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SUMMARY 

A wave synthesizer has been constructed that converts a 60 

cycle saw-tooth input into an output consisting of either 120 cycle, 

300 cycle, or 600 cycle sine wave (the second, fifth, and tenth har¬ 

monics of 60 cycles), or any combination thereof. Each harmonic is 

variable in amplitude and phase. 

The synthesizer utilizes three harmonic channels, each consist¬ 

ing of a frequency-selective amplifier, which is a cascode amplifier 

with a twin-T feedback network, an RC phase shifting circuit, and a 

parallel plate adding circuit. A single saw-tooth input is common to 

all channels. 

The report contains a theoretical analysis of the transfer 

function of the twin-T network, an analysis of the gain characteristics 

of the cascode amplifier, and an over-all analysis of the frequency- 

selective characteristics of the combined circuit. The actual opera¬ 

tion of the circuits constructed is shown through experimental data 

and photographs of wave traces on the screen of the cathode ray 

oscillograph. Pecularities observed in the operation are discussed. 

Based on the theoretical study, the experimental data obtained 

from the three circuits constructed, and the experience gained in 

constructing them, data is included in the report for the construction 

of a synthesizer containing channels for the first ten harmonics of 

60 cycles, designed to operate on a single saw-tooth input and furnish 



an output consisting of any of the ten harmonics or any desired 

combination of them. 
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PART I. THE PROBLEM 

The problem selected, for this investigation was the design, 

construction, and test of a wave synthesizer. It was proposed to 

build an electronic device that, operating on a single input voltage, 

would generate an output voltage wave containing the first ten har¬ 

monics of 60 cycles, either singly or in any possible combination 

thereof. Each harmonic in the output was to be controllable in ampli¬ 

tude and phase. With such a device it would be possible to show on 

the screen of a cathode ray oscilloscope a wave containing only parti¬ 

cular harmonics with definite relative magnitudes and known phase rela¬ 

tionships. Such a device would be useful as an instructional aid in 

teaching, for example, the theory of complex waves in an alternating 

current theory course. 

Although harmonic analyzers are available for measuring the 

harmonic content of complex waves, there is, so far as is known, no 

synthesizing device on the market for producing a wave of known harmonic 

content. With one exception, as noted in Part II below, no inferences 

were found in the literature to a wave synthesizer as such. The one 

reference found described in general terms a synthesizer which used a 

separate input oscillator for each of twelve harmonic circuits. This 

was deemed unsatisfactory. Therefore, an attempt was made to analyze 

the problem of synthesizing to determine what type of component parts, 

or circuits, would be required in the completed synthesizer. The 

results of this analysis are shown graphically in the block of diagram 

of Figure 1, page 2. In it the synthesizer is divided into four major 
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circuits, which may be classified as follows: 

1» Input circuit to furnish an incut signal to the 
selective amplifiers. 

2. Frequency-selective amplifier circuits. 

3. Phase shifting circuits. 

4. Adding circuit to furnish the output. 

After considerable time had been spent on the problem, it 

became apparent that time limitations would preclude the construction 

of a complete synthesizer with circuits for ten harmonics. The scope 

of the problem, as far as the laboratory work was concerned, was 

accordingly modified to consist of the construction of a test model of 

the synthesizer containing circuits for three harmonics, a low, a middle, 

and a high one (such as the second, fifth, and tenth). It was believed 

that the successful operation of these three circuits, together with 

the input and adding circuit, would give a satisfactory test of the 

proposed circuits and sufficient data for the design of the synthesizer. 
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PART II. REVIEW OF THE LITERATURE 

The only direct reference to a wave synthesizer found in the 

literature was an article by John F. Rider (l)t In it is described 

in general terras a synthesizer generating combinations of the first 

twelve harmonics of 60 cycles. A separate oscillator is used to 

furnish the input to each harmonic amplifier. Thus, there are twelve 

different input devices or circuits, which require considerable 

equipment. 

A search was then made in the literature for information upon 

each of the four major component circuits needed for the synthesizer, 

a3 indicated in Part I in the analysis of the problem. Considerable 

information is available on most of these and related subjects, both 

in text and reference books and in periodical publications. A com¬ 

plete bibliography is included in Appendix C. A discussion of material 

from the more important references used for each type of circuit 

follows: 

Input Circuit? In order to use only a single oscillator to 

furnish the input signal to all ten frequency selective amplifier cir¬ 

cuits, it is desirable to have an oscillator that will generate a 

wave containing all of the first ten harmonics in appreciable amounts. 

Examination of a number of references indicated that a saw-tooth wave 

* Number in parenthesis after author's name or title of book refers 

to reference listed in Appendix C. 
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would be the most satisfactory to use, since it contains all of the first 

ten harmonics. In addition, a saw-tooth oscillator can be readily con¬ 

structed. 

Manfred Von Ardeene (4) discusses the effect of retrace time upon 

the percentage of harmonics in a saw-tooth wave. For zero retrace time, 

he shows that the amplitude of each harmonic present is inversely pro¬ 

portional to the order of the harmonic; that is 

n ir 

where A is the peak amplitude of the wave, An is the amplitude of the nth 

harmonic, and n is the order of the harmonic. This is shown graphically 

in Fig. 2, page 6. For retrace time other than zero, the amplitude of 

the nth harmonic is given by the formula: 

A? n P /CO 

where p is the ratio in percent of the retrace time to the total period of 

the wave, i.e., p = %/T. For a retrace time not exceeding 5$ of the 

total period, the amount of the first ten harmonics is not seriously reduced, 

as may be seen in Fig. 2. In a wave with a retrace time of 10$ T, the 

tenth harmonic vanishes. 

Since a square wave generator was available in the laboratory, a 

square wave was considered for the source of the harmonic voltages. The 

amplitude of the nth harmonic in a symmetrical square wave is given by the 

formula: 
2A /ITT 

When n is an even number, sin ~^=0. Therefore, a symmetrical square 

wave contains no even harmonics. If the pulse width is varied to produce 

a non-symmetrical square wave, even harmonics may be obtained. Table I, 



/N SAW- 



7 

TABLE I - HARMONIC CONTENT OF SQUARE AND SAW-TOOTH WAVES IN PERCENT 
OF PEAK AMPLITUDE OF THE WAVE 

Harmonic Square laves Saw-Tooth Waves 

Pulse 

(90) 
10 

Width - 

(SO) 

20 

In Percent 

(70) 
30  

of Total 

(60) 

40 

Period 

50 

P 0 P 5 

i 19-7 37.U 51.5 60.5 63.7 31.8 31.7 
2 18.7 30.2 30.2 18.7 0 15.9 15.7 
3 17.2 20.2 6.6 -12.5 -21.3 10.6 10.4 
4 15.0 9.4 - 9*1* -15.1 0 7-9 7.5 
5 12,7 0 -12.7 0 12.7 6.4 5.7 
6 10.1 - 6.4 - 6.2 10.1 0 5.3 4.6 
7 7.4 - 8.7 2.8 **•7 - 9.1 4.6 3.7 
8 M - 7.6 7*6 - 4.7 0 4.0 3.0 

9 2.2 - 4.2 5.7 - 6.8 7.1 3.5 2.5 
10 0 0 0 0 0 3-2 2.0 

Note: For Square Waves, the table gives the proper signs for 
pulse width up to and including 50$ • For pulse width 

greater than 50$, the signs are reversed. 

above, prepared from data by Donald L. Herr (5)* shows the harmonic 

content of square waves of different pulse width. It may be observed 

that the tenth harmonic is not present in any case and that the amplitudes 

of some of the other harmonics are not as great as in a saw-tooth wave. 

