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use, or sell any patented invention that mav in any way be related 
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Services, U.S. Department of Commerce, Washington 25, D.C., in 
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1.0 INTRODUCTION 

This report is a summary of the study and development work 

performed by the Radio Receptor Division of the General Instrument 

Corp., on the AN/AKA( ) microwave telemetry transmitter, to 

exhibit No. WCLCE-56-1A under contract AF 33 (600)-40955 for the 

Aeronautical Systems Division of the Air Force Systems Command. 

Both study and development phases are included as well as typical 

results obtained with the unit. Conclusions and recommendations 

for future work are also made. 

Manuscript released by the author 1 April 1963 for publication 
ar an ASD Technical Documentary Report. 
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2.0 TRANSMITTER STUDY PHASE 

Th« purpose of the study phase was to formulate a FM micro¬ 

wave transmitter configuration which would meet the objectives 

of the specification. There were three general electrical 

problems related to the design of the transmitter. They included: 

A. Power Generator 

B. Frequency Modulation 

C. Frequency Stability 

Although these factors represented distinct parameters of 

the system, it was evident that above consideration were inter¬ 

related. As such, the final configuration chosen would have to 

be a compromise between these parameters as well as size, weiqht, 

efficiency and cooling. 

2.1 Power Generator 
The objective for the Power Generetor was to develop 

5 watts at "S" Band which was capable of being frequency modulated 

and stable over a wide temperature range. The signal developed 

would then be fed to a Power Amplifier which would bring the 

available power to the entenne to a fifteen watt level. Two 

general methods were open to consideration to meet these objectives; 

they were: 

a. A low frequency oscillator in conjunction with an 

amplifier multiplier chain. 

b. A power oscillator operation at the desired frequencv. 





Fig. (1) Low Frequency Oscilletor 
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A 36 X multiplier chain was used as a sample analysis to determine 

the feasibility of the approach. The circuit is shown in block 

diagram form in Figure (2). 

A survey was made of the available tubes that could deliver 

5 watts at 2250 MC. The 6442 was classified as a marerinal choice 

since it would require using the tube at its extreme limits to 

get the necessary output power. A tube in the 2C39 - 3CX100A5 

family was chosen. The efficiency of an amplifier tube is given*1) 

as 

N = 0.7 (1 - HI ) % 

Where f = frequency of operation in megacycle 

d = Cathode grid spacing in inches 

Ep = Plate voltage 

N = 1.2 for amplifier 

N = 1.75 for oscillator 

For the tubes in the 2C39 family, d is in the order of 0.005 

at 750 MC and a 700 volt plate voltage 

N = 0.7 (1 .(1-2)(.750) (5) } 

'/too" 

N = 55% 

The expected efficiency of a tripler is given as 40% of 

that of a straight through amplifier*2) so that expected efficiency 

for the stage would then be 22%. For 5 watts output this would 

mean an input power of 22.7 watts plus an additional 6 watts for 



Fig. (2) Block Diagram 
36 X Multiplier 
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filament power. The reliability of the above calculation has 

been demonstrated with the practical results^ obtained with 

these tubes at S Band frequencies. Manufacturer's data also 

stated that a gain of 4 db was to be expected for this steqe. 

The driver tripler would have to deliver 2 watts of drive power. 

Using a 6442 tube an efficiency of 27% is expected at 250 MC so 

that an input power of 7.3 watts is reached; in addition 5.4 

watts are needed for filament power. Thus the total power for 

the two stages above would be 41.4 watts. In addition, the power 

amplifier would require 45 watts of plate power, plus 6 watts of 

filament power for a total consumption of 91.4 watts. It was 

evident that this system would far exceed the required input 

power considering the additional required circuitry. Besides 

the power requirements, the system could not be packaged in the 

desired volume and would be extremely difficult to tune. Consid¬ 

ering all factors it was concluded that this design approach 

would not be feasible. 

2.1.2 Power Oscillator 

In this configuration a power oscillator is constructed at 

S Band to deliver the required 5 watts of output power. Since 

the inherent stability of such a device far exceeds the specifica¬ 

tion requirements, an automatic frequency control system is incor¬ 

porated. The addition of a modulator and power supply completes 

the system. A Block Diagram of the configuration is shown in 

Figure (3). 

- * . * L 
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An Investigation of available tubes for the power oscillator 

was instituted. The selection was limited to those tubes which 

could operate with radiant cooling as forced air or water coolino 

was not practical. Among those considered were the GL6442 series 

as well as the 2C39-3CX100A5 family of planar triodes. Information 

supplied by the General Electric Company indicated that 5 watts 

output power could be achieved at 2350 MC using the GE6442. 

However, this would require operation of the tube beyond its 

maximum ratings and performance would not be guaranteed. In 

addition, a substantial reduction in life expectancy of the tube 

could be anticipated. Further data indicated that the tubes 

in the 2C39-3CX100A5 could meet the required output power spec¬ 

ification with operation well within the maximum tube ratings. 

Since the mechanical configuration of tubes in this class were 

extremely similar, a cavity could be designed that could be 

applicable to ell tubes of this series. Using the previous 

mentioned equation for tube efficiency (sec. 2.1.1), the expected 

efficiency at 2350 MC is 15%. Thus the plate cower required for 

5 watts output is 33.4 watts. With an additional 6 watts for 

filament, this brings the total input power for this stage to 

40 watts. This power, combined with the required power for the 

power amplifier, yields an expected total of 91 watts which made 

the 125 volt-ampeie equipment requirement feasible. In addition 

to this, it was estimated that the power oscillator volume would 

be 50% of that needed for the amplifier multiplier configuration. 

It should also be pointed out that the ease of tuning, maintenance 

and life made this configuration far more desirable. 
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2.1.3 Conclusions 

In conclusion, the following advantages were attributed to 

the power oscillator configuration compared to the amplifier 

chain: 

1. Power input would be lower and the objective equipment 

input power was feasible. 

2. A considerable reduction in volume is realized. 

3. Tuning and maintenance would be simplified. 

4. Increased equipment life could be expected due to the 

reduction of stages. 

The following disadvantages were noted: 

1. Modulation would have to be performed at a higher 

level. 

2. Care would have to be taken in the cavity design to 

insure minimum residual FM under shock and vibration. 

It was concluded that the advantages of the Power Oscillator 

configuration outweigh the disadvantages and that these disadvan¬ 

tages could be minimized with good engineering design. 

