also the accuracy of the general design curves for the 

low-frequency compensat ion networks. 
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NEGATIVE FEEDBACK AMPLIFIERS AT LOW FREQUENCIES 

The use of negative feedback for the reduction of 

noIse, hum and harmonic distortion is well known. (4) 

(36). However Its use in television amplifiers has been 

avo5.ded due to a lack of exact knowledge of the behavIor 

of feedback amplifiers at the extreme ends of the 

f requencj band. 

In reference (37), F. E. Terman points out that 

peaks In the response curve occur at both hIgh and low 

frequencIes In negative feedback amplIfiers. Fie assumes 

in his discussIon of the problem that the feedback circuit 

is a resIstance network and consequently has no phase 

shift. ThIs assumed condition 1s :iainly of academic in- 

terest in the case of resIstance-coupled amplIfiers which 

require a blocking condenser In nearly all negative feed- 

back arrangements. The present writer InvestIgated this 

problem of frequency response and :hase shift in a two- 

stage amplIfier usIng a capacitance and resistance net- 

work in the feedback cIrcuIt. The following discussIon Is 

confined to the low-frequency end of the response curves. 

In order that the mathematIcal investIgation might 

be simplIfied as much as possible, It is assumed that the 

only source of loss of gaIn and phase shift in the 

amplifIer proper Is in tie grid-coupling circuit between 
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the two sta'es. The nerative-feedback circuIt feeds the 

output voltae from the plate of the last stage through 

a capacitance and a resistance voltage divider made up 

In part of the cathode resistor in the cathode circuit of 

the first tube. (see ficure (22) ). This is the ordinary 

circuit employed for t:o-stage negatIve feedback resist- 

ance coupled amplifIers. 

Using the familiar feedback equation 

A 
GaIn = - , (12) 

i - 

where A = complex amplification factor of 
the amplifier without feedback, and 

= complex feedback ratIo (negative for 
neat ive feedback). 

The writer developed a general parametric equation for the 

gain and phase shift of this negative feedback amplifier. 

Two parameters are involved, one being the feedback factor 

at the middle of the frequency band and the other the 

rationT/Tg or the ratio between the tIme constant of' the 

feedback network and the time constant of the grid-coupling 

circuit. This equation is derived In detaIl in Appendix 

(2) and Is 

wT (wT - ji) 

- Response ratio 
= (WT2/(l+d)T(l+/(ld) 



Figure 22 

CIRCUIT DIAGRAM FOR MATHEMATICAL INVESTIGATION 

OF NEGATIVE FEEDBACK AMPLIFIERS 
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response ratio = ratio between the output voltage at 

low frequency and the output voltage 
at mid-band frequency, 

w = 2if, 

f = frequency in cycles per second, 

T = CR(Ri. R ) time constant of the 
' nbgiv feedback network, 

j operator square root of (-1), 

p = T /T = ratio of the time constant 

of the feedback circuit and the time 
constant of the grid circuit, 

d 
= 

feedback factor at mid-band 
frequency, 

Ac, = amplification factor of amplifier 
without feedback at mid-band freq- 
uency, and 

= feedback ratio at mid-band 
frequency. 

Figures (23) to (28) inclusive, shove the results of 

plotting the above equation (13) with wT as the indepen- 

dent variable and varying the parameter Ac,c, from 2 to 10 

and the parameter p = T/Tg from 0.5 to 5.0 for each 

value of A030 . These curves show the range of the varia- 

tions of the gaIn and phase shift of the usual negative 

feedback amplifier. 

It will be noted, when the curves are examined, that 

there exists a definite peak at the low frequencies and 

this peak occurs where the rate of change of phase shift 
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is relatively 1are. The peaks are higher as the feedback 

factor A00 is increased In rna-mitude for the same value 

of the parameter p. For any fixed value of A030 , the 

peaks n the low-frequency end of the band become smaller 

and smaller as the value of p increases. There is seen 

to be an optimum value of p for each value of the feedback 

factor A00 whIch makes the phase shift substantially zero 

out to a certaIn frequency and thIs optimum value of p 

also rives only a very small peak In the reIon of lare 

rate of change of phase shift. 

By the use of these curves, it is possible to so 

proportion the value of p for any feedback factor, that 

the phase shift Is zero out to a certain frequency and have 

only a very small peak in the low-frequency response curve 

below the useful rancre of the amplIfier. 

In the design of a feedback amplifier for use In 

television, the time constant T Is limited by the physical 

sIze of the capacitor C which is used to insulate the 

plato voltae of the second tube from ground. This capaci- 

tor must not be excessIve in sIze or Its stray capacitance 

to ground wIll have an adverse effect on the high-frequency 

response of the amplIfier. The resstance s limited by 

the amount of feedback desired. The cathode resistance Rk 

Is limited by the tube which Is used in the fIrst stage of 
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the amplifier since this resistor provides bias for the 

grid of the tube. 

Thus the only way to increase the value of p is to 

decrease the time constant T of the grid-coupling circuit 

between the stages. This tends to improve the actIon of 

the amplIfier under high amplitude shock and tends to 

prevent blocking or paralysis of the amplifier. Blocking 

is generally caused by excessive tüne constants In the 

grid-coupling circuIts (31). 
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H IGll-FREUENCY CONSIDERATIONS 

DISCUSSION 

The recently released RadIo Manufactures Assocat5.on 

(Rì.A) television standards require the frequenci band of a 

video amplIfier to be 2.5 megacjcles n width. This means 

that the televiston video amplIfIer stases are requ1red to 

amplify all frequencIes up to 2.5 megacycles per second 

wIth substantially constant gain and constant delay. (12). 

This relatively large frequency band width Is necessary 

to resolve effectively high-defInition television pIctures. 