Selective Amplifier Circuit: Since it was desired to use a single 

input signal containing all of the desired harmonics, it was necessary 

that the amplifier for each harmonic be highly frequency-selective. A 

number of excellent references were found on the subject of frequency- 

selective networks and amplifiers. One of the best was Vacuum Tube 

Amplifiers (6), a volume of the Massachusetts Institute of Technology 

Radiation Laboratory Series. In it a number of frequency-selective 

networks are analyzed and their usej as feedback networks in a number 

of frequency-selective amplifier circuits are discussed. The networks 
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discussed in detail are the Wein-bridge network, the bridged-T network, 

and the twin-T network. It is pointed out that the Wein-bridge does 

not have a common ground between its input and output terminals. This 

feature either limits the type of circuit in which it can be used or 

requires the use of additional coupling devices, such as transformers. 

On the other hand, the bridged-T network and the twin-T network, which 

are equivalent to the Wein-bridge network, are three terminal networks 

having a common ground for both input and output terminals, and are thus 

more useful. While this is a decided advantage, it is pointed out that 

these networks have several inherent limitations, of which the most 

serious is the greater interdependence of the parameters that must be 

adjusted to set their rejection frequency. For example, to adjust the 

rejection frequency of a Wein bridge continuously and over a fairly wide 

range requires that two components, two condensers or resistors, be 

simultaneously varied, whereas similar adjustment of a twin-T network 

requires that three components be simultaneously varied. 

It may be noted also that the bridged-T network involves the use 

of a coil the Q of which may be used as a parameter to vary its selec¬ 

tivity characteristic. In addition to the coil, a resistor and conden¬ 

sers are also required. The twin-T network, however, consists entirely 

of resistors and condensers, three of each. If small fixed carbon or 

wire wound resistors are used, the three condensers must be adjustable 

in order to vary or obtain a desired frequency characteristic. If 

"Mica trimmer" condensers are used in shunt with fixed condensers, a 

small, compact unit can be constructed. This network will be discussed 

in detail later in the report. 
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In QST for September, 1948, O. D. Hanchett, Jr. (7)• describee 

a circuit for a highly selective amplifier. Two triodes are operated 

in series with a twin-T bridge used in the feedback network. The 

amplifier is highly degenerative at all frequencies except the null 

frequency of the bridge. By careful tuning, the amplifier can be 

made regenerative at the null frequency, which Increases its selec¬ 

tivity. A similar frequency-selective amplifier circuit, using a so- 

called "cascode" amplifier circuit, is discussed in the text, Vacuum 

Tube Amplifiers, mentioned above. These circuits are analyzed in 

Part III of this report. 

Phase-Shifting Circuit: The information discovered in the litera¬ 

ture on phase shifting circuits was somewhat meager, although adequate. 

Electronics for May, 1946, contains a Phase Shifter Nomograph with an 

account of it by R. E. lafferty. The Nomograph is designed to solve a 

bridge type phase shifting network covering the full range from zero to 

180 degrees. The circuit requires ground isolation, however, and its 

use is limited. 

Perhaps the best discussion of resistance-reactance phase shift¬ 

ing circuits is contained in Waveforms, a volume of the Radiation 

Laboratory Series, which was published in 1949. The following is quoted 

from section 4*12 of Chapter 4, which was written by G. R. Gamertsfelder 

and J. V. Holdam: 

A series combination of a resistance and a 
reactance can be used to shift the phase of a sinusoidal 
waveform. If an alternating voltage is applied across 
the combination, the voltage across either element 
differs in phase from that across the other by 90 degrees 
and differs in phase from the applied voltage by an 
amount that depends upon the ratio of the reaotance to 
the resistance. In the arrangements illustrated in 
Pig. 4*33 (Pig. 3, page 10) the resistance-reactance 



£~yc//va/en f C/rro/t for c/e/e r'rn/rr rr/^ &ff& c7^ of loo/a/ //77/Oea/e/ic.e 
or? res'4fcrr?c.s —reacS-cwce /oAcrse s/?'f/er. 

f/6- 4- 

tfenro ecS fro/7? fr/6 4 • 33 AND & 6 4- 3 f WA ( 8) 



combination is connected across a balanced or push-pull 

voltage source, which may be a center-tapped transformer 

or a phase-inverting amplifier. The output voltage is 

then taken between ground and the junction of the resis¬ 

tance and reactance. Since the voltages across the two 
elements are 90° out of phase and since their sura must 

equal the applied voltage 2E, the locus of a graph of the 

output voltage is a semicircle with 2E as a diameter as 

shown in the vector diagrams in Fig. 4*33* The phase of 

the output voltage with respect to the voltage E for the 

four eases shown are: 

(a) 9= 

(d) e=-Ztefn' <sJRQ 

(g) e=+Ztc/n'~z 

(j) Q - -2 tan /-^jr 

Since the output voltage is represented as the radius of 
a semicircle, its magnitude is always equal to the magni¬ 

tude of E. 

The above relations are true only if no current is 

drawn from the output terminals. The effect of an impe¬ 
dance Z connected between the output terminal and ground 
can be found in the following way. Let the phase shift¬ 

ing elements be generalized as Z^ and Zg. Then in the cir¬ 
cuit of Fig. U*34a (Fig. 4, page 10), the voltage EQ can 

be shown to be 

■C — ~ c  ^ C° Zz+Z, Z,Zz 

Z,+Zi 

and hence the circuit can be represented by the equiva¬ 

lent circuit of Fig. 4*34b (Fig. 4, page 10), in which a 

generator having an open circuit voltage equal to £ 
Zz +Zt 

and an internal impedence is connected across the 
Z,+Z2 

load impedence Z. It can be easily shown that the equiva¬ 

lent generator voltage is equal to the voltage output 
expected with infinite load impedence, that is, the ampli¬ 

tude is equal to the amplitude of E and the phase given by 

the appropriate expression in Eq. (57)* From this equiva¬ 

lent circuit the output to be expected for any Z can be 

readily calculated. 
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In any of the circuits discussed above a variation in phase 

shift from zero to 180°, approximately, may be obtained by making 

either the resistance or the reactive element variable. 