2.2 Frequency Modulation 

Having decided upon the Power Oscillator configuration, a 

high level modulator had to be formulated. The modulator was 

broken down into two sections, the modulator amplifier and the 

actual transducer elements needed to convert time varying signals 

to time varying reactance. Since the gain of the amplifier would 

be determined by the transducer element, the latter had to be 

selected first. Two practical possibilities existed for the trans- 
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duc.r element; the volt.,, v.rl.bl, capacitor or the micro».,, 

equivalent of the reactance tube amplifier. 

2.2.1 Transducer Element 

The reactance tube amplifier required that an euxilliary 

cavity, incorporatin, a miniature planar triode, be coupled into 

the oscillator cavity through a 90° pha.e shifting network. An 

obvious disadvantage to the system was the additional power end 

volume required. If a GL6299 was incorporated in the aurilliery 

cavity, it would require an additional 2.5 watt of power. The 

cavity and phase shifting network would utilize 10 in3, since 

the unit was required to operate over a 200 MC bond, the auxiliiory 

cavity and the phase shifting network would require adjustment. 

However, the configuration did offer the possibility of achieving 

excellent modulation linearity. 

With these factors in mind, a study ws. instituted on the 

use of the voltage varying capacitor or "varactor" os it 1. better 

known. The capacity v. voltage characteristics of this device be 

given as 

(1) c = Co 

(WF 
»hara N = an intagar dependant upon composition and processing 

of a junction 

N = 2, for an Abrupt Junction 
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N = 3, for a Linear Junction 

fí - Contact potential in volta 

y = .32 for silicon 

It is obvious from the above equation that if a linear change 

in capacity was desired, only a small section of the characteris¬ 

tics could be used. Of course, a small signal swing would also 

mean a small change in capacity and a resultant smell frequency 

deviation. However, it is possible to amplify these characteris¬ 

tics with the aide of a section of transmission line. The variable 

capacity is used to terminate a section of transmission line, 

which is connected across a tank circuit. A diagram of the 

system is shown in Figure (4). The Impedance seen at the end of 

a lossless section of transmission line is given by: 

21» = R° 
ZL + j Ro tan B1 

_Ro + j ZT tan B1 . 

(2) 

Where Ro 

2l 
B1 

Characteristics impedance of line 

Load impedance 

2 TC 1 
A 

1 = Length of transmlision line 

X = Wavelength of excitation source 

If the line is terminated in a lossless variable capacitor 

then 
Zin = j Ro 

U'i X 
+ Re tan B1 

Ro + 1 

Uc. 

1 tan B1 

T 

(3) 

-/.2 
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Fig. (4) Capacity Multiplier 
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from equation (1) 

where c = capacity at a voltage V 

c^= capacity at a voltage Vj 

Delta is then defined as the fractional change in capacity 

and equation (3) defines the input impedance in terms of this free- 

tiònal change in line length. In most applications My is a bias 

point and is much greater than the contact potential. In addition, 

the signal swing is considered small so that V is also much greater 

than the contact potential. 

An enumeration of aquation (3} indicates that the input 

impedance of the line can be made to leek Infinite. For V equal 

to My, Delta equal to one. 

Let tan Bl = -Ro ¡jCy 

then from (3) 

Zin s oo or C b e 

By cheesing a longer length of line, the input impedance 

will be capacitive and a shorter length will appear inductive. 

We therefore let tan Bl = -Ro (JCjK where K is constant, which 

determines Una length and simplify the equation by letting 

-Z?- 



(5) 
then from (3) Zin = -j Ro ^ + KJ 

-- 
i - 

A J 
For a length of line between | A »ni A, the circuit 

Will appear capacitive. 
Zin = -j X 

c(v) 

C = 1 
ÜÏÏS 

-K 

1 + K N/V 

(6) 

The capacity seen at the end of the transmiasion line la 

then defined in term* of the signal roltage acroat the varactor 

with the line length as a parameter, 

at V = Vx 

and 

C, = 
1 

0X5 
1 - K 

imr 

1 

dividing (L) by (7) 

C .ÆT-k 

1 + K ^1 

if K = o or 1 = -ILA. 

C. 

(7) 

1 + K 
(Ö) 

Which ia recognized aa equation (4) and ia the capacitor law 



of the varactor by itself. A plot of equation (8) is shown in 

Figure (5) for five values of line length and n equal to 3. The 

varactor characteristics by themselves are represented by K = 0. 

For K equal to 0.8, 0.85 and 0.90 the increases in slope are 

3.35, 4.65 and 6 respectively. That is,the capacitor voltage 

characteristics of the varactor have been expended so that for 

the same voltage change a larger capacity change is realized. A 

more graphic form of the process may be shown with the aid of 

a Smith Chart”. We enter the Smith chart at the point 0 - j 1; 

that is for the case where the characteristics impedance of the 

line is equal to the quiescient varactor reactance. By varying 

the value of K, this point is transformed along a line of constant 

VSWR. For K = 1, the impedance is transformed to an open circuit 

or zero capacity point. For value of K greater than 1, the 

impedance is inductive and to K less than 1 it is capacitive. 

Examination of the reactance around K = 1 would show rapid 

changes in reactance for small changes in capacity. It should 

be pointed out the signal swing is limited to: 

V1 3 
—=- > IT and K <1 
V 

so that as K approaches one, the increase in slope approaches 

infinity but the allowable signal swing goes to zero. The deri¬ 

vation can be extended for value of K>1 by setting equation (5) 

equal to + j(JL. 

In this case 

L _ K - 1 
IT" “ T + 1 

-/é- 
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REPRODUCFD AT GOVERNMENT EXPENSE \ 
The same gain in slope end signal swing limitation is 

realized for this case. If the variable reactance is to be coupled 

in parallel with a tank circuit, then K should be less then 1 

since the total capacity is the addition of all capacitv. If the 

variable reactance is to be coupled to a series resonant tank 

circuit, then K should be greater than one since the total induc¬ 

tance is the sum of all inductances. It should also be pointed 

out that in the practical case the varactor is not a pure variable 

capacitor, but included a small amount of series resistance. 

This means that instead of transversing the Smith chart on an 

infinite VSWR circle the variable impedance is transformed along 

a finite one. For small values of series resistance, the loss 

in slope magnification is small which indicates that the varactor 

should have the lowest possible value of series resistance. Based 

upon the concept of capacity amplification described above, it 

was decided that the varactor configuration would be employed. 