Insufficient gain at the hirher video frequencIes 

shows up In the televIsion pIcture as a loss offine detail. 

For example, the pattern of the v;eave of a man1s coat would 

be lost If the video amplIfiers vere defIcIent in gain 

at high frequencies. The presence of negative phase shIft 

or excessive time delay of the high frequencIes results 

in the so-called c'nosts or secondary images on the tele- 

vision screen. T'ne effect is caused by the delayed 

arrIval of the high-frequency components of the picture. 

This Is because the details of the picture are misplaced 

In relation to the other lower-frequency components and 

thus a faint secondary image Is produced. Since time 

delay and defIciency in frequency response go together, thIs 
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double Image s not bright except under exaggerated condi- 

tons designed to show the effect. 

The cause of loss of gain and negatIve phase shift or 

excesstve time delay at high frequencle8 in resistance- 

capacitance coupled amplifiers Is the effectIve capacIt- 

ance to ground In parallel with the plate load resistor. 

This effective capacitance conssts of the output capaclt- 

ence of the tube employed in the stace, the input capacit- 

ance of the tube in the followIng stae and the stray 

capacitance to ground of the couplin capacitor and the 

w ir Ing. 

The relative gain and the phase shift of an uncompen- 

sated amplIfier depend on the time constant of the load 

which is the product of the plate load resistance in ohms 

and the stray capacitance n farads. The following equa- 

tion for the relative response may easily be derived on the 

assumption that the dynamic plate resIstance of the tube 

is very much larger than the plate load resistance. 

i Response ratIo (14) 
i + jwTL 

where response ratIo = ratio between the gain at 
high frequency and the gaIn 
at mid-band frequency, 

w = 2,tf, and 

TL = CLRL= time constant of plate 
load. 



FIgures (29) and (30) are the result of plotting 

equation (14) with wTL as an independent varIable and loss 

of gain in decIbels and phase shift in degrees as dependent 

variables. From these general curvos may be found the loss 

of gain and the phase shift of any amplifier for any 

frequency and for any value of TL the time constant. It 

may be seen that an amplifier must have a value of WTL 

of less than 1.00 if it Is to amplify effectively at 

this frequency (w=2itf). At this value, the gain is down 

3 decIbels and the phase shift is 45 degrees. with larger 

values of 
L 

the gain falls off and the phase shift is 

very bad. 

SInce the loss of gain and the increase of delay or 

negatIve phase shIft are proportIonal to this tIme constant 

TL, it is desirable to reduce the value of TL to as small 

a value as practIcal. As previously stated, the time 

constant is equal to the product of the plate load resIst- 

ance times the effectIve stray capacitance in parallel 

with the load resistor. Thus either one or both of these 

quantIties may be decreased to reduce the tImo constant 

but not beyond certain practical lImits. The output 

capacItance of the tube of the stage and the Input capacI- 

tance of the tube in the fo11ovIng stage are more or less 

fixed quantitIes. The stray capacItance to ground may be 

reduced sornevhat by extreme care in wIrin and the use of 
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very short leads and by the use of a physically small plate 

to grId coupling capacItor. After this is done there 

remains only the reduction of tbe value of the plate load 

resistance. 

There exists, howover, a very definite limit to this 

method of the improvement of high-frequency response. The 

gaIn of any amplifier stage usIng pentode tubes with a 

plate load resistance which is relatively small compared 

to the dynamic plate resIstance of the tube is given by 

the equation 

Gain = GmRL, (15) 

where the gain Is that of the middle of the frequency band, 

G is the trarisconductance of the tube and R is the plate m L 

load resIstance. As RL is reduced, the mid-band frequency 

ampUflcatlon becomes smaller. There must be a sort cf 

"economic balance" between the high-frequency cheracters- 

tics and the md-band amplification of the stare. 

Te above consIderations show that other means of 

:nproving the high-frequency resonse of an amp1fier are 

necessary for satisfactory operatIon. 



HIGH FREQUENCY GAIN AND PHASE 
SHÏFT COMPENSATION CIRCTJÏTS 

There aro a number of dIfferent methods (or circuits) 

for the improvement of hIgh-frequency response and the 

reduction of phase delay. The most widely known method 

makes use of a small inductance which s inserted in 

series with the plate load resistor. This method Is 

treated in detail in references (10), (12), and (2E) and 

will not be given much space in this paper. 

Another method áonsist3 of bypassing a portion of 

the plate load resistor with a small capacitor and by the 

proper proportionIng of the constants, the high-frequency 

gain can be made to exceed the mid-band frequency amplifica- 

tion at the expense of the md-band amplificatIon. See 

figure (31) and reference (26) page 190. 

A third method for high-frequency compensation con- 

sista of the use of only a small bypass capacitor across 

the cathode self-biasing resistor. This method improves 

the high-frequency response at the expense of the mid- 

band frequency amplIfication factor. At low frequencies, 

the Impedance of the cathode bypass capacItor is prac- 

tically Infinite and the stage operates as a negative 

feedback amplIfier. ThIs tends to reduce harmonic dis- 

tortlon and noise as in any negative feedback arrangement 

but a certain amount of gain is sacrificed. However the 



Figure 31. 

USE OF RESISTANCE SHUNTED BY CAPACITANCE 

IN SERIES WITH THE PLATE LOAD RESISTOR 

TO IMPROVE HIGH-FREQUENCY RESPONSE 



Introduction of the type 1851 and 1852 hih transconduct- 

ance centodes makes the use of cathode impedance high- 

frequency compensation practical. 