Adding Circuits The use of adding circuits probably finds its 

greatest application in electronic computers, of which an example is a 

gun fire control data computer such as the M9 Director for Antiaircraft 

Fire Control, designed by the Bell Telephone Laboratories. As in the 

case of phase shifting circuits, the most thorough treatment of adding 

circuits was found in Waveforms. In it, various types of adding net¬ 

works are discussed at length. Four useful circuits are shown in Fig. 5* 

page 13. The important characteristics of each circuit may be briefly 

mentioned as follows: 

purely resistive network that may be used for adding a number of 

voltages. The .justification for this circuit as an adding circuit is 

the superposition theorem, which states that in a resistive network any 

output voltage or current is a linear function of the input. The 

percentage of each input voltage in the output may be adjusted by a 

weighting factor equal to the ratio of the resistances. For example, 

for three inputs, Ei, E2, and Ej, the output is 

(a) Passive parallel adding network. Fig. 5a shows a 

The weighting factors are easily adjustable by adjusting the relative 

size of the resistors. There may be any number of inputs in parallel 

Attenuation is always introduced in a network of this sort. 
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(to) Cathode coupling addition. Vacuum tubes may be 

used as adding devices in several different manners, and in a number 

of applications they possess several advantages as compared to an 

adding circuit with passive networks. They provide a means for iso¬ 

lating the network from the source voltages and for changing impedence 

levels between the network and the source voltages. They may be used 

to reduce the source loading. One type of adding circuit employing 

vacuum tubes is the cathode coupled circuit illustrated in Fig. 5*>• 

One tube is needed for each voltage to be added. The cathodes are 

tied to a common resistor, and the output is taken between this resist 

tor and ground. As many voltages as desired may be added by means of 

this circuit. The output impedence is very low, approximately l/(ngm), 

where n is the number of voltages to be added (i.e., number of tubes) 

and gm is the transconductance of each tube. The weighting factors may 

be varied by inserting resistors between the cathodes and the common 

output nodes; this, however, increases the output impedence. The ampli¬ 

tude of each input voltage is limited to approximately the grid bias 

if linear operation is desired. 

(c) Parallel plate addition. Another method of adding by 

means of vacuum tubes is the parallel plate adding circuit shown in Fig. 5C* 

A tube is required for each voltage to be added, and all of the plates 

are tied together, and the output is taken across a common load resistor. 

This circuit has the advantages of high input impedence and almost zero 

coupling between inputs, except for capacitative effects. The weight¬ 

ing factors may be varied by use of input potentiometers, although 

these potentiometers increase the source loading, or by adjusting the 

amplifier gain by means of cathode resistors. 
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(d) Parallel adding with feedback. A combination of 

passive network and vacuum tube adding circuit is the parallel adding 

with feedback circuit shown in Pig. 5d. A passive parallel adding 

circuit is connected to the grid of an inverse feedback amplifier and 

is also connected to the output through the feedback circuit. By- 

analysis it can be shown that the total output voltage is the sum of 

the negatives of the input voltages, each multiplied by the ratio of 

the feedback resistor to the resistor of that voltage in the parallel 

adding circuit, that is 

jr . - — A 
A°— /?,' *2^2- X3 

3   /?/» ** 

This circuit gives an output practically the same as that of the passive 

parallel-adding network, but inverted in polarity. An advantage of 

this circuit as compared with other vacuum tube adding circuits is that 

it requires only one amplifier, regardless of the number of inputs to 

be added 
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PART III. THEORY 

General 

Based on a study of the literature, as outlined in Part II, 

and on discussions with members of the staff and others, a basic 

circuit for the synthesizer was selected consisting of the following 

components: 

1. A saw-tooth oscillator to furnish the input to the 

frequency-selective amplifier for each harmonic. 

2. A frequency-selective amplifier for each harmonic, 

utilizing the twin-T bridge and a cascode amplifier. 

3« A resistive-capacitive phase shifting circuit for 

each harmonic. 

4. A parallel plate adding circuit. 

The reasons for selecting a saw-tooth oscillator to furnish the 

input are covered in the previous section. Further discussion of the 

input circuit and its design are contained in Part IV and Appendix A. 

The theoretical considerations affecting the design of the other cir¬ 

cuits listed above will be discussed in this section of the report. 

A complete circuit diagram for a single harmonic channel is 

shown in Fig. 6, page 17. Ten such circuits will be required for the 

complete synthesizer. These circuits may be identical for each harmonic 

with the exception of the values of the components of the twin-T 

bridge, which is used as a feedback network in the cascode amplifier 
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circuit. Proper selection of the values of the resistive and 

capacitive elements (referred to hereafter as R and C, respectively) 

will cause the amplifier to amplify the null frequency of the bridge, 

but to be highly degenerative at other harmonic frequencies. The 

action of the twin-T network and that of the cascode amplier without 

the feedback network will now be analyzed separately, and then the 

results will be combined to show the overall action of the frequency- 

selective amplifier circuit in its entirety. 

Analysis of the Twin-T Network 

The twin-T network is used in the feedback loop of the selective 

amplifier of Fig. 6 to produce inverse feedback, which makes the ampli¬ 

fier frequency-selective. The twin-T network, by proper choice of 

component parameters, rejects a desired frequency; therefore, the over¬ 

all transmission of that frequency by the amplifier is a maximum. At 

other frequencies there is inverse feedback through the twin-T net¬ 

work, and the transmission of the amplifier is reduced. As pointed out 

in Part II of this report, the twin-T network is equivalent to a 

bridge, such as the Wein bridge, with the advantage over a bridge of 

having a common ground for the input and output terminals. It is 

therefore a three-terminal (or a four-terminal) network. Two different 

methods of drawing the twin-T network are shown in Fig. 7» page 19* 

In the circuit of Fig. 6, the input to the twin-T network is the 

output of the cascode amplifier, while the output of the twin-T net¬ 

work is the voltage fed back into the amplifier; therefore the feed¬ 

back ratio, is also the transfer function of the twin-T network; 
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Pig. 7. Twin-T Network 

that Is, it Is the ratio of the output voltage of the network to the 

input voltage of the network. The network may be analyzed for $ in 

the following manner: 

In the figure above, the network has been redrawn as a four 

mesh network. The voltages % and E4 may be thought of as closing their 

respective loops. Using the Laplace transformation method for sim¬ 

plicity, the transform equations for equilibrium conditions of the 

network, according to Kirchoff's law, may be written as follows (initial 

conditions equal to zero are assumed): 
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+**«>(-**) +i4(i)C-^) =f,v 

I,<*)(~ ~cis) + -£(>)( ~c£s) +£f.<s)(~ ~c^s) ~~0 

T,(i)(~/?3 ) +X2(J)(~ ^5 ) +I3(s)(Rj -/- C^s ) + Xf.cs) (^3 + QS) — ~Xf(s) 

