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SUMMARY 

OBJECT The object of this project is to design, construct, and 

test an R-G tuned oscillator which has a constant output voltage 

over the tuning range, and can bo operated at very low frequencies, 

ieQo, dam to 0.01 oycles/sec., and also at high frequencies, per¬ 

haps up to 1 megacycle s/sec* 

Method and Circuits Used. The system is chiefly composed of two 

parts. One of them is a selective amplifier which is designed to 

have a great selectivity so that all harmonics but the fundamental 

of the input square wave will be rejected, and hence the output is 
pure 

a relativelyAsine wave. The other part of the system is a clipper 

which squares off the extremities of the sine wave fed from the 

selective amplifier. Its output square wave is fed back to the 

selective amplifier with a polarity which makes whole system re¬ 

generative# 

The final and relatively satisfactory selective amplifier 

used consists of a basic DC amplifier having a fixed l8o-degrae 

phase shift, and a two-stage phase-shifting amplifier which phase- 

shifts 180-degree at different frequencies by changing the RC 

values. These basic DC amplifier and phase-shifting amplifier 

constitute a positive feedback circuit* The selectivity which can 

be changed by adjusting the potentiometer is very great if it is 

set just below the oscillation point. 

The clipper used is merely a double-diode. One of them 

squares off ths positive half cycle of its input sine wave, and 

the other squares off the negative half cycle. 
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Results* The frequency range of the resulting system is from 

*01 to 1000 cycles/sec* The frequency response is within it 5 

par cent except at the highest frequency end, and the average psak- 

to-peak is approximately 5 volts (no load)* The distortion is 

about 1*5 per cent from 50 to 1000 cycles/sec* The frequency 

stability is within 1 per cent* 

Conclusions* The advantage of this resulting system is the 

simplicity of circuit. Its chief defect is the low output voltage* 

The reduced output voltage at the highest frequency end, the in¬ 

complete freedom of drift, and the interval of time required to 

obtain a stabilised output voltage when the frequency range 

switch is turned to the *01 - 0.1 cycles/sec* position are the 

minor disadvantages* However, the output voltage can be increased 

by using an output stage, and the drift may be minimised more 

completely with some other means* 



1 

I. Problem 

(A) Statement 

The problem selected was to design, construct, and test 

a resistance-capacitance tuned oscillator. There are three pur¬ 

poses in this projects 

(1) The oscillator is designed to have a constant output 

voltage. 

(2) The oscillator can be operated at very low frequencies; 

that is, down to 0.01 cycles/sec. 

(3) The oscillator can be operated at high frequencies, perhaps 

up to 1 megacycle* 

However, in this project the first tiro purposes, l.e., constant 

output voltage and very lot! frequency are more important. 

(B) Use of very low frequency oscillator. 

An oscillator with a constant output voltage between 

1000 and 0.01 cycles per second is useful for any general purpose 

low frequency testing application and is particularly valuable in 

the testing of servo systems, geophysical equipment, vibration and 

stability characteristics of mechanical systems, electro-medical 

equipment, and for the electrical simulation of mechanical 

phenomena. 

(C) Method of attacking. 

The system consists chiefly of tiro parts. The first 

part is a selective feedback amplifier; and the second part is a 

simple clipping circuit. The selective amplifiers are designed 
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to have a good selectivity# If a square wave of the peak fre¬ 

quency is applied to this selective amplifier, all harmonics of 

the input square wave will bo rejected* aid only the fundamental 

can pass through and can be amplified. Hence if the input of the 

selective amplifier is a square wave* its output will be a rela¬ 

tively pure sine wave. The frequency at which the peak of the 

sharp gain curve occurs is changed by adjusting the RC values in 

the selective amplifier circuit, and the peak gain is constant over 

the tuning range# Therefore the output voltage is nearly constant 

and its frequency can be adjusted# The clipping circuit i3 

designed to square off the extremities of the input sine wave. 

Its output is fed back to the R«C tuned selective amplifier with 

a polarity which makes the whole system regenerative# The 

amplitude of the square wave is maintained unchanged by moans of 

a constant do voltage, thus the sine wave output voltage of the 

whole system is also kept constant# 



P 3 

SELECTIVE AMPLIFIER 

FIG. 1. BLOCK DIAGRAM OF 

R-C TUNED OSCILLATOR 
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II. Development Of satisfactory circuit. 

The preliminary test made in E.E. 500 laboratory under Dr. 

Pfeiffer’s direction in the spring of 1952 shewed that this pro¬ 

ject is feasible. In this preliminary test a "cascodG" amplifier 

and a resistance-capacitance phase splitter feedback amplifier 

were used as the selective amplifier, and a commercial square 

wave generator took the place of clipper. The sine wave obtained 

in this test had some small discontinuities which should disappear 

if the selectivity of the selective amplifier is made much greater. 