It has been realIzed for some time that the high- 

frequency response of an amplIfIer could be improved by the 

use of a small capacitor across the cathode self-biasing 

resistor but the exact effect on frequency response arid 

phase shift has never been properl' calculated (1), as far 

as the writer has been able to discover, The desIre for a 

know1edse of the exact numerical relations between the 

various factors involved, led the writer to develop a en- 

eral parametrIc equation for the relative response of an 

amplifier starre making use of this method of high-frequenci 

compensation. 

The general equation is derIved In AppendIx (4) and 

is shown below. 

(1 + ::)(P + jwT Response ratio = ______________ L , (16) 

(l+jvTL)(F+PLi + jwTL) 

where response ratio = ratio between the output voltae 
at hIgh frequencIes and the out- 
put voltage at low frequencies, 

Li = uR1/R0 = GRk, and 

P = TL/Tl. = CLRL/CkRk = ratio of 

time constants of the plate load 
circuit and the cathode imped- 
ance cIrcuIt. 
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(See aopendlx (4) or the lst of sibds for a complete 

list of all symbols used In the equation). The equation 

was derived on t'ne assumption that the plate load resist- 

ance is neglIgIble In comparison with the dynamIc plate 

resIstance of the tube. 

Figures (32) to (37) inclusive show the result of 

plotting equation (16) with WTL as an independent variable 

with loss of gain in decibels and phase shift In degrees 

for varIous values of the parameters i and P. It mau be 

seen that for anu particular value of M, there exists an 

optimum value of k wMch causes the stage to have the best 

phase shift characterIstics. There is another value of 

P whIch gIves the best gaIn characterIstics. These 

values of P are not the same and a comcromise value be- 

tweeri the two would be the best possible solutIon. The 

value of P which gIves the best piase characteristics 

ma be seen to gIve a small peak of 2 or 3 decibels In the 

response curve. 

The improvement In response and phase shift at high 

frequencies Is easily seen bi comparIson with the dotted 

curves on figures (36) and (37) which shows the uncompen- 

sated stage characterIstIcs. This method of hIgh-frequency 

compensation compares favorab1i with tne use of a small 

inductance in serles with the plate load resistor. It has 

the advantage that the phenomenon of resonance at some 
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particular frequenc' ¶5 impossible. Troubles due to 

insufficient damping of the L-C-R cIrcuit of the plate 

load impedance can not exist if there s no inductance 

because such a cIrcuIt cannot oscillate. 



T1E MEASURENT OF H IGE- FREQIJENC Y 
PHASE SEIFT IN AMPLIFIERS 

METH ODS 

t is difficult to calcûate the chase shift of a 

multistage amplifier, especall at high frequencies. It 

is therefore necessary to devise a method or methods for 

the measurement of negatIve phase shift at high video 

frequencIes. The problem I somewhat more diffIcult than 

the measurement of negative phase shift at lov frequencies 

for a number of reasons as will now be explaIned. 

Figure (13) sho'::s the circuit diacram used for the 

measurement of negative phase shift at 1o: frequencies. 

ThIs is essentIally the circuit proposed In reference (29) 

for the measurement of negative phase shift at ìigh 

frequencies. At first glance, it may seem that this 

cIrcuIt should be satisfactory for the measurement of high- 

frequenci phase shift by only chanCIng the vlues of the 

serles type positive phase-shiftIng bridge for operation at 

high frequencies but this is not the case. 

Ca1culaton from the equation that shows the phase 

shift of the positive phase-shiftIng bridge (figure 12) 

= (+) arctan 1/wHO, (17) 

shows that for a value of f in the order of megacycles, 

the tIme constant RC must have a very small value for 

values of 1yin between 5 and 70 degrees which is the 



76 

practIcal ran:e of this variable. T'ne resistance R in the 

positive phase-shifting bridge, 8hould be very large in 

comparison with the plate load resistance of the output thbe 

of the amplifier. This is to avoid changing the effectIve 

load on this tube. If RL, the plate load resistance, Is 

of the order of 2,000 o1-'rns, the value of R in the brIdge 

should be at least ten tImes this value or 20,000 ohms. 

Substitutlon in the phase shIft equatIon for the positive 

phase-shifting bridge gives a value of C which is physI- 

cally unrealizable with ordinary apparatus because it is 

so small. 

The placIn of this bridge in the amplIfIer circuit 

chanc;es the effectIve capacItance to ground of the last 

stae of the amplifier and thus changes the phase shift 

of this stare. These consIderations were realIzed when 

measurements were attempted using different values of R 

comparable with the plate load resIstance of the last 

stae of the test amplifier. The values obtained were 

very erratic and varied with different values of R. This 

method was then dropped in favor of another. 

The method which was finally adopted for use in this 

investigation is the one which Is described In reference 

(17). It consIsts of the application of the input and the 

output voltages of the amplifIer to be tested to the 

horzontal and vert.cal deflect1on plates 
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of an oscilloscope. The resu1t1n ellipse Is then photo- 

graphed together with superimposed horizontal and vertical 
deflection lines to establish a reference axis. The phase 

angle between the two voltages is then found from the re- 
lations given in figure (38). In figure (38) is shown 

a drawing of an ellIpse together with a reference axis. 
The sine of the angle between the tvo voltages is found 

b?J divdng the length CD, the distance between the two 

intercepts on the Y axis by the length AB which Is the 

total vertical height of the rectangle enclosin the 

ellipse. 
The complete dia:ram of the crc'iit which was used to 

measure high-frequency phase shift is given in fIgure (9). 
The voltage output of the auxiliary ap1Ifier had to be 

of sufficient amplitude to give an adequate deflection on 

the cathode-ray tube. The input to the test amplifier had 

to be attenuated by a voltage divider as shown. It was 

necessary to use a resIstance-capacItance voltage divider 
to attenuate thIs voltage. It may be shown that if the 
product C1R1 is equal to the product C2R2 (see figure 39), 
then the attenuation of the voltage divider will be constant 
at all frequencIes (21) and the phase shift will be zero. 