The determinant of this set of equations is 

^3 * c,s 
/ 

~ c,5 ’*3 

/ 
~c,s -'b-gs 

/ 
CiS 

D - 

~*3 ^3 

~*3 
/ 

C2S *3+£3 

From general four terminal network: theory it can be shown that 

Sout/Sin — E4/E1 — 3j,)t/B)|)|, where and B44 are minors of 

the determinant D. For null conditions, BI4/B44 — 0* that is, B^h 

must equal zero while B^4 is not equal to zero. The above conditions 

hold for open circuit at the output terminals, that is, for no load 

operation of the network. Since the network will be used under condi¬ 

tions approximating no load, other characteristics, such as input and 

output impedances, will be of secondary consideration. To continue 

the analysis, set B^= 0 and solves 

/ 

c,s 
s 
- R3 

- R* 

_/t? ~ cTJ 

_ 1 
cts 

~ c[s 

^2+^3 + C^S "** 

^3+05 

/ 
a/4 = M = o 
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Solving and simplifying, the result is 

+ RjR^C-jCgS2 + RgRjGjCgS2 + R^CjS + R^OgS + 1*0 

If S = JoO in the above expressions, the usual steady state response 

to sinusoidals is obtained. Making this substitution and rearrang¬ 

ing gives 

R1R3°1C2 w;2+ R2R3C1°2m;2 “ j (R^R^C^a^ + R^u) + R^C^h) -1 - 0 

Setting the real part and the imaginary part each equal to zero: 

(real) R
1
R
3
C
1
C
2M£ + H2R3G1C2U)

2
 -1=0 

(solving) uJ^=z ——      
(Rl+ R2)

n3GlG2 

3G2O;) = O 

(solving) LOz— ^1 * ^5 (2) 
R1R2OXC2C3 

Equations (1) and (2) are the conditions imposed upon the 

components to obtain a null. Solving equations (1) and (2) simul¬ 

taneously gives this null condition as a function of the component 

parameters of the network. That is 

*&> Ci + C2 

(%+ R2)
R3 “ OJ”* “ n 

or R^Rp 

Rl"+ % = Gl » 02 

R3 G3 

where n is a real number which may vary from zero to infinity. For 

a symmetrical circuit, let RlssR2SiR ^1“^2 = <^ 

then r3 =-R and 0-? = 20 , (3) 
2 n 2 n 

By substituting the values of the R's and the C's given above 

in the minors B^Rand 544 in the expression (3 = BX4/B44 and simplify¬ 

ing, it can be shown that the transfer function is equal to 

(imaginary) j (R^RgR^C^CgC^UJ 3 R-C.^ + R 
3 1 
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- 

li + ! 

(&+')+z£r.( 
rt-t* I 
/7T / 

where corresponds to the rejection or null frequency. 

The optimum value of n may be defined as the value of n for 

which \A\ has the steepest slope at the rejection frequency -f = 
ii i o 2 7T 

Let —■ and substitute in equation (4): 

fZ-f 

<3°w" ^-o-jzrm-) 
Then the slope of |/3|at the rejection frequency may be found by taking 

the derivative of |/3j with respect toy5 and evaluating it at— A 

The result is 

s/ope. — n-t/ (S) 

The value of n for maximum slope is found by differentiating 

with respect to n and equating it to zero, or 

d (J\i?l) =d_(-Jn-\=o 
dn\Jfl/’=i dn\ n*> I 

^(-7^rj=^-/=o 

(M\ 

or n = / 
Thus the maximum slope occurs when n = l. Substituting n —1 in 

equation (5) shows that the maximum slope at the null frequency is -0.5* 
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For n -=1, equations (3) and (4) may be rewritten in the following form: 

For n =1, the relation between the parameters 

of the network from equation (3) becomes: 

R
I~-T 

c,= cz = c 

C3=-?C 

and the rejection frequency f0 = ——-—. Values of the network com- 
° 2rr# c 

ponents for the ten harmonics, calculated from this formula, are given 

in Table II, page 37. 

It should be noted here that the slope of |/3|at = /is a rela¬ 

tively slowly varying function of n, and other considerations may 

result in a value of n other than one. For example, if h=2, from 
;V 

equation (3), R3 = R/4, G-j = G, and the slope becomes -0.472. This 

is only a 6 per cent decrease, approximately, from the maximum slope 

of -0.5 at n =1. Similarly at n =0.5. S3 = R, = 4C, and the slope 
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also decreases to -0.472. 

In polar form /3 =|/3|e>“/e. and from equation (S) 

\/3\= 

/ + 

._/ -/ 4f 
& i** 

Then |/$ (may he expressed as a function of 9 ;|/3|—cos 6 , which is 

seen to he the polar equation of a circle of radius 1/2, tangent to 

the imaginary axis and with center at (l/2, 0), as shown in Pig. 10 

Prom this figure it may he seen that as increases from zero to 1 

(cO from 0 to aJe), Q varies from 0 cdn/i 

to ; and as /* increases from 1 to <=»© 

( LO from to 00 ), 6 varies from +-5p 

to 0. Thus a discontinuity in phase 

exists atJ^—/- 

In Pig. 11, page 25, are shown the phase and amplitude charac¬ 

teristics of the twin-T rejection circuit for the case when n si. It 

is shown in the foregoing analysis that the exact conditions for the 

maximum sharpness of the rejection hand are completely realizable, 

theoretically, for the twin-T network: hy setting n =1 In equation (3). 

The practical possibility of achieving complete rejection at the null 

frequency depends on the null conditions determined hy the component 

parameters of the network. The effect oh the stability of components 

/^Vy./kO " /'<*'* 
of AV//7 -Tzie/worK. 

due to temperature effects, aging, and manufacturing tolerances must he 

considered if a given frequency is to he rejected. The difficulty of 

procuring components of exact values or of measuring their value 

exatly may also present a problem. For these reasons it is desirable. 



. 
/
/
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or probably necessary, that at least a portion of each of three com¬ 

ponents (the three H*s or the three C*s) be adjustable. This may be 

accomplished by the use of trimmer condensers or trimmer resistors. 

The problem of adjustment may be reduced by the use of good quality, 

well constructed, stabilized components. 

Analysis of the Cascode Amplifier 

The frequency-selective amplifier of Fig. 6, page/7, makes use 

of a two stage series amplifier known as the cascode amplifier. It can 

be shown by a qualitative analysis of this circuit that a signal eg 

appearing at the grid gg of the lower tube is amplified and appears at 

the upper grid as essentially Aeg, where A is the midfrequency-gain of 

the lower tube. The total amplification is then of the order A^ if the 

two tubes are assumed to be the same. However, the amplification of a 

signal appearing at the upper grid is reduced by the cathode degenera¬ 

tion caused by the plate resistance of tube 2 in the cathode circuit of 

tube 1. In-phase signals at the grids are amplified, in phase so that 

the grids effectively produce the same action but of different magni¬ 

tude, and they are independent of each other. 