The operation of this circuit can be best explained by 

means of the following diagrams. Fig. 2 (a) shows a wion bridge 

circuit which has a frequency respose as shown in Fig. 2 (c). 

The frequency at which the bridge has a null balance is fu = 3/2^1
G
1J 

if the elements can satisfy the condition shown on the diagram. 

Hence the null frequency fQ can be changed by adjusting or C^. 
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The phase splitter amplifier shown in Fig. 2 (b) is actually 

a wein bridge. If an ac voltage is applied to the grid, an amplified 

voltage \Jill develop across the plate and cathode. This plate- 

cathode- voltage is corresponding to the input voltage across P 

and K in the wein bridge. Therefore the phase splitter amplifier 

has the same sort of frequency response as the xfsin bridge. 

However, this is not the frequency response which is desired 

in this project. What is needed is just opposite to that fre¬ 

quency response of the wein bridge, like the broken line shown in 

Fig* 2, (c). To secure such a selective frequency response, the 

null network is used in the feedback path of an amplifier* At the 

null frequency, the feedback reduces to zero and the gain rises 

to full amplifier gain without feedback. Two similar amplifiers 

which have been tested are shown in Fig. 3. 
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With reference to Fig. 3, (a), idle expressions for the out¬ 

put voltage which will be derived later are 

ein = ev®>> (X) 
RLl+RL2+2rp 

e™. (2) 

RLT^L2+2rp 

If * 0, 

then &io =* 0f 

e20 = (?1 - ea> (3) 
RL2+2rp 

The expressions for the output voltage of the cascode 

amplifier are somewhat different from those mentioned above, but 

the output voltage is al30 proportional to the difference between 

the two input ande>. Hence either one can be added to the 

phase splitter amplifier to secure a selective amplifier* 

Referring to Fig. 4, at £0 * 2/277fl;]Cp
<?2 = G* So if 

ei 

is held constant, the output voltage ^>0 Xs maximum at fo® There¬ 

fore the frequency response of the whole system is just opposite 

to that of wein bridge. 

However, experiments showed that the selectivity of either 

of these.two selective amplifiers was not high enough to reject 

aU harmonics of the input square wave, and hence the output is 

a distorted sine wave which contained some harmonics as well as 

the fundamental of the input square wave. 
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An attempt was made to add one or two more stages of 

conventional resistance-coupled amplifier to these selective 

amplifiers to Improve the selectivity, but an undesirable 

sustained oscillation was obtained because of the higher gain 

and positive feedback. 

A modified selectoject circuit shown in Fig. 5 was tested. 

Its selectivity was some what better than that mentioned pre¬ 

viously. Tho output looked like a relatively good sine wave 

with a square wave applied to the input circuit. 

This selective amplifier is composed of two parts. The 

first part is merely a conventional amplifier having a fixed 

180-degree phase-shift, and the second part is a phase-shifting 

amplifier which phase-shifts another 180 degrees. Hence if the 

output of the conventional amplifier is connected to the input 

of the phase-shifting amplifier, the output of the phase-shifting 

amplifier will be in phase with the input of the conventional 

amplifier,, and it is a positive feedback. The amount of positive 

feedback is controlled by a potentiometer. As this control is 

advanced, a peak in amplification occurs at the frequency to 

which the unit is tuned. This peak becomes higher and sharper 

as the positive feedback increases, until finally the amplifier 

goes into sustained oscillation. If the regeneration is set 

just below the point of oscillation, the selectivity obtainable 

is very great* 
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BLOCK DIAGRAM OF SELECTIVE AMPLIFIER 

o» SCHEMATIC OF SELECTIVE AMPLIFIER 

FIG. 5. SELECTIVE AMPLIFIER . 



(a) BASIC PHASE-SHIFTING CIRCUIT . 

p 

FIG. 6. (fc>). VECTOR DIAGRAM OF 

PHASE-SHIFTING CIRCUIT 
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The heart of the selective amplifier is the phase-shifting 

circuit which has the valuable property that the magnitude of the 

output voltage eQ remains constant even though its phase may be 

shifted by changing the resistance R for a fixed frequency. Simi¬ 

larly, if R is held constant and frequency is varied, the phase 

of the output voltage e0 also shifts. 

Referring to Fig. 6, suppose that the load impedance of 

the phase-shifting amplifier is extremely high, so that the same 

current will flow through both R and C. The voltage across C 

always lags the voltage across R by 90-dogree, and their vector 

sum is the plate-cathode-potential Opjc. Ho matter what the 

relative size of R and C, the junction of those two vectors must 

trace out a semicircle. Thus if we take as our output the voltage 

between this junction and the midpoint of the plate-cathode- 

potential (which is the ground point if the cathode resistor and 

the plate resistor are exactly the same) we have a voltage Oo 

vjhich is represented by the radius of a circle, and which there¬ 

fore remains constant in magnitude as its phase position is 

changed. 