Then the phase of the voltage applied to the horizontal 
deflectIon platos of the oscilloscope and the voltage 
applied to the grid of the type ß02 Is the same. Under 
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these conditions, the on1i phase shift ndicated by the 

ell1pse on the osc11oscope screen i the phase shift in 

the test amp1f1er. 

The high-frequency oscillator used in this work as 

a type 605-B Standard Sinal Generator made bi General 

Radio Company. This oscIllator provides a source of hich 

frequencies from 10 lcilocycles to 50 meracycles. The 

output is calibrated from 1.0 microvolt to u.l volt with 

a constant 1.0 volt output available. Seo figure (40) 

which shows a general view of the laboratory apparatus 

used in the high-frequency phase shift ieasurements. Gain 

measurements rß:e made with this calibrated source and the 

output measured with a model 1252 Triplett vacuum-tube 

voltmeter which as the tube mounted on the end of the 

probe for mInimum input capacitance. 

The oscIlloscope used in the high-frequency phase 

shIft rneasursments vias constructed In the laboratory es- 
peclally for thIs type of work. It used a cathode-ray 
tubo with a viewin screen 5 inches in dIameter, The screen 
was of the short persIstance type and gave a blue fluores- 
cent light especially suIted for hotography. The tubo 

(RCA-907) was fitted with separate connections to each 

of t10 four deflection plates. when operated with 2,000 

volts on the accelerating anode, it was possIble to secure 
a very sharp and brillIant trace which photographed very 
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well. Using an P14.5 camera wIth super-pncro-press cut 

filin, it was found that excellent exposures were obtaIned 

at 1/25 of a second. 

The experimental amplifier Itself was built into the 

oscilloscope used in the measurements, it consisted of a 

type 802 power pentodo vith a plate load resIstance of 

5,000 ohms. The bias was provided by an unbypassed cathode 

resistor of 500 ohms resistance. The plate supply was In 

the neighborhood of 500 volts vith 250 volts applied to 

the screen gr:d of the tube. This type tube has a nominal 

transconductanco of about 2,000 mcromhos. 



TE MEASURVIENT OF HIGH-FREQUENCY 
PHASE SHIFT IN AMPLIFIERS 

RESULTS AND CONCLUSIONS 

Three sets of data were obtained Lor three different 

condtons of the test amplifier. The first condt.on was 

w.th no hIgh-frequencï compensation and an unbypassed 

catiode reststor. The results are Illustrated in ficures 

(41) and (42) curves (a). From the ga±n curve In figure 

(41) the value of' the plate load shunting capacitance was 

calculated. Thls capacitance was calculated from the fact 

that the gain is down 3 decibels at the frequency where the 

plate load resstance is equal In magnitude to the react- 

ance of the shunt capacitance. The frequency where the gain 

as down 3 decibels was found to be OO lcilocycles n this 

case. The stray capacitance was calculated to be 40 

micrornicrofarads. F!gure (43) shovis the oscIlloram from 

which the phase sh.ft was calculated for the uncompensated 

amp1f 1er. 

The osciliorrams of figures (43) and (44) were made 

at three dfferent frequencies whch were determined by the 

sain curve of the uncompensated amplifier. Frequency (1) 

of 430 kilocycles was the point where the uncompensated 

arnplifier was down 1.0 decibel in gain; freauenc (2) was 

at t'ne point where the amplifier was down 3 decibels (800 

kilocycles) and frequency (3) of 1,300 kilocl7cles was at 
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the point where the amplifier was down 7 decibels. 

Test condition number two was the use of inductance 

compensation utilizing a small inductance In sertes with 

the plate load resistor. re value of the inductance was 

chosen so that the gain would be approximately flat to 

800 kllocycles (reference (28) and reference (26) pae 192). 

Ths value is riven by the equation L = 0.5 CLR where 

C and R are the plate load constants in farads and ohms 
L L 

and L Is the required Inductance In henries. The results 

of thIs test are illustrated in figures (41) and (42) 

curves (b). Figure (44) shows the oscillogram from which 

the phase shift curve was calculated. 

The third condition as desInned to show the effect 

of bipassing the cathode blas resistor with a small 

capacitor. A small mica capicltor of 400 micromicrofarads 

was connected in parallel with the cathode biasing resstor 

of the tube. The re3ults are shown n fugures (41) and 

(42) curves (e). The oscillogram from which the phase 

shIft was calculated is shown in figure (45). Inthis case, 

fIve different el1pses are shown on the oscillogram. 

These represent phase shIft measurements taken at fIve 

different frequencies whIch are listed at the bottom of 

figure (45). 

It will be noted that the phase shift is positivo 
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from ebout loo kilocycles to 900 kilocycles where the 

curve crosses the zero axis and the phase shift becomes 

negative. ThIs Is not a desIrable condition sInce the 

positive phase shift means that the requIrement of constant 

dela3r Is not attained in the amplIfIer. 
In all hIgh-frequency measurements, the results become 

more and more uncertain as the frequency is increased. 
Thus the measurement of gain In any high-frequency ampli- 

fIer is subject to various sources of error. One of the 

most imtortant sources of error is the effect of the Input 

capacItance of the device used to measure the gain chact- 
erlstics. In thIs Investigation, use was made of a vacun 
tube voltmeter whose input capacItance was of the order 

of 10 to 12 mlcromicrofarads. Although this is relatIvely 
saall, It has a large effect at frequencies of one or two 

megacycles, especially when In shunt with a circuIt whose 

stray capacitance is only about 35 to 40 mIcromcrofarads. 
The Ideal vacuum-tube voltmeter for use In this type 

of measurement would be one usIng a type RCA-954 acorn 

tube which has an input capacitance of only 3 mlcromicro- 

farads. The tube should be mounted on the end of the test 
probe so that the grid lead from the top of the tube could 

be connected directly to the olnt of measurement. 