The system was passive end thus required no power and could be 

fabricated in a small volume. 

2.2.1 Modulation Amplifier 

The Modulation Amplifier was required to have a 470 K ohm 

input impedance with a bandwidth capability of 500 K cps. Pre¬ 

liminary design conditions indicated that a-circuit gain of from 

5 to 10 was needed for a 1 volt input signal. The gain bandwidth 

considerations were felt not to be difficult since several 

relatively simple methods could be used to achieve the results. 
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However, the high Input Inpedence over the lerge bendwidth did 

preeent e eev.re problea. The emitter follower conflguretlon 

offers a high Input Impedance which Is essentlelly Bete times 

the load resistor shunted by the p.r.11.1 combination of collector 

resistance and capacitance. By using severel of these circuits 

In eescade, the Input Impedance can be made to be In the megohm 

region. The disadvantage of this configuration Is In the rela¬ 

tively poor bias stability, shunting effort of the collector 

capacity and limiter frequency response. Other techniques for 

providing high Input Impedance make use of negative feedback; 

that Is the voltage gain and output Impedance is lowered In 

exchange for a high Input impedance. A circuit using this 

principle was described by Evans(4,ln which Impedance In excess 

of 1 megohm were obtained on a wide bandwidth. 

In addition, Mlddlebrook and Mead(S) described a high Input 

impedance amplifier which utilised both positive end negative 

feedback. A diagram of this circuit Is shown In Figure («). 

Here negative feedback Is aecompllshad through ths common load 

Impedance Rj. it can be shown that the Input Impedance Is In 

the order of Bet.j, Beta., times R,. However, this Impedance 1. 

now shunted by the effective Bias Impedance of the Input transis¬ 

tor, as well as Its collection capacity and resistance, m 

addition, stray c.p.clty Introduced by cable and connector effect¬ 

ively shunt this Impedance. A posltl*. feedback loop consisting 

-If- 
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of RF and CF are utilized to minimize this effect. This cancella¬ 

tion can best be explained with the aid of Figure (7) where A 

and A2 are the amplifier and Bj is the negative feedback path. 

The effective combination form an all pass filter in con¬ 

junction with R^C^; that is, RfC^ (effective) is equal to R. C. . 

Thus stray capacity seen at the input terminals is compensated 

for. Amplifiers of this type have been built with several hundred 

megohm input impedances shunted by no more than a couple of micro¬ 

micro farads. 

It was decided that two prototype configurations would be 

constructed. The first would consist of the negative feedback 

amplifier similar to that described by Evans. In addition, the 

advantages of the combination type amplifier would be investigated 

so that the best possible configuration would result. 

2.3 Frequency Stability 

Several techniques were considered for use in the automatic 

frequency control circuit. These included the >hase Lock Loop", 

the crystal discriminator, and a frequency lock loop. A brief 

description of these techniques follows. 

2.3.1 Phase Lock Loop 

A diagram of a typical phase lock loop is shown in Figure (8A). 

Here the output of the transmitter is converted to a lower frequency 

and is then compared with a reference oscillator is a phase detector. 



Fig. (7) Capacity Cancellation Circuit 
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An error output, proportional to the difference is phase between 

the two signals, is amplified and fed through a low pass filter to 

the frequency control device. The system has a theoretical zero 

frequency error for a finite phase error. The lock range of the 

system, which is defined as that frequency band for which the 

circuit will hold the transmitter on frequency, is dependent upon 

the loop gain. The capture range of the system, which is defined 

as that frequency band which the transmitter must be adjusted with¬ 

in in order for frequency locking to take place, is dependent 

upon the characteristics of the low pass filter. These bands are 

shown in relationship to the desired frequency in figure (8B). In 

operation the transmitter frequency is adjusted to within the 

capture range of the system and is then controlled by the loop. 

If the transmitter is brought to a region between the lock and 

capture band, the loop is unitable and the transmitter will hunt 

between the two bands. Momentary drifts out of the lock band may 

result in an open loop condition. Now, since the transmitter was 

to be frequency modulated, the loop had to be designed so that for 

all rates of change of frequency within the modulation band, no 

error signal would be fed back to the transmitter. If this was not 

done, the loop would tend to decrease the amount of frequency 

deviation on the carrier. Therefore the low pass filter had to bo 

designed so that the lowest sub-carrier frequency (400 cps) 

would not effect the loop. In doing this, the capture range was 

greatly reduced adding to the complexity of tuning the transmitter. 

It was also necessary that the lock range be as wide as possible 

to prevent an open loop condition due to frequency pertlbation 
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caused by shock end vibration environments. The required gain for 

a 2 or 3 megacycle lock range was considered excessive when com¬ 

pared to other systems. 
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2.3.2 Crystal Discriminator 

Several systems which utilize a crystal discriminator were 

investigated. A block diagram of a typical system is shown in 

Figure (9), Here the transmitter frequency is converted down to 

a lower frequency and then fed to a crystal discriminator. The 

center frequency of the discriminator is chosen to be the desired 

transmitter frequency divided by the conversion factor so that a 

DC voltage proportional to the error frequency is obtained. This 

signal is fed through a low pass filter and used to correct the 

transmitter frequency. The system performance is directly 

related to the accuracy of the crystal discriminator and the loop 

gain of the system. In addition, if a locd oscillator is incorpor¬ 

ated in the converter, its stability will also be a determining 

factor in the system. Since the loop is to be deactivated for 

rates of change of frequency in the modulation bsndf a low pats 

filter is required. The effective lock in frequency of the system 

is determined by the bandwidth of the crystal discriminator and 

typical units are in the order of + 100 KC. In order to accoNodate 

the large tuning range, either the local oscillator or the crystal 

discriminator frequency had to be returned. The many disadvantages 

of this system showed it to be unaccpetable for a wide band FM 

transmitter. 
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Fig. (9) Crystal Discriminator 
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2.3.3 Frequency Lock Loop 

A diagram of the basic configuration is shown in Figure (10). 