For use as a frequency-selective amplifier, this is very desir¬ 

able, since the upper grid g^ may be used to insert the signal and the 

lower grid gg may be used as the high impedence load for the feedback 

network. A cascode amplifier and its equivalent circuit is illustrated 

in the following figure. 
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Pig. 12 

Referring to this figure and assuming identical tubes, the raidfrequency* 

gain formulas for both upper and lower grids may be derived as follows? 

Referring to Pig. 12 (a): Since the same current flows through 

both tubes: 
=r 0) 

sltp = + "|F (2) 

= ~~ ^PZ 
e<32 zz: ^sz 
e/=v =• 

eo = — PL 

Substituting ln(t): 

Prom which 

Substituting in(2): 

    

P^ 

tyO 

>P + R\. 

— 'Q- G<9 W—yr- 

(2) 

rp ^sz rP 
(4) 
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Equating (3) and (4) 

__ yU 

fp+RL 
€pz 

rP 
esz + rP 

Solving for <Rpz* tlae result ia 

&RZ — 
  ^SlyR fa &L) 

(yW +■ 2) fjp ~j- RL 

Substituting this value of Gp^in (4): 

-V — + ~7% 

Collecting terms and simplifying: 

("Jo + RL) 

yPp —   —   + 

iR + £)^P 4 RL 

Cjj-h2)rP4RL <jj+z)rp + 

Multiplying through by /?^ and recalling that <R0 =. RL ; 

AJCv+d#i. , ~ 
0 C^2)rP4R^ Jl (/J+2)rp 4RL 

For Gj, = O, 

A _ <?*> „ 
A‘ ^ ^ ^3°"’ °f ?r‘d z- 

Fer = 0, 

A'~%~ o^WTKZ * frid 7 

(s) 

(<o) 

CT) 

These same results may be obtained by use of the equivalent 

circuit (Fig. 12b). For example, to derive the expression for Ag: 

For e*-, = o, 

e^/ = -^2 

<V°2 = + 2 ry?) 

But ~ 'Z/J ^R 0s 
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Substituting : 

^ +■^ /Jb — /^iO -i~2.fjp) 

Collecting terms: 

Jj(jJi-f) Gjz =* —k"+ 2 ^//6? + /t/l 
Since 

— 

. go ft 

^ “ g« - ^t~ 

~-^p ^ 

-hi) A1 

(jj + z)rF + RL 

which is the same as (6) above. 

Analysis of the Frequency-Selective Amplifier Circuit 

The complete frequency-selective amplifier circuit proposed for 

use in the circuit of each harmonic, as illustrated in Fig* 6, may 

now be analyzed. For convenience, the circuit is shown again below. 

Figi 13- Frequency-Selective Amplifier Oircuit 

The circuit consists of a cascode amplifier using identical tubes with 

a twin-T feedback network. The twin-T network is designed to reject 

the desired harmonic in accordance with the formula fn— L—, in 
g'rrRC 
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order to conserve space and material, two tubes in a single envelope 

are especially useful for the cascode amplifier. 'Pubes such as the 

6SN7, the 6SL7, or the more modern miniature 12AU7 may be used for 

this circuit. 

In the following analysis of the above circuit it is assumed 

that the blocking condensers are adequate in size for the frequencies 

concerned and that the biasing resistors are adequately by-passed so 

that neither they nor the condensers affect the gain of the amplifier. 

Using equations (5). (6), and (7) on page 28, the output voltage of 

the amplifier may be expressed as 

eo — A/ ( &) 

where 

and A ->uOu+1) RL S ■ . 

At - z'u+hn> ~3a"’ 

If /Q is the transfer function of the feedback network, then 

€$2 = ^ 

substituting in equation (8): 

— A/ ^f/ A2 /S GQ 

eo0-Az6)=* A,ea, 

A =■#■** At 
(9) eSJ /-Az/3 

where A is the overall gain of the frequency-selective amplifier cir¬ 

cuit. By substituting values of A-j^ and Ag in equation (9), A may be 

evaluated. The result is 
-yVRi. 

A = 
(jj+z)rp + [/ 

(to) 
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Using transform equations, this may he expressed as 

A _ c«w. 
A<*> 4/«> 

rXJfti  

Cjj + z)rp [/ +JUCJJ + o oo 

From equation (10) or (11), it is seen that the overall gain 

is a function of the transfer function, /$ . of the feedback network. 

When (3-0, A — ^^ , which agrees with equation (7), derived 

in the previous section. As /3 increases, the overall gain, A, of the 

amplifier is reduced. The frequency characteristic of the amplifier 

corresponds approximately to the inverse of that of the twin-T network, 

illustrated in Fig. 11. It is possible to define a Q-faetor, similar 

to the C£ of a series resonant circuit, in terms of frequencies, which 

will show the relative Hselectivity" of frequency-selective amplifier 

circuits; that is, the higher the Q-factor, the more selective is the 

circuit and the narrower is the pass band. Equations for doing this 

are discussed in Sec. 10°2 of Vacuum Tube Amplifiers (6). A set of 

universal resonantecurves for a frequency selective amplifier using a 

twin-T network in a degenerative feedback loop are shown. These curves 

are reproduced in Fig. 14, page 32. For any amplifier of this type, a 

gain frequency curve may be taken experimentally and the Q-factor 

determined by plotting and comparing with ths universal curves. 

If the feedback can be made regenerative at the desired output 

frequency and degenerative at other frequencies, the amplifier can be 

made considerably more frequency-selective because the regeneration 

increases the normal amplification of the amplifier. This regeneration 

may be obtained by increasing the capacity of the condenser 0^ of the 
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twin-T network (Fig. 7, page 19 ) above its theoretical value of 2C 

(when n = 1). The effect of doing this may be shown in the following 

analysis: 

As shown in the analysis of the twin-T network, the equation 

for the transfer function is; 

In the determinant B of the network, page 20, let 

— R2= B, R3 = R/2 

C1== C2=» C, C3—2G + O4 

where C4 is the capacity added to the condenser Gj. The determinant may 

now be written 

*.+-L 
2 cs ~cs 

_ JBL 
z 

R 
2 

~ CS 
 /_ 
CS 

_ R 
2 -«~h 

3R - / . / 

2 ' CS ' (2C-hC^)S 
*-+± 
2 ~ cs 

R 
2 

 /_ 

cs 
-&. + -L 
2 ' CS 

*- + ±. 
2 ' cs 

Writing the desired minors from this determinant and solving 

them gives the following results: 

B — R3Q2(2G + Cu)S3 + 2R2C2S2 + 2R0S + 2 

344^;= 2R202S2 > 6RGS + 2 + (2C + C4)(R3C2S3+ 4R2CS2 4- 2RS) 