TESTING OF THE TRANSMISSION CiARACTERISTICS 
OF AMPLIFIERS BY MEANS OF SQUARE 7IAVES 

The use of square waves for the testing of amplifiers 

is comparitivoly nev. It provides a means of quickly 

estImating the type and amount of frequency and phase 

dIstorton in an amplIfIer. (35)(9). 

The generation of square waves of sufficIently steep 

sides and flat top is not particularly dIfficult and the 

square wave generator used In thIs investIgatIon is 

treated in Appendix (5). It may be shovn (25) that the 

mathematical expression for a perfectly snmetrIcal flat 

top wave of the type used to test amplifiers is given 

by the expressIon 

e = L(sIn wt + 1/3 sin 3wt + 1/5 sin öwt 

+ 1/7 sin 7wt 

where e = voltage at any instant, 

E = peak amplitude of square wave, 

w = 2uf, 

t = time in seconds 

The square wave is seen to be composed of the funda- 

mental frequency torether with all of the odd harmonIcs. 

The ampl1tude of the harmonics are inversely proortIonal 

to their harmonic frequency. 
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The relationship between the trans-lent response of an 

amp1fier and its response to a square v.ave is verv close. 

The tracìsient response of an amp1fler ma be defthed as 

the response resulting from a sudden applIcation of a 

voltage which is thereafter maintained constant. The 

transient response of an amplIfier is lImited by two effects 

the abIlity of the amplIfier to transmit f1rst, the high 

frequencies and second, the low frequencies. (6). The 

response of the amplIfier to the applIcation of the voltae 

Is determined Initially by its high-frequency characteris- 

tics and later by its 1ow-frequenc characteristics. 

A square wave Is a succession of suddenly applied 

voltage Impulses and thus It servos to test the transient 

characterIstIcs of an amplIfier. All amplifiers have a 

certain band of frequencIes which they transmit with constant 

gain and with a phase shIft that Is proportIonal to freque- 

ncy (constant delay). If a square wave whose fundamental 

frequency and harmonics up to the twenty-first fall within 

this band, the wve shape will be preserved through the 

amplifier and, for all practical purposes, the output 

voltage will be a perfect square wave. 

As the fundamental frequency is reduced, the low- 

frequency transmission characteristIcs become the determin- 

Ing factor and the voltage output Is no longer a square 



wave. As the frequency of the square wave becomes h1her, 

the high-frequency response of the amplifier determines 

the wave shape of the output. Thus ft is necessary to 

test an amplifier with at least two different frequencies 

of square waves; one to test the low-frequency response 

and another to test the hlpth-frequenc" end of the band. 

The low-frequency characteristics of the amplifier 

may be determl.ned by observing the average shape of te top 

of the output wave w1en a square wave Is applied to the 

input. An uncompensated amplifier has a loss of gain and 

a phase delay that is less than normal (positive phase 

shift) at low frequencies. The top of the output wave 

when a low-frequency square wave s 4'-pressed on the Input 

has a defnite slope from left to right if the delay Is 

below normal and a slope with a curve In It If there Is 

attenuatIon. See figure (46). 

As the frequency of tie square .vave is increased, the 

high-frequency transmission characteristics come Into effect. 

If the region of Impaired high and low-frequency response 

are close together, the analysis of the otput wave be- 

comes more complIcated. However, in wIde-band amplifiers, 

with which this paper Is concerned, this compllcat1on does 

not arise. In the ordInary inductance compensated ampli- 

fier, when too much Inductance Is placed in the plate lead, 
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the amp1fier will have excess saIn at the high-frequency 

end of the band. This will show up in the square vave 

test by the presence of an inItial "over shoot" of the wave 

and possibly by small superImposed oscil1tory transients 

on the top of the output wave. 



TESTING OF THE TRANSMISSION CHARACTERISTICS 
OF AMPLIFIERS BY MEANS OF SQUARE WAVES 

RESULTS AND CONCLUSIONS 

In figure (46) there are two photographs on the same 

print. The one at the top (a) is the trace on the cathode- 

ray tube showing the 30-cycle square wave .nput to the 

amplifier. The trace on the bottom (b) shows the output 

voltage resulting after passing the square wave through an 

amplIfier which has a good deal of attenuatIon and positive 

phase sh1ft at 30 cycles. 

If the amplifier is incorrectly compensated or over 

compensated due to a poor design of the low-frequency corn- 

pensation networks, the wave top of the square wave may 

have a large variety of shapes at the output of the ampli- 

fier. In figure (47) is shown two oscillograms which show 

the output voltage wave from an amplifier whose various 

phase and gaIn characteristics are given In figures (48) 

and (49). These oscillograms illustrate a variety of con- 

ditions which are undesIrable. Curves (2) of figures (46) 

and (49) are the transmission characteristIcs of an ampli- 

fier which is badly over cpensated and this amplIfier 

gives the output voltage wave illustrated by (c) of figure 

(47). Curves (3) of fIgures (48) and (49) illustrate the 

phase shift and gaIn characteristcs of the same amplifier 
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(a) 

(b) 

FIGURE 46 

(a) 30-CYCLE SQUARE WAVE INPUT TO AMPLIFIER 

(b) OUTPUT OF AMPLIFIER WITH ATTENUATION AND 

POSITIVE PHASE SHIFT AT 30 CYCLES 

HORIZONTAL DISTORTION DIJE TO NON-LINEAR 

TIMING WAVE 



(a) 

(b) 