Although one phase-shifting stage can be made to give a 

total shift of nearly 180 degress, it is best to use two in cas¬ 

cade because each need then only supply a shift of 90 degrees. 

It is desirable to have some degree of control on either side 

of the total 180-degree shift. 

The main purpose of -this project is to design and construct 

an oscillator with the operation frequency down to 0*01 cycles/sec. 

Thus the selectoject circuit must be modified and all coupling 
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condensers have to he eliminated* Instead of a conventional 

resistance-capacitance-coupling amplifier, a negative feedback 

DC amplifier with corrective network is therefore employed* 

The problems peculiar to the DC amplifiers are explained 

in detail in the following paragraphs. 

(A) Selective amplifier 

(1) Basic DC amplifier 

The first stage of the basic DC amplifier is a differential 

amplifier, and the second and third stages are conventional con¬ 

ductive coupling amplifiers* The first grid of the differential 

amplifier is 180-degree out of phase with the output of the 

basic DC amplifier, while the second grid and the output have 

the same sense* 

One obvious design problem of the DC amplifier arises be¬ 

cause the plate potentials are considerably higher than the grid 

potentials of the following stages*. It is therefore necessary 

either to have the cathode of a following stage at this higher 

potential from ground or to use a device to lower this potential 

the correct amount. Since batteries are usually impractical, a 

negative supply voltage of 300 volts and a resistance divider 

are used. Another special problem relating to DC amplifiers 

x*ill be discussed below. 

Causes of drift in DC amplifiers 

If the effects of noise and pickup are neglected, the out¬ 

put voltage in an AC amplifier is zero for zero input voltage 

regardless of circuit parameters such as resistor values, 

supply voltages and tube characteristics. This is not true 
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of a DC amplifierj the d-c output at a given d-c input (e.g., 

sero) depends on all these things and tends to change or drift 

with time. The following outline describes the principal 

sources of drift. 

1. Drift due to chancres in plate and bias supply voltages. 

A slight variation in plate supply or bias voltage causes 

a change in grid-to-cathode voltage in the first stage, and is 

amplified in succeeding stages, producing a large change in 

output voltage. 

2. Drift due to changes in filament voltages. 

Variation of the cathode temperature of a vacuum tube in 

which tho current is limited by electrode potentials and space 

charge rather than by cathode emission has the effect of vary¬ 

ing the average initial electron velocity and therefore also 

the electrode voltages required to obtain a given electron flow. 

When the plate current is very small compared with cathode emission, 

as is often the case in the first stage of a DC amplifier, this 

effect is fairly independent of plate current. It may be ex¬ 

pressed in terms of the amount by which the cathode voltage 

must be changed relative to the other electrode voltages in order 

to hold the current constant as the cathode temperature is varied. 

Fig. 7, (a) illustrates the relationship for a triode,^'^42'^ 

Hero the plate-to-cathode voltage was fixed at 150 volts $ and as 

the cathode temperature varied, the current was held constant by 

adjustment of the grid potential. If no compensation is employed, 

a DC amplifier will suffer a drift in the aero with any variation 



16 

in the heater voltage. This effect is particularly serious in 

the input stage. As measured at the input, the drift caused by 

the first stage is simply (9Ec/^Ej1) i»
e»» about 0*2 volt for 

a 20 per cent heater voltage change (assuming an oxide-coated 

cathode and 1CM plate current). Drift in subsequent stages is 

less important, depending on the preceding gain. 
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3. Drift duo to changes in resistance values. 

Variation in resistance caused "by excessive temperature 

or humidity will affect the vacuum-tube operating voltages in 

each stage of a DC amplifier, and result in drift. 

4. Drift due to changes in vacuum-tube characteristics. 

These changes are mostly due to changes in the filament 

voltage, A set of mutual characteristics for a 6SII7GT/G tuba 

is given in Fig. 8 for two different heater voltages.^23pl58) 

The curves are definitely moved to the left in the linear range 

by on increase in filament voltage. The slope of the curves 

also changes, for apparently rp has decreased as filament 

voltage was increased. 
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5. Drift due to changes in grid current. 

When the grid is negative with respect to cathode, a 

current, which is the result of positive ions that are attracted 

to the grid, flows from the grid terminal. The ionisation of 

the residual gas in the tube depends on voltage gradients, and 

therefore the negative grid current increases with higher plate 

voltage as well as with greater negative grid voltage* Since 

the positive-ion current is the result of residual gaa, its 

magnitude varies widely from tube to tube. For ordinary re¬ 

ceiving tubes under usually operating-voltage conditions it 

may be anything from 0*00001 to 0*1 //a. 