A reference oscillator is used in conjunction with a converter to 

bring the transmitter frequency down to a lower frequency which 

is then fed to a gated amplifier. At the same time, an additional 

gated amplifier is fed with a sample of the reference oscillator 

frequency. The amplifiers are alternately gated on and off by an 

oscillator or switch so that the input to the discriminator is 

alternately the reference oscillator and then the transmitter 

sample. The output of the discriminator is a signal at the gate 

frequency whose amplitude is proportional to the frequency differ¬ 

ences between the reference and transmitter frequencies. Again a 

low pass filter is utilized to deactivate the loop to the lowest 

sub-carrier frequency. After passing through the filter, the 

signal is given phase sense by comparing it with the gate oscillator 

in a phase detector. The resultant DC is then used to control the 

transmitter frequency. The system has sevenl advantages in terms 

of stability and lock in range. The absolute limit on the trans¬ 

mitter stability is determined by the stability of the reference 

oscillator and the loop gain of the system. The center frequency 

and linearity of the discriminator are relatively unimportant. In 

addition, the lock in range is determined by the bandwidth 

of the discriminator amplifier combinètion end since it is not 

crystal controlled can be made extremely wide. The necessary loop 

gain for a given stability is analyzed with the help of Figure (11). 
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Fig. (11) Loop Gain Diagram 
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The system is recognized as a type zero servo loop with maximum 

steady state error equal to: 

Af = _ Af A F 
1 + K1K2K3 1+6 (o) 

where: Af = maximum steady state frequency error 

Af = expected frequency drift due to thermal, vibra¬ 

tion, and shock environment 

K1= Discriminator constant with dimension of volts 
meg cps 

K,- 2= Amplifier gain with dimension of Volts 
Vo Its 

K-= VFO transfer function with dimension of MCos 
“TTTi W] 

If we define the stability factor as S — - Af . 
1”+' 

then we see that the larger the loop gain the smaller will be the 

frequency error. The required stability was + .0055? or 50 parts 

per million. If we allow half this figure for the reference 

oscillator then the maximum drift of the transmitter is 25 parts 

per million. The expected uncontrolled drift of the oscillator 

is about 1000 parts per million. Hence a stability factor 

S = 
_ 25 

TÜÜTT 1 
1'+ 

or the loop gain 

K1K2K3 = 40 - 1 = 39 

Based upon the previous discussion the above system offered 

the following advantages: 
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1. No difference between lock and capture range. 

2. Lock range of system could be made relatively large, 

then simplifying tuning and reduce the risk of an unlocked 

loop. 

3. Overall stability is determined by loop gain and stability 

of the reference. 

4. Characteristics of discriminator relatively unimportant. 

5. Lock range independent of low pass filter time constant. 

It was concluded that this system offered the best possible 

solution to the problem of frequency stability for an unmanned 

FM transmitter. 
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3.0 TRANSMITTER - DEVELOPMENT PHASE 

The development of the transmitter was broken down into 

six categories. They were: 

1. Power Oscillator 

2. Power Amplifier 

3. AFC Circuit 

4. Modulator 

5. Power Supplies 

6. Control Box 

Although these boxes were interrelated, work was begun on 

the first four sub-sections with the power supplies and control 

box initiated as more information became available. 

3.1 Transmitter-Block Diagram 
A block diagram of the initial design is shown in 

Figure (12). A power oscillator designed to deliver 5 watts was 

to be fabricated which would drive a power amplifier for the 

necessary 15 watts output. A frequency lock loop would be used 

to hold the power oscillator on frequency. Due to the critical 

operating characteristics of the varactor, seperate varactors 

would be used for the AFC and modulation circuits. The varactor 

would be coupled to the power oscillator to convert the error 

voltage to a change in capacity and thus control the frequency of 

the power oscillator. A modulation system incorporating the 

capacity multiplier varactor circuit completed the system. 
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3.2 Power Oscillator 

As initially conceived, tne AN/AKA-( ) transmitter consisted 

of a five watt oscillator and a fifteen watt power amplifier. 

The initial investigation indicated that the oscillator would 

utilize a tube in the 2C39 family. In order to achieve maximum 

heat transfer it was decided that the tube would be operated in 

the grounded plate configuration. The cavity was of the grid 

separation type with the anode folded back over the cooling fins 

of the pnalar triode. Tuning of the anode line was accomplished 

with a capacitive probe while the cathode cavity was tuned with 

an adjustable spring fingered short. The grid was insulated from 

ground with a mica bypass capacitor and provision was made for 

bias adjustment. Initial tests on the cavity were not encouraging. 

Considerable difficulty was encountered with voltage breakdown in 

the grid bypass capacitor and the unit exhibited a tendency to 

oscillate at nL" band. Even when these problems were solved, it 

was noted that the oscillator had a tendency to "squegg". In an 

effort to facilitate the design of the unit, a commercial cavity 

for the 2C39 was purchased. This cavity exhibited squegging 

characteristics which were more severe than those of the developed 

cavity. Further investigation indicated that this cavitv, as well 

as most of the cavities available for the 2C39 had evolved 

from a test cavity utilized by the General Electric Company in 

the development of their planar triodes. Drawings of this cavity 

were acquired and a model was built. Initial teits on this cavity 
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showed a squegging condition as well as considerable "L" band 

output power. After considerable consultation with General 

Electric's application department, «edifications were «ade on 

the cavity and the "L" band output power was reduced. However, 

no success was obtained in eliminating the "squegg*’ proble«. 

Further teits were run by the General Electric Company on their 

own cavity and their data confirned the presence of the "squegg" 

condition. It was found that this squegg could only be elimin¬ 

ated with operation of high anode currents. The data was confirmed 

by both the General Electric Company and Machelett Laboratories. 

Successful operation of the cavity was eventually obtained over 

the band (2150 to 2350) with a minimum 15 watts of output power. 

It was then noted that the successful operation 6f the 

cavity at this level of power would eliminate the need for a 

power amplifier stage. Further tests and modifications were 

made on the General Electric Test cavity which indicated sat¬ 

isfactory results for the desired 15 watts power level. Based 

upon these tests, agreement was reached with the government to 

eliminate the power amplifier from the transmitter configuration. 

This was advantageous in terms of producing a smaller, more 

efficient and lighter transmitter package. 

In final breadboard form, the power oscillator consisted of 

a coaxial type tuned plate, tuned grid cavity. The plate grid 

cavity was folded over the cathode cavity to conserve space. 