FIGURE 47 

(a) SO-CYCLE SQUARE WAVE; INPUT TO AMPLIFIER 

(b) OUTPUT OF AMPLIFIER. SEE CURVES (1) 
FIGURES (48) and (49) 

(e) OUTPUT OF AMPLIFIER. SEE CURVES (2) 
FIGURES (48) and (49) 

(d) OUTPUT OF AMPLIFIER. SEE CURVES (5) 
FIGURES (46k) AND (49) 

(o) 

(d) 
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(2) 

FIGURE 48 

CURVZS S1OWIG G1ßIN OF AMPLFIER WITh THREE 

DIFFERENf CONDITWNS OF LIPHRQUENCY . 
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with a much better low-frequency com:ensation network. Jow- 

ever, this st1l leaves much to be desIred sInce the phase 

shift Is negative at about 100 cycles and the gain is still 

rising at 20 cycles. Ths amplIfIer gIves the output wave- 

form (d) of figure (47). 

.then the frequenci of the input square wave Is high 

enough to be affected by the high-frequency response of 

t:-ie amplIfIer, the first thing that Is notIced Is a round- 

Ing of the diagonal corners of the output wave. See (b) 

of fIgure (50). As the frequency becomes higher, in the 

ordInary uncompensated arnpl:tf'er, the corners become 

more and more rounded and the wave is greatly distorted. 

See (a) of fIgure (50). 

For the testing of amplIfiers to be used as video 

amplIfIers in television, square waves of two frequencIes 

are sufficient. Since the gain and phase characterstics 

of these amplifiers should be good down to 30 c7cles per 

second, the low-frequency square wave should be 30 cycles 

per second. The amplIfIer should not appreciably distort 

this wave if it Is properly designed and adjusted. For the 

high-frequency end of the band, it Is necessar' to use a 

square wave of a fundamental frequency of 100 kiioc;;cles 

per second or more. The amplifIer should be able to oass 

a 100 kilocycle square wave with absolutely no dIstortion 
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(a) 

(b) 

FIGURE 50 

(a) SQUARE WAVE INPUT SUPERIMPOSED ON THE 
OUTPUT OF AN AMPLIFIER WITH HIGH 
ATTENUATION AND LARGE NEGATIVE PHASE 
SHIFT AT HIGH FREQUENCIES 

(b) SQUARE WAVE INPUT SUPERIMPOSED ON THE 
OUTPUT WAVE OF AN AMPLIFIER WITH SOME 
ATTENUATION AND NEGATIVE PHASE SHIFT 
AT HIGH FREQUENCIES 



101 

.f t s to be an7 ood for high defn4tion telev1son 

picture recetion. io d1storton of a 100 kilocycle wave 

means that the amplifier is flat and has constant delay to 

about 2 rneacycles which is 20 times the fundamental fre- 

quency of the testing square wave. 



A P P E N D I X 



APPENDIX I 

DERIVATION OF ThE GENTERAL EUATION FOR THE PHASE 
SHIFT AND GAIN CHARACTERiSTICS OF PLATE CIRCUIT 

LOW- FREQUENC Y C OMPENSAT ION NETWORKS 

Frr.ire (51) ShOWS the equivalent cIrcuit for the 

derivation of the phase and gain characteristIcs of a low- 

frequency compensation cIrcuit inserted in series wIth the 

plate load resIstor of high transconductance pentode 

tubes. 

Let E = output volta'e at low frequences, 

E' = output voltage at high frequencies, 

E1 = Inut voltage, 

RL = plate load resistance, 

R dynamic plate resistance, 

R0 = low frequenci compensation network 
resistance, 

C = lova frequency compensation network 
C capac5tance, 

T0 RCCC time constant of the low frequency 
compensation network, 

w = 2if, 
f = frequency in cycles per second, and 

z = R /0. + jwT ) impedance of the low 
C C 

frequency compensation net- 
work. 

The Impedance of the condenser C is zero at very 

high frequencIes arid the output voltace can be expressed 
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L___ 

Figure 51. 

CIRCUIT DIAGRAM FOR THE MATHEMATICAL 

DERIVATION OF PHASE AND GAIN CHARACTERISTICS 

OF A LOW FREQUENCY COMPENSATION NETWORK 



by the equation 

= EIR1/(R + RL). (1) 
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The output voltage at low frequencies can be expressed by 

the equation 

E EI(RL + Z) 

O z 
(2) 

The response of the circuit may be expressed as the 

ratio betveen the output voltage at low froquences and 

the output volta:e at high frequencies. 

Response ratio = E0/E = 

( + R )(R + R ) 

L p L 

(Z+Ri RL)(RL) 

Making the assumptIon that R s very much 1arer than 

RL (3) can be written 

Response ratio = 
(Z + RL)(R) 

(Z +Rp)(RL) 

Substituting the value of Z In the above equation 

Rp(R + RL(1 + jwT0) 

Response ratlo= 
RL(RC + Rp(l + jWTc) 

(4) 

(5) 

Making the assumption that R Is very much larger than R 

in equatIon (5) and dIviding out R gives the 



equation 

Response ratio = 
RC/RL + (1 + jwT0) 

i + jwT 

Lett±ng the ratio Rc/RL = n ( a parameter ) the f:inal 

equation is 

(n + 1) + IWT 
C 

Response ratio = 

1 + jwT0 

ts 

ThIs the flnal equatIon from Wh1C the curves of 
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(6) 

ftcures (5) and (6) were plotted. The assumptions made 

in the derivation are valid when dealing wIth hIgh 

transconductance pentodes used In televis-'on amplifiers, 

where RL and R0 are always only a small fraction of the 

value of R 
p 



AFFEIDIX II 

DERIVATION OF THE GENERAL PARAMETRIC EQUATION 
FOR ThE PEASE AND GAIN CHARACTERISTICS OF A NEGATIVE 

FEED BACK A:PLIFIER AT LOW FREUENC lES 

Figure (22) shows the circuit diararn for the rnathe- 

matical analîss of the phase and gain characteristIcs of 

a negatIve feedback amplifier. 