2G
2
(20 + G4)S3 

_ 3X4 (i) _ R3C2(2C + C}+JS3 + 2R2C2s2 + 2RGS + 2 (12) 
<S) B4UC^ 2R2C2S2 + 6RCS + 2 + (2C + C4)(R3C2S3+ 4R2CS2+ 2RS) 
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To find the feedback at the null frequency, evaluate /3 at u>=-oU0 

^0= 

J ^JTfc 

>2 ~ ~o02 — - £ ' 2^2 

V /f Jc- 

Substituting for a in equation (12) and simplifying, the result is 

- - ^8QC4 + °42) + ^8G% + Uo42) 
128C2 + 8OCO4 + 17C4

2 4 
or S - ~ 

(goc4 + o4
2) 

128C2 + 8OCC4 + 17G4
C 

+ i- 
(S0C4 + 4O4

2
) 

128C2 + 80CC4 + 17C4
2 

(13) 

Q = tan -1 S0C4 + 4c4
2 

(14) 

Locus of 

8CC4 + 04*= 

Equations (13) and (14) show that 

the real part of /$ is negative, since 

C and C4 are positive quantities. There¬ 

fore, the real part of the feedback voltage 

is in phase with the grid signal and adds 

to it, thus making the amplifier regenera¬ 

tive. This is illustrated in Pig. 15• To 

plot the complete locus of /$ in the 

vicinity of f0, it wo\ild be necessary to determine the value of /£ in terms 

of E and C for several frequencies in the neighborhood of f0. This is 

a somewhat tedious process and has not been attempted. However, from 

experimental data taken on several circuits, which will be discussed in 
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the following sections of this report, it is evident that the feedback 

becomes degenerative a few cycles on either 3ido of f0, and the ampli¬ 

fier behaves essentially as described in the preceding analysis. 

Phase Shifting Circuit 

The output of the frequency-selective amplifier for each harmonic 

is fed into a phase shifting circuit, as shown in Fig. 6, page/7. This 

phase shifting circuit, which is reproduced below, consists of a phase 

inverter tube connected to a resistance-capacitance phase shifting net¬ 

work. The phase inverter tube serves to furnish a balanced push-pull 

output which is connected across the HC phase shifting network. The 

e?;7 

> JOK 

O. S'Meg 

• O.SMeg 

C = O.OOS'JJ/J 

Si = 2 Af ey 

10 K 

Fig. 16. Phase Shifting Circuit 

operation of this circuit has been explained in Part II' of this report 

and need not be gone into further here. The value of the condenser C 

should be chosen so that when 1/2 R is in the circuit, the phase shift 

will be 90° at the operating frequency (1/2 R = XQ) . 
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Adding Circuit 

A parallel plate adding circuit was selected for the adding 

circuit of the synthesizer. This circuit is shown in the figure below. 

There is one tube for each of the ten harmonics. The input to each 

grid is taken across a 2 megohm potentiometer which is across the 

output of the phase shifting circuit. By varying the grid input, the 

amplitude of the output may be controlled. In this way the relative 

amplitude of the harmonics in the output of the synthesizer may be 

adjusted as desired. The cathode bias resistor of each tube provides 

feedback which, in effect, increases the plate resistance of the tube 

and tends to make the tube current independent of the plate voltage 

and dependent only on the grid voltage, which is desirable. 



37 

PART IV. EXPERIMENTAL PROCEDURE 

The circuit shown in Pig. 6, page 17* was selected as the basic 

circuit for building an experimental model of the synthesizer. The 

first laboratory work undertaken was the construction of a twin-T net¬ 

work (hereafter, usually referred to as a bridge) for the selective 

amplifier for each harmonic channel. The values of the bridge components 

were computed from the actuation f0 = 1 The value of R for each 
2TTRC 

harmonic was selected, and the remaining values ware then computed.. 

The results are tabulated in the table below: 

TABLE II, Theoretical 
for Null 

Values of Components of Twin-T 
at Indicated frequency 

Network 

Freq 1 w.106 R c 1/2 R 2C 
Harmonic cps 2TTRC 

A Megohms mmfds Megohms mmfds 

1 6o 2650 1.0 2650 0.5 5300 
2 120 1325 1.0 1325 0.5 2650 
3 180 883 1.0 883 O.5 1766 
4 240 663 1.0 663 0.5 1326 
5 300 530 1.0 530 0.5 1060 
6 360 442 0.5 884 0.25 1768 
7 420 379 0.5 75S 0.25 1516 
8 480 331 0.5 662 0.25 1324 
9 540 295 0.5 590 0.25 1180 

10 600 265 0.3 883 0.15 1766 

Using the values from the table above, bridges were constructed 

for the third and fourth harmonics. Fixed carbon resistors were used 

for the R elements and fixed mica condensers were connected in parallel 

to give the required value for each C. Balanced resistors were selected 
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by measuring with a Simpson volt-ohm meter. The capacity of the con¬ 

densers was measured on the General Hadio Company type 65O-A impedance 

bridge. 

A selective amplifier circuit was constructed on a breadboard 

for testing the frequency characteristics of the bridges and the ampli¬ 

fier circuit. With the bridge built for the third harmonic channel 

in the circuit, it was found that the output of the amplifier peaked 

at 155 cycles and fell off sharply on either side. Thus, the ampli¬ 

fier was selective, but the null frequency of the bridge was 25 cycles 

less than the desired frequency of 180 cycles. Similar results were 

obtained from the bridge built for the fourth harmonic channel. Instead 

of giving a peaked output at 240 cycles, the peak occurred at 20U 

cycles; thus, the oridge was off cycles, again on the low side, 

from the desired null frequency. This led to the suspicion that the 

impedance bridge was out of calibration and was reading less capacity 

than actually existed, which would account for the reduction in the 

null frequency of the bridges. The third harmonic bridge was off l4$, 

and the fourth harmonic bridge was off 15$ from the desired frequency 

in each case. 

Therefore, the impedance bridge was calibrated by measuring the 

capacity of the standard condensers available in the laboratory and 

comparing the bridge reading with the rated readings of the standards. 

The results indicated that the bridge was reading too low, approximately 

in the amounts indicated in the above tests. A calibration curve was 

plotted for the bridge and used for succeeding measurements. It was 

also found necessary to calibrate the Hewlett Packard audio oscillator 



being used to furnish the input signal to the amplifier. This was 

done by moans of Lissajous figures on a cathode ray oscillograph 

screen, comparing with 60 cycle line frequency as the standard. 

Several test bridges ware constructed using the calibrated 

readings of tho impedance bridge for the capacity measurements. How¬ 

ever, it was found impossible to construct a bridge entirely of fixed • 

condensers and resistors that would provide a null exactly at the 

desired frequency. It became apparent that it would be desirable to 

use an adjustable trimmer condenser as part of each C so that the 

bridge could be adjusted exactly and, further, so that it could be 

readjusted if the values of the elements should change during use. 