Positive grid current, caused by electrons flawing to the grid 

from the cathode, is much greater and much less erratic than 

the negative grid current. The grid receives electrons as if 

it were the plate of a diode* Because of the initial velocities 

of the thermo-electrons, many of them havo sufficient energy to 

arrive at the grid oven if it is at a considerable negative 

potential with respect to the cathode. Thus, this positive grid 

current becomes as great as the negative (positive-ion) grid 

current, making the net current zero at some negative grid poten¬ 

tial, usually about -1 to-1*8 volt for oxide-coated unipotential 

cathodes at temperatures of 1000° to H00°K*^^ p420) This is 

the "floating grid" potential, which the grid assumes if dis¬ 

connected. Because of the distribution of electron initial 

velocities, the grid current increases exponentially with respeot 

to grid potential, increasing itself by a factor of 10 for every 

0*2 or 0.3-volt increase of potential. This exponential type 
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3. 

of increase ends at from 10 to 100 fiaj thereafter the nature of 

the increase depends on the tube type and is also considerably 

affected by plate voltage - the lower the plate voltage the more 

the grid current.^*® 420 ^ 

Changes in this aero-signal grid current constitute an 

additional source of drift. Since, for instance, a grid current 

of only 0.01 fia flowing in an input resistor of 1 megohm will 

give rise to an error voltage of 0.01 volt. 

(b) Means for minimizing drift. 

1. Compensation for supply voltage changes. 

Drift due to changes in supply voltage may be reduced by 

employing well-regulated power supplies and possibly some of the 

coromontyused compensating circuits. 

2. Prevention of changes in resistance. 

In order to minimize DC amplifier drift, all resistors 

carrying direct current must be stabe> i.e., they must maintain 

their resistance values within specified tolerances over reasonable 

ranges of current, himidity, and ambient temperature. In order 

to avoid excessive temperature changes, all resistors used should 

have about twice the power rating actually required. All critical 

resistors should be special precision types of metalized, carbon, 

or wire-wound resistors. Adjustable resistors and balancing 

potentiometers must also bo chosen with a view to stability and 

freedo. I*, mlcrophonisnu 

Minimizing drift by using differential amplifier. 

A two-tube amplifier which is used extensively as a DC 

amplifier is illustrated in Fig. 9. The analysis below will 
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indicate the reason for the descriptive name of this amplifier 

circuit* 

To analyze th9 operation of the circuit, Kirchhoff’s law 

is applied around each circuit. This yields the following 

cqUationJ
C3]’P 114> P 178) 

II(RLI + ?p + %c) + l2Rk ® Aj/c ) 
) 

h(*k + ^2 ^L2 * rp * = ^*g2k | 

®gik = n - di + 12) % | 

.(*) 

.(5) 

Eg2k = s2 * t1! + I2) Rjj ) 

Combining (4) and (5)? and solving for and I2, we may 

obtain 

' y- RK)e,-RKez] 

e°'= _W,“ + gK(gu+BL, +zrf>) " '(6) 

P&i[RKei+Ri()ez] 
<?>*= -IA** (nu+rp)iRL2+rfr 

/!+/ ~f~ RK C RU~I~ 

— (7) 

In order to make the output of a differential amplifier as 

closely proportional to the difference between the two input 

voltages, it is advisable to use tubes having a high amplifica¬ 

tion factor 11 and to use a high value of the cathode resistor 

Rjc* Under such condition, (it^ + rp)/(# + l)<^Rk* and the 

above two expressions reduce to 
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’LATE CIRCUIT 

TIAL AMPLIFIER 
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Gol = ~tiTLU. 

Ria * RL2 + 2rp 

<®1 - e2) (8) 

BoZ 88 
+ fjf R 

L2 (oi w Go) **«*+•••«••»« (9) 
RL1 * RL2 * hv 

Since the differential amplifier possesses this 

feature, it can he used to eliminate the drift* 

a. Compensation of the effects of power supply voltage 

changes in the input circuits. 

Since the- output voltages of differential amplifier 

are approximately proportional to the difference between the 

two input voltages, changes in the input voltages due to power 

supply voltage variations common to both input circuits will 

tend to cancel out* Specially matched double triode3, like the 

6SU7 or 5691» are most suitable* 

b. Compensation of the effects of cathode emission changes* 

Changes in the cathode emission due to filament 

voltage: changes and other causes are equivalent to voltage changes 

common to both input circuits of differential amplifiers* They 

are, therefore, at least partially cancelled. The reason why 

they cannot be cancelled completely is that the rate of heating 

for two different cathodes is not exactly the same even if the 

tube is a twin triode. Thus the equivalent input voltage due 

to cathode temperature fluctuations will be different in the 

two tubes of the differential amplifier, and the output will be 

approximately proportional to the difference between these tiro 

equivalent input voltages due to the filament voltage change* 
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(6J6 should be very appropriate, since the same cathode is used 

for both triodosj but it 3eems subject to considerable drift be¬ 

cause of its type of construction)* 

For this particular lour frequency oscillator, several means 

have been used for minimising the drifts 

(1) Using well regulated power supplies for the B voltage* 

(2) Using differential amplifier in the first stage of the 

basic DO amplifier. 