Both of these cavities were tuned with capacitive plungers. Tests 

were conducted on various planar triodes, which included: 

2C39B, GL6897 and 3CX100A5. The 2C39B/GL6897 was found to produce 

the most reliable and repeatable performance and was then incor¬ 

porated in the final configuration. Temperature runs were made 
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on sevornl of the«« cavities nade of Invar, Brass, Stainless 

Steel and Aluninua ar coabinations of these. It was found that 

an all Invar cavity showed a ainiaua frequency drift for taap- 

erature changes. This cavity showed a aaxiaua 300 KC drift 

over a 150°C temperature excursion. Since it was deiirable to 

keep this drift to an absolute ainiaua, the Invar configuration 

was utilized in the final cavity. 

The development of the cavity then proceeded with the design 

of a set of Invar cams which would drive the tuning plungers. 

Temperature tests again conflraed the suitability of this mod¬ 

ification and a program incorporating varactor nodulation pro¬ 

visions was initiated. It was found that power limitations in 

available varactor diodes prohibited modulation of the anode 

cavity. However, attempts to modulate via the cathode cavity net 

with some success. This success was eventually optimized by 

redesigning the feedback loop and the tuning plunger cams. 

The present cavity is the outcoae of work on three distinctly 

different oscillabr designs (two coaxial mode end one radial 

mode) and emobòdies a large number of "firsts”, the most notable 

being the use of sintered beryllium oxide disc to heat sink the 

anode of the planar triode to the transmitter case and the use 

of sintered aluminum oxide rods to transmit motion through the 

anode cavity to the cathode tuning plunger. 

In retrospect, the most formidable cavity design problem 

was the overcoming of "squegg". This phenomenon is barely 

mentioned in the literature and when it is mentioned, it is 



only to acknowledgo that it had boon observad. The nost enlight¬ 

ening reference to be found consisted sf a statement in the Radie 

Aaateur's Handbook which defines nsqueggn as a phenomon which can 

occur when the electron transit tine within a tube becoaes an 

appreciable portion of a RF cycle. The revelation of the know¬ 

ledge of "squegg" gained in this prograa is rightfully the 

subject of another paper so suffice it to say that the phenomenon 

is directly related to cathode bypass capacitance, feedback mag¬ 

nitude, feedback phase, anode bypass capacitance, grid current, 

anode current, power supply impedance,and the physical structure 

of the tube employed. 

3.3 Power Amplifier 

The initial plan was to develop a 5 watt power oscillator 

and using this basic configuration the feedback loop would be 

removed and a connector added to the cathode line. However, when 

time consuming difficulties were encountered with the oscillator, 

it was decided not to schedual the amplifier development as a 

serial program but to investigate the oscillator breadboard that 

had been previously discarded as unsatisfactory. This parallel 

program investigated two radial mode and one coaxial mode amplifiers 

only to find them unsatisfactory. The configuration that finally 

proved satisfactory was a coaxial mode cavity which never went 

beyond the breadboard stage in view of the ensuing success with 

the high power oscillator. 
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3.4 AFC Circuit 

.1 

The initial AFC Circuit is shown in Figure (12). It 

consisted of a transistorized crystal controlled oscillator, which 

served as the reference for the system, operating in the 60 MC 

region. Two outputs were taken from this circuit; the first 

fed a Harmonic Multiplier Chain and the second was used as an 

input to a gated amplifier. The Harmonic Generator consisted of 

a 4th harmonic multiplier in cascade with a 9th harmonic unit. 

The 9th harmonic generator was built into a coaxial cavity 

which also included a Mixer. The multiplier output was then 

heterodyned with the sampling from the transmitter in the mixer 

and the difference frequency selected in an IF Amplifier. This 

amplifier fed a gated amplifier which was turned on end off at 

a low frequency rate. The two gated amplifiers had a common 

collector load so that the input to the limiter was elternètely 

the sampled transmitter frequency and refannce frequency. The 

output from the discriminator was then a square wave at the switch 

frequency whose amplitude was proportional to the error of the 

carrier frequency. This error was then amplified and fed to a 

phase detector whose reference was taken from the same switch 

source which fed the gated amplifier. The output of this det¬ 

ector was a DC Voltage proportional to error and either of 

positive or negative polarity depending on whether the trans¬ 

mitter was higher or lower then the desired frequency. The DC 

voltage was coupled through an emitter follower and severed as 

the bias source for the AFC Varactor 

the development follows. 
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3.I4..I Design Consideration 

The frequency of operation for the oscillator is determined 

in the following way. 

Let: ft equal to the desired transmitter frequency 

fr equal to the reference oscillator frequency 

N equal to the order of frequency multiplier 

Then 

(3.1) (N + 1) f r = ft 

So that the IP frequency is given by 

(3.2) Fjp = Fq, - Nfr 

Comparison of the equation 3.I and 3.2 shows that the IP 

frequency is equal to the reference frequency. Thus as the trans¬ 

mitter frequency is changed, the reference oscillator frequency 

is changed. In order not to retune, the bandwidth of the system 

must encompass this frequency change. So that 

A p 7 PT 
FTT 

Where aFt = Transmitter Tuning Range 

A Fjp = System Bandwidth 

It can thereftfre be seen that the choice of nomiinal reference 

oscillator frequency is a compromise between practical crystal 

frequency, order of multiplication for the harmonic generator and 

IP frequencies. A survey of available crystals indicated that a 

nominal 60 MC unit was the best compromise between drive power, 

stability and bandwidth consideration. This dictated a multiplication 

factor of 36 for the harmonic generator and a practical 60 MC frequency 

for the transistorized IP strip. 

Having decided upon frequency and bandwidth considerations, 

the necessary power levels were investigated. Since the available 



power from the multiplier chain was limited, it was concluded that 

the transmitter would supply the necessary pump power for the 

mixer circuit. The circuit would behave as a superhetoodyne 

receiver with the transmitter sample acting as a local oscillator 

and the output of the multiplier chain as the received signal. 

Investigation indicated that the available power from the reference 

oscillator would be in the order of plus 17 DBM. Page^ had 

shown that the efficiency of a harmonic generator employing ideal 

diodes is limited to 1/1^ where N is the order of multiplication. 