Accordingly, mica trimmer condensers of varying ranges were obtained 

and used to construct the bridges used in the test model of the 

synthesizer. After the bridge was assembled, the condensers were 

adjusted to the approximate theoretical value on the impedence bridge. 

Final adjustment was made in the amplifier circuit, using a cathode 

ray oscillograph and a vacuum tube voltmeter to observe the output. 

By successively adjusting the three condensers in each bridge, a peak 

at the desired frequency was obtained. Final adjustment was made in 

the following manner: 

Referring to Fig. b, page 1J» a sine wave oscillator was sub¬ 

stituted for the saw-tooth oscillator and set at the desired frequency. 

The selectivity control, potentiometer was adjusted for maximum 

feedback (the grid lead fartherest from ground). The three condensers 

in the bridge were then successively adjusted until a peak was obtained. 

Care was taken, insofar as possible, to vary the two C's the same amount 
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each time. When a peak was obtained, the setting of ^he condenser 2C 

was advanced until oscillation occurred and then backed off until the 

amplifier was stable. This introduces regeneration at the desired 

frequency, as discussed in Part III, and causes the amplifier to be 

very sharply peaked. In the interest of stability, this setting may 

be reduced slightly from the critical setting without serious impair¬ 

ment to the selectivity of the amplifier. However, care must be taken 

not to reduce this setting too much, or an undesirable tapering of the 

wave becomes evident. The cause of this effect and its minimization 

is discussed in Part V of this report. 

The circuit used for the test of each harmonic channel is 

shown in Fig. 18, page 4l. A photograph of the equipment used is 

shown in Fig. 19. page 42. A gain-frequency curve was run for each 

harmonic amplifier which was constructed (the second, fifth, and tenth). 

These curves are discussed in Part V. 

A test model of the synthesizer was constructed on a chassis. 

Three complete harmonic channels, as shown in Fig. 6, page 17, were 

constructed. The output consists of the second, fifth, and tenth har¬ 

monics, or any desired combination of them. 

A saw-tooth oscillator was constructed to furnish the input 

signal to the harmonic channels. The circuit of the oscillator is 

shown in Fig. 24, Appendix A. This is a standard saw-tooth oscillator 

circuit. The grid of the oscillator tube is triggered with 60 cycle 

voltage taken from the heater supply in order to synchronize the output 

with 60 cycles so that it will be stable at that frequency. The output 

is variable from zero to ten volts, rms. 
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Fig. 19. Layout of Apparatus for Testing Synthesiser 
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PART V. RESULTS AND CONCLUSIONS 

Channels for three harmonic frequencies, the second, fifth, 

and tenth, were built and operated successfully. The gain-frequency 

characteristics of each channel are shown in Pigs. 20, 21, and 22 on 

the following pages. The curves of these figures show that the 

selectivity of each amplifier is good. Each circuit was adjusted so 

that the gain at the desired frequency was 20. The amplifier was 

stable at this point, and there was some regeneration which improved 

the selectivity. The following table shows the comparison in gain 

at the selected frequency with the gain at 60 cycles on either side 

of the peak frequency for each channel: 

Channel fo 

Gain at 

A1 

TABLE III. 

fQ Gain at fo±60 
A2 A.1M2 

Difference in 

db 

2nd 120 20 0.3 67 36.5 
5th 300 20 0.6 33 30.5 
10th 600 20 0.6 33 30.5 

Entering the universal resonance curves of Pig. 14 with the db 

levels in the above table, the Q-factor for each circuit is estimated 

to be about 40. This is a high Q-factor and indicates that the ampli¬ 

fier is very selective. It is possible to obtain even greater selec¬ 

tivity by increasing the regeneration at the output frequency. In one no~ 

test, a gain of 67.5 was obtained compared with a gain of 0.75 60 

cycles off the peak frequency. This gives a relative gain of 90, or a 



A WAYf 

GA IN - FEEQUENC Y RESPONSE: OF ESco/YD 
HARMON/C S£l£C 77 VS AM PI /F/EP 

(DATA PROM TAQIE Y/) 

r~   
..... 

: 
sS/SSR ' 

L.L 

1 - - * 

i , 
j. JL. 

— 
• 

T. ” . . , :• v • • 

i -i - ■ t- • ~ T| j 
... i 

. ' ' , ■ 

• . 1 - 
' j ' - 

■- IV■ - j 

i , 
- • ! 

Li! 
' • . ! 

* 
. • - f 

£ ''hi- 1. J 
J L. ; i 

, . ?■:. t' l 

i 1 
! r 

—U "~l .f. ; * 
. - ■ i 
... j 

■ - r ,■ ' 

L ......::_j . ... f .. 1 

M j 

r “ 
. ■ i 

■ 

i 
7 . 

i i 

■ • •• • 

1 { 

j 
■ 

.  j. ■ , ;H 
■ 1 < 
—j 





V
O

L
T

A
G

E
 G

A
/N

 



difference in output levels of 39 db. However, the amplifier approaches 

the critical point for oscillation at this setting, and it is desirable 

to sacrifice some of this gain for stability. 

The value of the feedback ratio, /3 , may be determined experi¬ 

mentally by measuring the input and output voltage of the feedback net¬ 

work. This was done at the peak frequency for each channel and at 

frequencies 60 cycles on either side of the peak freqxiency. The data 

and results are tabulated in the table below; 

TABLE IV. 

Channel 
Freq 
ops 

®out 
volts 

ein 
volts a 

2nd 60 0.03 0.16 o.iss 
120 0.13 10.00 0.013 
180 0.027 0.20 0.135 

5th 240 0.023 0.38 0.056 
300 0.060 13.90 0.0043 
360 0.031 0.43 0.072 

10th 540 0.021 0.42 0.050 
600 0.100 12.80 0.0078 
600 0.025 0.64 0.039 

This table shows that there is some feedback at the peak fre¬ 

quency. The feedback at 60 cycles off the peak frequency is from 5 

to IS times, according to the above figures, that at the peak fre¬ 

quency. Since the relative gain at these same frequencies is from 33 

to 67. it is apparent that the selectivity of the entire circuit is 

greater than that of the twin-T network alone. That is due, in part, 

to the regeneration and, in part, to the amplification of by the 

lower tube in the cascode amplifier. 
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During the testing and adjusting of the synthesizer, it was 

found that, for some settings of the condensers of the twin-T network, 

there was a tapering of the output in one period or cycle of the funda¬ 

mental frequency. This was particularly noticeable in the output of 

the tenth harmonic channel. This tapering was present only when the 

saw-tooth oscillator was supplying the input; it was neYer present 

when the sine wave oscillator was used with the same bridge settings. 