(3) Using precision resistors and resistors with high povrer 

rating than actually required. 

(4) Using negative feedback. 

A common error is the assumption that feedback will aid in 

reducing cathode drift. Suffice it to say that cathode drift 

is a form of tube noise, and tube noise is not reduced by means 

. .. _ , (C63, p 29) 
of negative feedback* 

However, for this particular model, as a whole, the negative 

feedback help minimise the drift a lot, which indicates that 

cathode drift was not a cause of serious trouble* Experiments 

showed that the drift was so small that it had little effect on 

the wave form even at the very low frequencies* 

(6) Causes of undesirable oscillation in negative feedback 

amplifier. 

As is discussed previously, a negative feedback circuit is 

used to minimise the drift in the basic DC amplifier. A nega¬ 

tive feedback amplifier may be stable or not depending on the 

feedback loop gain and phase shift* Let us consider the follow¬ 

ing situation* Shown in block diagram form is a feedback 
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control system in which it is desired to determine its sta¬ 

bility.^^® P The transform expression relating the out¬ 

put signal in terras of the actuating error and the control 

system elements is 

Eo(s) = Eg(s) A(o) ••••••..•••.•.•..*.•••.(10) 

The difference between the reference input and the feedback 

forms the signal Eg(s)» Thus 

Eg(s) « Ei(s) - Ef(o)  (11) 

and Ef(s) ~ S(s) Eo(s) .•,•••••*•.*•*••..**•..••••■(12) 

where 6(s) represents the transform of the transfer function of 

the feedback elements* It includes the gain coefficient and 

the terms containing s in the feedback element* It is similar 

in nature to A.(s) which represents the transform of the transfer 

function of the forward control elements from a mathematical 

standpoint* If equations (10), (11), and (12) are combined, 

the resulting expression for the gain with feedback is 

Q(s) B Vs*. ...................   (13) 
B$(e/ 

G(n) » A(&) 
i + A(s) fi (af 

For a feedback control system shown in the fora of above 

figure, plot the A(S) &(s) function in the complex plana for 

s B jw with all values of u from -‘’"to It will be noted 

that the plot from u < 0 is the conjugate of the plot 

from +e°> u > 0* According to the Hyguist stability criterion, 

if the path does not encircle the point -1 + jO, the system is 

- stable. For example, in Fig* 11 the path 11 
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which encircles the point -1 + jO, indicates an unstable circuit 

and roust be avoided. A stable system is obtained if the path re¬ 

sembles either I or III, neither of which encircles -1 + jO. The 

stability represented by curve IH, however, is only "Nyguist" 

or "conditional"• The path will enclose the critical point if 

it is merely reduced in scale, which may correspond physically 

to a reduction in tube gain. Thus the circuit may oscillate when 

the tubes begin to lose their gain because of age, and it may also 

oscillate, instead of behaving as it should, when the tube gain 

increases from zero as power is first applied to the circuit. 

Because of these possibilities conditional stability is usually 

regarded as undesirable. ^*2) 

(d) Means for preventing undesirable oscillation in negative 

feedback amplifier. 

Before any means for preventing undesirable oscillation in 

negative feedback amplifier is discussed, the relations between 

attenuation and phase in physical networks must first be inves¬ 

tigated. In attacking this problem an immediate difficulty 

presents itself. It is apparent that no entirely definite and 

universal relation between the attenuation and the phase shift 

of a physical structure can exist. For example, we can always 

change the phase shift of a circuit without affecting its loss 

by adding either an ideal transmission line or an all-pass 

section. Any attenuation characteristics can thus correspond 

to a vast variety of phase characteristics. 
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For the purposes of amplifier design this ambiguity is 

fortunately unimportant* While no unique relation between atten¬ 

uation and phase can to stated for a general circuit, a unique 

relation does exist between any given loss characteristic and 

the minimum phase shift which must to associated with it.. In 

other words, we can always add a line or all-pass network to the 

circuit but we can never subtract such a structure, unless, of 

course, it happens to be part of the circuit originally* If the 

circuit includes no surplus lines or all-pass sections, it win 
/ 

have at every frequency the least phase shift (algebraically) 

which can be obtained from any physical structure having the 

given attenuation characteristic. The least condition, since 

it is the most'favorable one, is, of course, of particular 

interest in feedback amplifier design* 

For the minimum phase condition, it is possible to derive 

a large number of relations between the attenuation and phase 

characteristics of a physical network. One of the theorem reads 

„ ,, (C83,P 426) 
as follows* ** 

vhere B(fc) represents the phase shift at any arbitrarily chosen 

✓ frequency fc and u = log (f )* 
*c 

This equation holds only for the minimum phase shift case* 

It is clear that the equation implies broadly that the 

phase shift at any frequency is proportional to the derivative 
% 

of the attenuation on a logarithmic frequency scale* For example 
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if is doubled B will also be doubled* The phase shif t at any 
du 