Although the use of varactors as harmonic generators was limited at 

this time, indications were that much greater efficience could be 

accomplished. Leeson and Weinrab? reported a conversion loss of 

1 DB for a doubler with a predicted loss of 5 DB and 2 DB for a 

4th harmonic and 3rd harmonic multiplier respectively. Additional 

literature® indicated that the expected loss in DB for a multiplier 

was 1.5 N for N greater than two. Little or no work had been done 

with higher order multiplier but it was the general conclusion 

of most authors that the efficiency of these circuits would approach 

l/N2. In order to reduce problem of cascading stages and simplify 

tuning, a maximum of two stages would be incorporated in the 

multiplier chain. Two schemes would be evaluated. The first would 

consist of a 3rd harmonic generator feeding a harmonic generator 

and utilized 3rd harmonic mixing in the mixer stage. The second 
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configuration would incorporate a 4th harmonic generator in 

cascade with a 9th harmonic generator and use fundamental mix¬ 

ing. The expected power available at the IF amplifier for the 

first configuration was approximated to be -23 DBM considering a 

30 DB loss for 3rd harmonic conversion efficiency. The esti¬ 

mated power available from the 2nd configuration was in the 

order of -16 DBM assuming a 6 db loss for the mixer. Setting 

zero dbm for the limiting level,e gain of 40 DB was concluded 

for the IF amplifier end switch circuit. This would insure 

adequate limiting tolerance. 

3.4.2 Reference Oscillator 

A schematic of the basic oscillator is shown in Figure (13). 

It consists of a modified Hartley oscillator with a series 

resonant crystal in the feedback loop. At frequencies other than 

the crystal frequency the feedback is reduced considerably and 

the circuit will not oscillate. The crystal employed was a 

3rd overtone unit wi „h a non-oven stability of 25 parts/million 

over a temperature range of -55 to 105°C. Initial test showed 

that external loading could produce frequency pulling of the 

crystal frequency and indeed, in extreme cases, stop operation 

of the circuit. It was concluded that this was the result of the 

finite Q of the crystal which determines the differences between 

the series and parallel resonance frequencies. To keep this 
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pulling at a minimum the collector tuning end coupling components 

were chosen for low temperature coefficiencts. Final tests on the 

breadboarded unit are shown in Figure (14). With a temperature 

excursion of -65 to +115°C the output power changed by only 3 db 

while the frequency drift was in the order of 2 KC. Similar 

results were obtained at frequencies at the extremes of the band. 

3.4.3 Multiplier Chain 

Relatively little was known about varactor multipliers 

when the chain was initially designed. Indeed, the work bordered 

on the "State of the Art". However, their use was essential to 

meet overall power and packaging requirements. The varactors 

chosen for the chalí were the Microwave Associates type MA460A, 

which had a cutoff frequency of 20 KMC. The basic configuration 

employed is shown in Figure (13) end is defined in the literature 

as the series mode of operation. No idler tanks were used in onrfer 

to simplify tuning and conserve space. Initially, both varactors 

were back biased such that the RF swing would not drive them into 

the forward conduction region. It was the general opinion of 

those in the field that if forward conduction took place in the 

varactor, the efficiency of the stage would be drastically 

lowered. However, the reverse of the theory was found to be true; 

maximum efficiency was obtained when the units were operated 

with a small self bias induced by forward current flow. It is 

interesting to note that a recent publication bv Microwave 

Associates^ has indicated that self bias is now considered the 

optimum operating mode. 
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An initial 4 times multiplier was designed end breedboarded. 

Estimated conversion loss of this circuit was 7 db at 240 MC. 

However, when attempts were made at operating the circuit over 

the band without returning, the conversion loss increased rapidly. 

When two of these stages were cascaded together, the circuit 

became extremely unstable with parasitic oscillation occurring 

at various harmonic frequencies. In addition, the loading to 

the reference oscillator was severe and light coupling was 

necessary for stable operation. It was concluded that a fixed 

tuned system was unfeasible for the required bandwidth needed. 

However, a logical tuning procedure was formulated which made 

adjustment of the circuits practical. It was found that by 

sampling the DC current flowing through the varactor end adjust¬ 

ing it for a maximum by tuning the previous stage, optimum output 

was obtained. Although the magnitude of the current changed for 

a given drive level when the varactor was replaced with another 

unit, optimum tuning occurred when the current was maximized. 

With the completion of the 4th harmonic generator a 3rd harmonic 

unit was constructed. Since the output circuit would be tuned 

to a nominal 720 MC lumped parameter circuits was considered 

unpractical. Therefore the circuit was designed into a coaxial 

cavity together with the mixer diode. The cavity was fabricated 

from a section of waveguide whose dimensions were chosen so that 

the frequency of operation was well below its cutoff frequency. 

The center section of the coaxial line is formed with a circular 

post with the walls of the guide acting as the outer conductor. 
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The end capacity of the line ia varied by a probe placed in 

proxiaity to the center conductor thua changing ita resonant 

frequency. A drawing of thia unit ahowlñg the mixer and varactor 

diode mounting ia shown in Figure (15). Testa results with this 

configuration showed a level of -30 dbm available at the IF ampl¬ 

ifier. Similar tests were run with the 2nd Harmonic generator st&ge 

modified to tune to the 9th Harmonic. A 6 db improvement was 

noted in signal level when compared to the multiplier Harmonic 

mixing configuration. Thia level was 8 db lower than expected, 

which was justified considering that no idler circuits were used 

in the multiplier chain. 

3.4.4 IF Amplifier, Gated Amplifier and Discriminator 

An IF amplifier was fabricated using 2N706 transistor. 

The gated amplifier was designed around a 3N35 tetrode transistor 

which was chosen for its excellent on to off RF signal rejection. 

However, initial teits indicated that only 25 db of isolation was 

obtained using these units. A high conduction diode (1N330A) 

was added in series with each output and these were switched 

concurrently with théir associated transistors. Isolation was 

improved to 40 db with this configuration. Tests miso indicated 

that the gain of these stages would be lower than predicted 

due to the losses in the diodes and the mutual loading effects. 

An additional amplifier was inserted at the input to the discrim¬ 

inator to raise the level and insure good limiting. A conventional 

foster Seely discriminator is employed as a detector. Back to back 

diodes placed across the collector tank serve as the limiter. 
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In order to conaerve apace and reduce etrey capacity, circuit 

boerda are aounted directly on the diacriainator coil fora. 

The diodea and aaaociated coaponenta are aounted on the boarda 

which alao aerre to fora the apacing between prlaery and eecond- 

ary winding of the coil. Although the diacriainator waa wide 

enough to encoapaaa the entire bend a tuning adjuataent waa pro¬ 

vided ao that the croaaover frequency would correapond to the 

reference. frequency. This addition had aeveral adventagea. 