It was apparently caused by two conditions, namely, (l) the presence 

of saw-tooth in the output, and (2) attenuation due to an exponentially 

decaying transient resulting from the shocking of the system by the 

saw-tooth oscillator. The output is a fraction of the total input sig¬ 

nal plus amplified components within the peak range. The amount of 

saw-tooth present may be determined from the following analysis. Refer 

to the equation for the over-all gain of the amplifier 

A 
/ -Az(3 

(liquation 9* page 30) 

The maximum value of /S is 1. The gain when /3 - 1 then becomes 

or 

A = 
A, 

/ -Az 

A 
Ai 
Az if A2»l. 

This gain represents the amount of saw-tooth present in the 

output and is constant over the frequency range. Its value is repre¬ 

sented by the height of dashed line above the zero axis in Pig. 22, 

page 46. This amount of saw-tooth is always present and, in combina¬ 

tion with the transient effect which cannot be eliminated entirely, 

causes the undesirable attentuation effect. By increasing the capaci- 
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tance of condenser 20, to make the amplifier as regenerative as possi¬ 

ble without oscillation, the relative amount of harmonic content at 

the peak frequency is increased and the tapering effect of the saw¬ 

tooth wave in the output is minimized. 

Pig. 23. page 50* shows photographically the saw-tooth input 

to the synthesizer and the resulting output of the various channels, 

singly and in combination. The photographs were made of the wave 

shapes on the screen of a cathode ray oscillograph. 

From the theoretical considerations discussed in this report 

and the experimental work done on the test model, it may be concluded 

that a wave synthesizer can be built to operate successfully, within 

the limitations discussed* in accordance with the specifications set 

forth in this report* which are summarized and tabulated in Appendix A. 
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(a) Saw-tooth input to synthesiser (b) Output of second harmonic channel 

(c) Output of fifth harmonic channel (d) Output of tenth harmonic channel 

(e) Output of second and fifth 

harmonic channels combined 

(f) Output of second, fifth and tenth 

harmonic channels combined 

Fig. 23 



51 

APPENDIX A. DESIGN DATA 

1. Saw-Tooth Oscillator 

The saw-tooth oscillator to furnish the input to all of the har¬ 

monic channels has been constructed on a separate chassis. The circuit 

diagram of the saw-tooth oscillator and a top-view of the chassis are 

shown in Fig. 24, page 52. 

2. Values of Components for Twin-T Networks 

The theoretical values of the components of the twin-T networks 

are shown in Table II, page 57. It is recommended that the values of 

the resistors be selected in accordance with this table. They should 

be 1/2 watt or larger. The sizers of fixed and adjustable condensers 

suitable for use are shown in the table below: 

TABLE V. Sizes of Condensers suitable for use in Twin-T Networks 

C(^t/fds) 2C(^fds) 
Harmonic 
Channel Fixed Adjustable 

*Sl-!Aenco 
No Fixed Adjustable 

*!l-Henco 
No 

1 2000 280-1050 306 4500 650-1995 310 
2 400 450-1525 308 2000 450-1525 308 
3 0 450-1525 308 1000 650-1995 310 
4 0 280-1050 306 500 650-1995 310 
5 0 280-1050 306 300 650-1995 310 
6 0 450-1525 308 1000 650-1995 310 
7 0 450-1525 308 1000 450-1525 308 
8 0 280-1050 306 500 650-1995 310 
9 0 280-1050 306 300 65O-I995 310 

10. 0 450-1525 308 1000 650-1995 310 

*F,l-Menco condensers were the only small adjustable condensers on 
hand in the desired ranges and quantities. Other makes with similar 
ranges may be procurable. 
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3. List of Major Components Required for Synthesizer with Ten Harmonic 
Channels 

Humber Size Use (Refer to Fig. 6, page 1J) 

Resistors 

20 1.0 megohm, 1/2 watt H 

13 0.5 megohm, 1/2 watt R 

20 O.5 megohm, 1 watt H«. RQ 

2 0.3 megohm, 1/2 watt r y 

4 O.25 megohm, 1/2 watt R 
1 0.15 megohm, l/2 watt R 

10 50,000 ohm, 1/2 watt % 
1 50,000 ohm, 1 watt r12 

20 10,000 ohm, 1 watt HR. % 
10 5,000 ohm, 1 watt rr ttll 
20 1,500 ohra, l/2 watt Rp, R3 

Potentiometers 

30 2 megohms R7* 
R
IO* %3 

Condensers 

20 25 mfd, 25v electrolytic Cg* 0-, 
20 0.1 mfd, paper Cc, G§ 
20 0.01 mfd, paper cl» c4 
10 0.005 mfd, paper °7 

(Following for twin-T networks) 

2 300 mmfd, mica 
2 400 mmfd, mica 
2 500 mmfd, mica 
4 1,000 mmfd, mica 
3 2,000 mmfd, mica 
l 4,500 mmfd, mica 

10 Adjustable mica trimmers, Sl-Menco No. 306 (for size 
12 1* 11 » H » " 308 refer to 

S 11 11 11 tt ti »' 310 Table V) 

Other Items 

20 Tubes, 12AU7, with sockets 
10 Toggle Switches 
10 Miller Strips Mo. kfO (for mounting twin-T networks) 

Chassis 
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APPENDIX B. 

Experimental Data 

TABLE VI. Test of Selective Amplifier Circuits 

2nd Harmonic 
Circuit 

Freq Voltage 
cps Gain 

60 0.3 
80 0.3 

100 0.7 
110 1.3 
115 2.6 
117.5 5-5 
120 20.0 
122.5 6.0 
125 3-3 
130 1*5 
l4o 0.8 
160 0.5 
180 0.3 

5th Harmonic 
Circuit 

Freq Voltage 
cps Gain 

200 0.3 
240 0.6 
260 0.8 
280 1*7 
290 3-2 
295 5.2 
300 20.0 
305 7*0 
310 4.2 
320 2*0 
340 1.0 
36O 0.6 
4oo 0.4 

10th Harmonic 
Circuit 

Freq Voltage 
cps Gain 

500 0.5 
540 0.6 
560 0.7 
580 1.4 
590 2*8 
595 5.5 
600 20.0 
605 4.0 
610 2.5 
620 1.5 
640 0.9 
660 0.8 
700 0.6 

Apparatus Used 

*1. Wave Synthesizer 

2. Saw-Tooth Oscillator 

3* B-G Power Supply, 0-500 volts 

4. Hewlett Packard Audio Oscillator, Model 200-B 

5. Hewlett Packard Vacuum Tube Volt Meter, Model 400A, No. F272 

6. Simpson Analyzer, Model 260, No. 28577 

7. Heater Transformer, 110:0-10 volts 

8. General Radio Variac, Type 200CM, 115:0-130 volts 

* 
Numbers correspond to those in photograph of apparatus, Fig. 19, 

page 42. 



9. Dusont Cathode Ray Oscillograph, Type 208B, No. 10517 

10. Double Pole Double Throw Switch 

11. General Radio Impedance Bridge, Type 65O-A, No. IU25 
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