particular frequency, however, does not depend upon the derivative 

of attenuation at that frequency alone, but upon the derivative at 

all frequencies, since it involves a summing up, or integration, of 

contributions from the complete frequency spectrum* Finally, we 

notice that the contributions to the total phase shift from the 

various portions of the frequency spectrum do not add up equally, 

but rather in accordance with the function log coth I ul* This quan- 
2 

tity, therefore, acts as a weighting function. It is plotted in 

([8],p 426) 
Fig* 12, As we might expect physically it is much 

larger near the point u = o than it is in other regions* We can, 

therefore, conclude that while the derivative of attenuation at all 

frequencies enters into the phase shift at any particular frequency 

f - fc the derivative in the neighborhood of fc is relatively much 

more important than the derivative in remote parts of the spectrum* 

As an illustration of the theorem mentioned above, let it be 

supposed that A = Ku, which corresponds to an attenuation having a 

constant slope of 6K db per octave* The associated phase shift can 

be evaluated. It turns out, as we might expect, to be constant, and 

is equal numerically to radians* This is illustrated by Fig, 

([83,p 427) 
13, As a second example, we may consider a discontinuous 

attenuation characteristic such as shown in Fig, 14* The associated 

phase characteristic, also shown in Fig. 14, is proportional to the 

weighting function of Fig* 12, The final example is shown by Fig. 15* 

It consists of an attenuation characteristic which is constant below 

a specified frequency ffo and has a constant slope of 6K db per octave 
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above fb. The associated phase characteristic is symmetrical 

about the transition point between the two ranges. At suffi¬ 

ciently high frequencies, the phase shift approaches the limit- 

ing jr1 radians which would be realized if the constant slope were 

maintained over the complete spectrum. At low frequencies the 

phase shift is substantially proportional to frequency and is 

<C83p 427) 
given by the equation 

B-f fb    U6> 
The cutoff characteristic of an amplifier outside of its 

normal frequency range is determined by the reactive elements 

of the interstage coupling devices employed. In a resistance- 

coupled amplifier these usually are stray circuit capacitances 

and grid-coupling condensers. In a DC amplifier they are only 

the stray wiring capacitances. Bach amplifier stage introduces 

reactive elements which combine to produce a cutoff characteris¬ 

tic that may or may not produce a stable feedback amplifier. 

The condition that the amplifier be absolutely stable is 

evidently that the loop phase shift should not exceed l80° until 

the gain around the loop has been reduced to aero or less. A 

theoretical characteristic which just met this requirement, how¬ 

ever, would be unsatisfactory, since it is inevitable that the 

limiting phase would be exceeded in fact by minor deviations 

introduced either in the detailed design of the amplifier or in 

its construction.. It will therefore be assumed that the limit¬ 

ing phase is taken as 180° less some definite margin. This is 

illustrated by Fig. the phase margin being 
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indicated as y<r radians. At frequencies remote from the band 

it is physically impossible, in most circuits, to restrict tho 

phase within those limits. As a supplement, therefore, it will 

bo assumed that larger phase shifts are permissible if the loop 

gain is 3: db below zero. This is illustrated by the broken cir¬ 

cular arc in Fig, 16. It is, of course, contemplated that the 

gain and phase margins x and y will be chosen arbitrarily in 

advance. If we choose large values we can permit correspondingly 

large tolerances in the detailed design and construction of the 

apparatus without risk of instability. It turns out, however, 

that with a prescribed width of cutoff interval tho amount of 

feedback which can be realized in the useful range is decreased 

as tho assumed margins are increased so that it is generally 

desirable to choose as small margins as is safe. 

In view of the close connection between phase shift and 

the slope of attenuation characteristic evidenced by Equation 

(15) this evidently demands that the amplifier should cut off, 

on the whole, at a well defined rate which is not too fast, 

The greatest cutoff attenuation rate that may be employed over 

any extended frequency spectrum in a feedback device is 12 db 

per octave. This corresponds to a phase shift of 180° which is 

tho limit for stability. In a practical device a margin of 

safety must be provided, so that a slope of less than 12 db per 

octave must be used. It is customary to allow a 30-degree phase- 

shift margin, thus giving a slope of 15Q/lQ0 x 12 = 10 db per 

. (C5]p 404) 
octave* 
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FIG. 16. DIAGRAM TO ILLUSTRATE 

DEFINITIONS OF PHASE AND GAIN 

MARGINS FOR THE FEEDBACK Loop 
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The usual amplifier has an asymptotic cutoff characteristic 

which is greater than 10 db per octave since each coupling circuit 

produces 6 db per octave or some multiple of 6 db per octave. 