Let A0 = mid-band amplIfication of amplifier with 
no feedback, 

A = complex amplIfication factor of the ampli- 
fier at low frequencIes without feedback, 

Po = feedback at mId-band frequencies, 

f3 = complex expresslc'n for feedback at low 
frequencies, 

T = Cr,Rg time constant of grId couling 
: : cIrcuit, 

T = C (hk+ H) time constant of feedback 
p circuit, 

Rk = cathode resistor of fIrst tube (part of 
feedback cIrcuIt), 

E1 = input voltage of amplIfier, 

= output voltage of amplIfier, 

p = (a parameter), 

d = A030 feedback factor (a parameter), and 

w = 2,tf. 

It may easil:, be shown that the complex ampl11fcatIon 

factor of the amplifIer without feedback shown In .gure 



(22) is 

A = A /(1 - j/wT ). 
O g 

(1) 
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It nav also be seen that the feedback ratio at low freq- 

uencles Is given by the expression 

R 

f3 

k 
(2) 

Rk + R - 

DIviding through by the quantity (Rk + R) gives 

RJ(Rk + Rf3) 

f3 = - j/wTf3 (3) 

But, snce = Rk/(Rk + Rf3) and substItutIng this in the 

above expression ciives 

f30 
(4) 

i 

Substituting equation (1) and (4) In the familIar feed- 

back equation (4) which Is 

GaIn 
A 

o l-Af3 

gIves the expression 

A /(i - j/wT,,) 

Gain o 
(6) 

1+ A0 
f30 

(1i/wTg) (lj/wT) 



i.: 

The sign is positive since is negative for negative feed 

back. Simplifying the above equation gives the equation 

A0wT(wTp j1) 

Gain (7) 

TgTp(W)2(l + A00) liW(Tg+ T) 

The cain of the amplifier at md-band frequencj s given by 

the equation 

Gain(mid-band) = A0/(l + (8) 

The relative resonse of the amplifier is given by the 

ratio between the gain at low frequencies and the gain at 

mid-band frequencIes. 

Response ratio = 
Equation (7) 

.1quation (8) 

Simplification results in the expression 

Response ratio = 

wT (T -jl)(! + A 
g 00 

(9) 

(10) 

TT(v:)2(l+ Aoo)liw(Tg+ T) 

Dividing through by Tg and multiplying through by T 

and substituting the parameters 

P = T/Tg 

gives the equatIon 

and d = A00 

wT(wT - l)(l + d) 

(11) Response ratio 
= WTp2l + d) - p -j(l)wT 
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Dividing through by the quantity (1+d) gives the final 

equation 

wT(w!Ij3- ]) 
(12) Response ratio = 

(wT)2 - p/(]*d) - jwTp(].+p)/(lfd) 



APPENDIX III 

DERIVATION OF THE EQUATiON FOR THE 1ASE SHIFT 
OF A PARALLEL TYPE NEGATIVE PHASE SHIFTING BRIDGE. 

Figure (lo) shovs the circuit diagram for the para 

1101 type negative phase shifting brdge used in this in- 

vesticration. The following gives the derivation of the 

exress1on for 

Let E1 = 

E0 = 

R1 

R2 

the phase sT-iift of thIs brIdge. 

input voltage (reference vector), 

output voltage, 

series resIstance, 

resIstance In parallel Ith the 
cauacltance In the bridge, 

C = parallel capacitance, 

Z = impedance of parallel circuIt 
consisting of C and 

T = CR2 = time constant of parallel 
cl r cu it, 

w = 2,tf, and 

f = frequency In cycles per second. 

The current vhlch flows in the brIdge is gIven by 

the equation 

i =E1/(R1+ Z). (i) 

The output voltage Is given by 

E0 = IZ = E1Z/(R1 + Z). (2) 



Bu t 

z =R2/(1+jwT). 

Substituting equation (3) in equation (2) ivos, after 

simplification, 

h;o = 

E 1R2 

(R1 + R2) + jR1vT 

If is chosen to the reference vector with a phase 

angle of zero, then it immediately apparent from the 

equatIon (4) that the phase anle of Is 
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(3) 

(4) 

= C-) arctan R1wT/(R1+R2), (5) 

or sutbstituting for T its value R2C gIves the final 

equation 

e = C-) arctan wCR1R2/(R1+R2). (6) 



APPENDIX IV 

DERIVATION OF TI GERAL PARAMETRIC EUATION 
FOR HIGH-FREQUENCY COMPENSATION BY 

MEANS OF CATHODE IMPEDANCES. 

FIgure (52) shows the circuit diagram to be used in 

this derivaton. 

Let E. = input voltae, 

E0 = output voltage, 

E,... = actual voltage on the grid, 

1 = voltae of equivalent generator In 
equivalent circuit, 

u = amplificatIon factor of tube, 

w = 2itf, 

f = frequency in c'cles per second, 

R = dynamic plate resistance of the tube, 

Rk = cathode resIstance, 

Ck = cathode bypass capacitance, 

Tk = RkCk 
= time constant of cathode Impedance, 

RL = plate load resistance, 

CL = stray capacItance in plate cIrcuit, 

TL = CLRL = time constant of plate load 
circuIt, 

Zk = Rk/(l+jwTk) cathode Impedance, 

ZL = RL/(l+jWTL) Dlate load Impedance, 

j = operator (-1), and 

i = current in equIvalent cIrcuit. 



R1 

'1 

(a) Actuol Circuit. 