1. Equal lock range ia obtained acroee the bend. 

2. In the abaence of the tranaaitter aignal the output of 

the diacriainator will be near zero, thua limiting the 

amount of error aignal and preventing a runaway loop. 

A simple method was formulated to make this adjustment and 

ia described in other sections of this report. 

The output of the discriminator is approximately 0.1 volta 
Mcps 

with a bandwidth of 6 to 8 Mcpa. This bandwidth defines the 

lock and capture range and makes possible the simple transmitter 

tuning procedure the equipment possesses. Environmental tests 

were conducted on this unit over e temperature range of -50 to 

+ 105°C. The change in discriminator slope waa leas than two 

to one over these extremes. 

3.4.5 Switch Oscillator, Amplifier and Phase Detector 

In conjunction with the development of the RF Section of 

the AFC loop, work proceeded on the design and fabricètion of 

the additional required stages. This included a multivibrator 

which acted as the switch oscillator, low frequency amplifier 



JI " ■ » ■ 

REPRODUCED AT GOVERNMENT EXPENSE 1 
111 1111 "'< 

«nd phas. detector. A echeaetlc of thle eectlon 1. ehown in 

Figure (16). 

The output of the diecri.inetor, which wee belenced to ground 

wae fed to a eeriee of pueh pull a.plifiere. A conventional 

multivibrator eerved ae the ewitch eource. The output fro. each 

emitter provided a 5 volt negative pulee, which wae cla.ped 

to ground, to the Gated Amplifier: In addition, the reference 

for the phase detector was taken fro. a tranafor.er connector 

across the collector of the .ultivibrator. A 4 diode gate circuit 

served as the phase detector. The reference square weve alter¬ 

nately gated on two diodes of the bridge et a ti.e which caued 

full wave rectification of the error signal. Depending upon 

the phase relationships between the error and reference signal • 

positive or negative voltage proportional to the error frequency 

resulted. A low pass filter was Inserted at the output to strip 

the unwanted .odulation off the DC which was to be fed through 

an emitter follower to the AFC Varactor. Temperature tests were 

performed on this unit and satisfactory operation was noted 

ever the extremes. It was at this point in the development that 1 

teàts indicated extreme problems in using varactors for frequency 

modulation. The data acquired for achieving a + 500 KC deviation 

on the Power Oscillator indicated that a lock range of ♦ 2 MC 

for the AFC loop was beyond the "State of the Art" with the use 

of varactors. As such, the existing low frequency section of 

the loop was scraped in favor of a servo systea. A set of ca.s, 

mounted on a common shaft, varies the depth of the plate and 
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cathode tuning plungers and thus the frequency of the Power 

Oscillator. It was originally intended that this would serve 

as the course frequency adjustment for the transmitter. The 

linkage to the cams wai^ not modified so that it could be driven 

by a small servo motor through a differential gear arrangement. 

A more complete description of this configuration is given in 

later sections of this report. 

A size 8 servo meter was chosen which delivered a torque of 

0.22 oz in. It required 400 cps excitation with 3.1 watts for 

the reference phase and 2.7 watts for the control phase. The 

direction if rotation is governed by the phase relationship 

between reference and control voltages. This eliminated the 

need for a phase detector. The original multivibrator circoit 

could not supply the necessary reference power for the motor. 

In its place a DC to AC converter operating èt a 360 cos rate 

was designed. The unit is conventional in design end supplied 

the necessary switch voltages for the gated amplifier as well as 

the required reference voltage. A six stage amplifier, with 

Class B push pull output, drove the control phase of the motor. 

The response of the motor to frequencies higher than 400 cps is 

considerably reduced so that adequate attenuation of high frequency 

modulation component is accomplished with a single RC low pass 

filter. Small signal gain of the unit is in the order of 400 

with the saturated output voltage in the order of 25 VRMS. A 

tuning capacitor is added across the signal winding to resonate 

with the control winding inductance so a 



A schematic of the circuit is shown in Figure (22). In order to 

prevent runaway of the motor during transmitter warm up the AFC 

loop is disabled. The same bias voltage used to keep the power 

oscillator off is used to back bias the switch voltage. A +40 

volt potential is placed on the center tap of Transformer T304 

(Pin 5) back biasing diodes CR311 and CR312. As a result of this 

no switch voltage is present on the gate amplifier until the 

expiration of the delay time. After delay this point goes to 

ground and the AFC loop is closed. 

3.5 Modulator 

The development of the modulator was broken down into two 

parts, the modulation amplifier and the varactor transducer. 

The ultimate gain of the amplifier would of course be determined 

by the Varactor - Oscillator modulation sensitivity. Preliminary 

calculation indicated a gain of five with a 14 volt output swing 

would meet requirements. 

3.5.1 Modulation Amplifier 

The main problem concerning the design of the amplifier was 

its high input impedance requirements. Since transistors are 

relatively low impedance devices, feedback techniques have to be 

employed to raise its level. However, in all cases the absolute 

limit on the input impedance was the effective cqsacity seen at 

the input due to the transistor, cables, connectors and stray 

components. It was anticipated that where a high input impedance 
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was required the information source impedance would also be large 

If the information was in the form of pulse, as in PCM-FM, severe 

distortion of the pulse could be expected. These conclusions 

were verified in tests nn an emitter follower amplifier as well 

as a negative feedback amplifier. In view of obtaining the best 

results possible an investigation was initiated with an aim of 

minimizing the capacity effect. 

A scheme which employed both posftive and negative feedback 

was breadboarded. The basic circuit configuration is shown in 

Figure (6). 

The total input admittance can be shown to be 

Yin = + YL " KYF 

Where : 

®nd B2 are the small signal current gain of transistors 

one and two 

Rj^ is the emitter load on the first transistor 

Yl = admittance to the stray and transistor capacity and 

transistor collector loading 

K = feedback coefficient 

Yp = admittance of the feedback network (Rp & Cp) 

The first term of the expression is the input impedance of 

the amplifier due to negative feedback which is then shunted with 

the input loading (YL). The term KYp is adjusted so that it is 

equal to Y^. 
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Note that in the event the term KYp is greater than + g—^— -:¾¾ 
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the admittance is negative and the system is unstable. To 

accoaxcdate working with a high source impedance generator, which 

is connected to the modulator with a coaxial cable, the admittance 

of Yp is varied. The circuit is normally adjusted for the gener¬ 

ator and cable length to be used with the transmitter. 