The design of a stable feedback amplifier requires a transition 

from the region of controlled 10-db-per~octavo attenuation in 

which the feedback loop gain is greater than unity, to the region 

of uncontrolled attenuation in which the attenuation rate may be 

(5»p 404) 
high and the loop gain is much less than unity* 

This transition may be obtained by following Bodo's ideal 

cutoff transmission characteristic for the “feedback loop” as 

shown in Fig. 17* The slope of the various segments 

of the curve are given in units of m which aro units of 6 db 

per octave. This cutoff characteristic satisfies Nyguist*a — 

stability criteria, since the phase shift is less than 180 

degrees for frequencies where the transmission characteristic 

has a gain greater than unit. The curve attenuates at a rate 

of 10 db per octavo (m ~ 1.67), which provides a phase margin of 

safety of 30 degrees with respect to the 180-degree maximum. 

In addition, a region of zero-gain change is provided to 

give a phase-shift cancellation effect against the larger phase 

shift produced by the rapid asymptotic cutoff at the higher 

frequencies* The attenuation step is 9 db below the unit loop 

gain (zero decibel) line, giving a factor of safety against gain 

variations in the amplifier. The curves illustrated in Fig. 17 

apply to the high-frequency cutoff characteristic while similar 

curves apply equally well to the low-frequency cutoff characteristic. 
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Tho cutoff amplitude-response characteristic of most feed¬ 

back devices will not satisfy the slope requirements of the ideal 

cutoff characteristic. The usual response characteristic cuts 

off too rapidly or allows no margin of safety. Corrective 

networks must be added to control the attenuation rate and to 

provide the necessary step in the attenuation characteristic. 

All simple coupling combinations conventionally used tilth 

vacuum tubes provide an asymptotic response characteristic that 

is a multiple of 6 db per octave. To obtain a transraission- 

slopo characteristic of 10 db per octavo, which is not a multiple 

of 6 db, it is necessary to include corrective networks which 

gives an approximate 10-db-per-ootave slope. 

The frequency response of the basic DC amplifier without 

corrective network was not checked. However, when a negative 

feedback circuit was employed to minimise the drift, undesirable 

oscillation was obtained. This indicates that the loop trans¬ 

mission A(jw) &(ju) encloses the point -1+jO. Therefore, soma 

kind of corrective network must be used to secure the stable 

operation. It has been found out that the stability may be 

obtained by placing a condenser of 5 f4*£ (or higher up to 1 (j£) 

across the grid of the last stage and the plate of preceding 

stage. Apparently the rate at which the DO amplifier cuts off 

at the higher frequencies has been reduced by such a circuit 

arrangement, and the loop transmission A(ju) no longer 

encircle the point -1430. 

However, the rearrangement of circuit changed the wiring 

capacitance and the attenuate rate of high frequency cutoff 
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characteristic was reduced* The undesirable oscillation then 

disappeared, and it was not necessary to employ the corrective 

network* 

(2) Phase-shifting amplifier. 

As is discussed previously, two stages of phase-shifting 

amplifiers are employed for a total phase-shift of 180 degrees* 

The purpose of cathode follower is merely to prevent the la; 

dc cathode potential of the phase-shifting amplifier from reach¬ 

ing the first grid of differential amplifier, and it has no con¬ 

tribution to the phase-shift. The overall frequency range (from 

0*01 to 1000 cycles/sec*) is divided into five ranges* Five 

condensers are used in each stage for the range switching. The 

values of condensers chosen are 15 lt£9 1*5 pf9 0.15 /if, 0.015 /£?, 

and 0*0015 (tf* The higher the capacitance, the lower idle fre¬ 

quency, if the resistance is held constant* Thus 15 f is used 

for the range from 0.01 to 0.1 cycles/sec, and 0*0015 /if is for 

the highest range from 100 to 1000 cycles/sec* After the 

capacitance ha3 been fixed, the range of the potentiometer 

which is used for the fine control of frequency i3 easily 

evaluated from the simple expression 

R = X0 = 2rrfC   (17) 

It turns out to be from 1.066 to 0.1066 megohms. The resistance 

varies inversely with the frequency for each range. 

(B) Clipping circuit. 

The clipping circuit used in this project is, perhaps, 

the simplest one. It is composed of only a twin diode, one 
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of which acts to limit the positive peaks of an input sine 

wave, and the other of which acts to limit the negative peaks* 

The circuit for such double-diode operation is given in Fig. 

l8^([33p 126) jn -^^3 circuit the diode T^ conducts whenever 

the input voltage exceeds the positive value of E^. The diode 

Tg conducts when the input voltages fell more negative than the 

potential -E2• With R large compared with the drop across the 

tube, most input voltage is developed across R, and the output 

voltage is practically equal to and -E2 alternately in each 

half cycle. Thus if the input sins wave is large compared with 

the magnitude of E]_ and E2, a goal output square wave may be 

obtained. Besides, if the magnitude of and £2 remain con¬ 

stant, the amplitude of the output sine wave is also constant. 

Instead of batteries, a voltage drop across a resistor has been 

used in this project. (See Fig.2(). 