(b) Equivalent Circuit. 

Figure 52 

CIRCUIT DIAGRAM SHOWING HIGH FREQUENCY 

COMPENSATION BY CATHODE IMPEDANCE 
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The voltage of the equivalent generator is gIven by 

the equation (see figure2)) 

li =u(E - IZk) = 1(R+ ZL+ Zk). (1) 
g 

SolvIng the above expression for and multIp1ing thIs 

value of i by ZL to get the output voltae of the cIrcuit 

at high frequencIes 

UEgZL (2) 
IZ =E = 

L o Rn-i. 
1L 

Z[l+u) - 

The output voltae of the circuit at low frequencies 

where the impedance of the capacitances of the circuit are 

infinite is 

uERL 
(3) E' = 

o 

+ RL + Rk(l+u) 

The ratIo between the output voltae of the circuit 

at high frequencies and the output voltae at low fre- 

quencies is 'Iven by 

hesponse ratIo = E /' = 
Equ&tion (2) 

o o 
Equation (3) 

or 

Response ratio = 
ZL 

p ZL zk(l+u) ) (4) 

RL (R + RL + Rk(1+u) 
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iakin' the assumptions that (l+u) is practically 

equal to u and that (R R) is practcal1y equal to R, 

equation (4) reduces to the equation 

Response ratIo = 
ZL(hp+ ZL + Zku) 

Lp + 

Subst4tutlng the values for ZL and In equation (5) 

and sImplifying 

(5) 

(R + uR )(l + jwT ) (6) 
p k k 

Responso ratio = - ________ 
R(1+jwTL)(1+jwTk)+RL(1+j\vTk)+iRlc(1+jwTL) 

DIvIding through by R and 1ettiní the parameter 

= uRk/R, 

(1 + )(1 + jwTk) 
(7) Response rato = ________________________________________ 

(1+jwTL)(1+jwTk)+(1jwTL)+(1+jwTk)R1/R 

The error in the final res1ts introduced by the 

nelect of the factor vhich Is multiplied by the ratio 

RL/H is negligible when the plate resIstance i at least 
one hundred times the plate load resistance. Dropping 

this factor the response is 

(1+ M)(i + jvdTk) (8) Response ratio = _______________________________ 
(l+jwTL) (l+jvi2k)+:d(1+jwTL) 



Divid1n through by Tk and multiplying through by 

and letting. the parametere 

P = T/T 

The final equation is 

Response ratio = 

and M = uBk/Rp 

(1 + M)(P + jWTL) 

(l+jwTL) (P + PM + jWTL) 
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(9) 



APPEI'TDIX V 

A SQJJARE-.JAVE GENERATOR 

The circuit diagram of the sq'.are-wave generator 

used n ths investIgation is s'own In figure (53). A 

photograph of the apparatus Is shown in figure (54). It 

.s essent1.all a two stae wide-band amplifier with good 

low and hirth frequencv characteristics. The hlgh-fre- 

quency response is attained by means of small plate load 

resistances. The low-frequency response is ood because 

of the large value of the time constant of the grid to 

plate coupling circuit. 

rfte generation of the square wave is brouht about 

by applying a very large driving voltae to the 'rid of 

the first tube. ThIs grid has a one megohm resIstor 

connected in series with the driving oscillator. ThIs 

gives the oscIllator a very high effectIve impedance. 

When the grl.d is drIven posItive by the excessive drIving 

voltage, the grid draws current and the voltage drop 

across the high resistance becomes very large. 

The negRtive half of the oscillator wave drives the 

input tube of the square wave generator far beyond cut- 

off and thIs cuts off the other half ol' the wave top. The 

first tube applIes this flat top wave to the grid of the 

second tube and it, in turn, is driven positive and be:7ond 



Iûmf 1.0 mf. 

Figure 53 

CD 

CIRCUIT DIAGRAM OF SQUARE WAVE GENERATOR 
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FIGURE 54 

SQUARE %VAVE GENERATOR USED 

IN THIS INVESTIGATION 
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is a fair approxi- 

improvement. A 

deslrable to cet a 

ave in the output. 
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LIST OF SIBOLS 

Cg= couplIng capactance in grid circuit In farads 

Rg coupling resistance n grid circuit in ohms 

Tg = CRg time constant of grid cIrcuit 

= cathode resIstor bypass capacItance 1n farads 

Rk = cathode resIstance in ohrn 

= CkRk time constant of cathode circuit 

= 1ow-frequenc comrensation network capacitance in 
farads 

= 1ow-frequenc compensation network resIstance in ohms 

T = CR0 time constant of low-frequency compensation 
C network 

R = dynamIc plate resistance of tube In ohms 

Gm transconductance of tube In mhos 

RL plate load resistance in ohms 

CL stra:; capacitance In shunt wIth RL in farads 

TL time constant of plate load circuit = CLRL 

1 
= complex feedback factor 

= mid-band feedback factor 

A0 = amplIfication of amplIfier at mid-band 

A = complex amplifIcation factor 

w = 2,tf 

f = frequency In cycles per second 

C3 = capacitance in feedback circuIt In farads 
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LIST OF SYMBOLS (continued) 

R = resistance in feedback circuit n ohms 

T = C (R + Rk) time constant of feedback circuit 

u = amplification factor of tube 

p = T/T parameter used in negative feedback curves 

d = A 00 parameter used in necatve feedback curves 

n = RC/RL parameter used In study of low-frequency 
compensat ion networks 

= GmRk parameter used n cathode impedance curves and 
also in the study of high-frequency compensation 
b means of cathode impedances 

P = T ¡T parame.ter used in the stud:. of high-frequency L k compensation by means of cathode impedances 
i 

j = complex vector operator (_1)2 
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