> 
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FIG. 16. DOUBLE - DIODE 

CUPPING CIRCUIT. 
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III* Characteristics of resulting system* 

The adjustment of the whole system can be stated as follows* 

Referring to Pig* 21, before any adjustment is made, the switches 

SIJ and S£ should be closed while the frequency range switch 37 

is turned through all five positions* This will allow all con¬ 

densers, especially the two big condensers of 15 juf and 1*5 /-#*> to 

bo charged quickly, and will give little, if any, trouble in the 

adjustment of aero output dc level, and besides, reduce the time 

which is required to stabilise the operation when the frequency range 

switch 87 is changed from 0*1 - 1 to *01 - 0.1 position. With si, 

32, and 34 open, the output dc level of the cathode follower can be 

set to aero by adjusting R4* With S3 in selective amplifier position, 

S2 open, and si, 34 closed, the dc level at the output terminals 

may be made aero by setting R^* Then with si and S4 open, and s2 

closed, a sine wave which has the same frequency as the dial of this 

oscillator indicates may be applied to point "A", and the output may 

be observed at point "B". Thi3 output can be made minimum by ad¬ 

justing Ri* With Hi increased beyond the minimum output setting 

by a proper small amount, Si, S4, and S2 may be closed, and 33 

can be switched to "QSC" position* R2 should be set such that the 

output distortion is low and the frequency response is relatively 

uniform. For a proper setting of R2 the distortion vihich was 

checked with a distortion meter was approximately 1*5 per cent from 50 

to 1000 cycles/sec. The frequency response is shown in Pig. 19. 

The average psak-to-peak is about 5 volts. When R2 was reduced by 

a small amount, the frequency response was more uniform5 especially 

at the highest frequency end, the amplitude was at 1000 cycles 
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per socond instead of 10. However, this caused higher distortions 

up to aberut 5 per cent® If 1*2 is too high, no oscillation would 

ba obtained* The sotting of lias also scene effects on the dis¬ 

tortion and frequency response* If is set at the position at 

which the output at ttBw is rninimm when a sine wave is applied to 

WA" aa already mentioned previously, the operation is unstable, 

l*e*, the amplitude of the output sine wave changes with time* 

Furthermoro this would give a higher distortion* If Rx is increased 

too much, the frequency response also becomes worse on the system even 

fails to oscillate* 

The output uave-fonas are shown in Fig* 22* The sine wave 

of 800 cycle a/sac* was analysed by using Fourier series* The 

distortion is as high as 9 per cent* This is due to improper ad- 
t 

^uotment of Ex and caused by a little too much positive feedback 

uhon the pictures wore taken* For this particular picture of sine 

wave the fundamental amplitude is 42*9, and those of second and 

third harmonics are 3*7 and 1*19 respectively. The total dis¬ 

tortion can be obtained by using the following formula p 

Per cent distortion of the second harmonic is 0g = 3*7/42*9 = 

8*6 per cent 

Per cent distortion of the third harmonic Dj » 1*19/42*9 « 

2*0 per cent 

If harmonics of higher order are neglected the total distortion is 

»0 
s (D| + a 9 per cent. 

The dial calibration curves are shown in Fig* 20. The fre¬ 

quency stability is within 1 par cent* It was chocked in the 

t> 
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following ways The frequency dial was calibrated by comparison of 

the resulting system frequency with that of the Hewlett Packard 

Lou Frequency Function Generator. After the dial calibration was 

made, idle frequency stability was obtained by comparison of tho 

resulting system frequency with that of the Hewlett Packard Low 

Frequency Standard. The Lissajous pattern was first made stable on 

the scope. After about 20 minutes elapseds the dial had to be 

turned to hold the pattern stable. Ths frequency stability is de¬ 

fined as the ratio of the small change in frequency to tho original 

frequency. For example, the original frequency was 1000 cycles/sec. , 

20 minutes later idle frequency changed to 995 cycles/soc., then the 

frequency stability is (1000 - 995)/lOOO = 0.5 per cent. 

For the three smaller condensers tho transient effect is 

negligible when the frequency range switch is changed*. For tho 

other two larger condensers if they are charged by closing 35 and s& 

before any adjustment is made, it takes approximately 30 seconds to 

stabilize the sine wave amplitude when the frequency range switch 

is changed from 0*1 - 1 to .01 «• 0,1 position. Only a few seconds 

is needed tJhen this switch is turned back to 0.1 - 1 position. 
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IV. Conclusions 

The advantage of this resulting system lies in its simplicity 

of circuit, and this means low first cost* Its major defect is the 

relatively small output voltage. The Incomplete freedom of drift, 

idle reduced amplitude at the highest end, and the interval of time 

required to obtain a stabilized amplitude of sine wave when the 

frequency range switch is changed from 0.1 - 1 to .01 - 0,1 posi¬ 

tion are the minor disadvantages. However, the low output voltage 

can be improved by using an output stage, and the drift may be 

minimised more completely by some other more complicated and 

effective means 
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