A schematic of the final form of the modulator is shown in 

Figure (22). An emitter follower was added to the basic amplifier 

and served as a low impedance source for the modulation varactor. 

The modulation gain control is in the form of a potentiometer 

which is the load for the emitter follower. C357 varies the 

feedback admittance and K, the feedback factor, is the ratio of 

R345 to R346. Total gain of the unit is 5 with a 5 VRMS sat¬ 

uration level. The input impedance measured at 400 Kcps is in the 

order of 530 K and the circuit can compensate for up to 60 p.p.fd 

stray cable capacity. Distortion at full output (5 VRMS) is 

0.6% while the 3 db bandwidth is in excess of 400 Kcps. Temperature 

tests on the unit were run over a range of -50°C tó 105°^ with 

little changes in gain or input impedance. This being due to the 

excellent bias stability end negative feedback circuitry. 

3.5.2 Modulation Varactor 

After initial investigation, the development of the varactor 

circuitry was delayed due to the problem encountered in the power 

oscillator circuit. When it was indicated that the power oscillator 

would operate at a 15 watt level, even more strain was placed on 



the varactor. At this time information on varactors in general 

was a minimum and in particular, information on high frequency 

high power application did not exist. The transmission line 

amplification concept, (derived in section 2.2) was used as the 

basic design approach. 

The initial varactor mount was constructed in a coaxial 

section of transmisáion line. A commercial line stretcher was 

inserted between the mount and the cavity. Provisions were made 

for varying the back bias on the varactor end edjuiting the 

coupling into the cavity. Initially the varactor circuit was 

coupled into the plate line with an inductive loop. Moderate 

success was obtained in that a + 200 KC peak carrier deviation 

was noted. However, the oscillator was detuned due to the 

quiescent capacity inserted by the varactor circuit which resulted 

in unstable operation. In addition, tuning of the entire circuit 

was extremely critical. When the coupling was increased in an 

effort to acquire a larger carrier deviation, this effect became 

more pronounced. In addition, several varactors were destroyed 

even though great care was taken to limit forward and reverse 

current. The initial varactors employed were of the MA42ft7 

type, which were 30 V, 1 watt units with a 10 KMC cutoff frequency. 

These were the best varactors available at the time, but analysis 

showed that they were not suitable for our purpose. In order to 

ascertain the necessary varactor paramèter, an investigation 

was performed to determine the power dissipation capability the 

unit must possess (see appendix). The varactor dissipation is 
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given by: 

Pd = PoQl 

where : 

Po 

Q 

2 ($ f 
f o 

Output power of oscillator 

Loaded Q of the oscillator cavity 

ratio of total carrier deviation to carrier frequency 

= Change in capacity of varactor 

C2 = maximum value of capacity 

Cj^ = minimum value of capacity 

Q2 = WÜTR 
¿ 8 

Rg = «guivalent series resistance 

It is seen that the term PoQL !¿Lí i, dependent u 

circuit requirements while the term 

pon 
1 

. C2 

is a function of the varactor parameter. Note that for low 

power dissipation the varactor should have a high Q and a large 

ratio of minimum to maximum capacity. Various manufacturers were 

consulted in relationship to the desired parameter. Information 

obtained at these consultations indicated that our requirements 

were beyond the then ’’State of the Art". However, two manufact¬ 

urers (Microwave Associates and Microstate Electronics) indicated 

developmental progress in their varectors that would make them 

fit our needs. Agreement was made to purchase these units as 

soon as they were available. In the interim, e new modulation 

system was investigated. 

-Sé' 



The new eyeten utilized a high frequency diode placed In series 

with a fixed reactance. The circuit was then coupled to the 

oscillator through a snail section of transmission line. The 

modulation voltage was used to vary the conduction period of the 

diode and thus vary the reactance to the tank. A low frequency 

breadboard was designed to prove the concept with excellent 

results obtained at 20 mcps. However, when an equivalent was 

tried at "S” Band, the oscillator became extremely unstable. In 

addition, although large deviation was noted, the detected ¡output 

showed appreciable distortion. It was recognized that the pro¬ 

blems encountered in this configuration would require a great 

deal of time to solve and work was therefore stopped. 

Late in 1961, varactors were procured from Microstate and 

Microwave Associates. The Microstate unit was a Gallium Arsenide 

varactor with 1 watt dissipation and a maximum series resistance 

of 1.0 ohms. The use of Gallium Arsenide was comparatively new 

in varactor diodes but did offer excellent temperature character¬ 

istics. A silicon varactor diode was obtained from Microwave 

Associates. This unit was rated for 120 volts and 3.5 watts 

dissipation. The maximum series resistance was 1.7 ohms with a 

maximum to minimum capacity ratio of 10. In addition to the new 

varactors, the coupling arrangement was modified to work into 

the cathode cavity instead of the plate cavity. Considerable 

success was obtained with both varactors. Peak frequency devia¬ 

tion of + 400 KC was noted and the modulation linearity was good. 
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Although power pulling was reduced considerably, the cathode 

cavity did require re-adjustment. In addition, some trouble 

was experienced at the low end of the band (2150 MC) in achiev¬ 

ing maximum deviation while holding the output power to 15 watts. 

It was concluded that the feedback circuit would have to be 

modified to compensate for the power lost to the varactor by the 

cathode cavity. At this point in the development, a set of cams 

had been fabricated for the plate and cathode cavities. Data 

indicated that these would have to be modified to compensate for 

the varactor capacity. It was recognized that the varactor mult¬ 

iplication scheme would be frequency sensitive. Experiments 

were conducted with view of using stubs to broadband the device. 

However, data showed that a device which possessed a negative 

slope of frequency vs reactance would be required. It was 

impossible to do this, so that a tuning adjustment had to be 

devised. Since it was completely impractical to provide a line 

stretcher to compensate for frequency change a stub was added to 

perform the function. In effect, the stub was a variable capacit 

which loaded the end of the transnission line thus varying its 

line length. For values of impedance with smell resistance com¬ 

ponents, the effect of changing the capacity is almost the same 

as changing the line length. Modifications were performed on 

the cavity feedback loop and cams to accomodate the varactor. 

Additional work was performed on the stub and varactor mount so 

that it would track over tuning band. A schematic drewing of 

the varactor modulator is shown in Figure (17). 
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Excellent resulte were obteined with the system. At 2200 MC 

a + 500 KC deviation was obtained with a minimum output power of 

15 watts. At 2300 BC over a j- 1 MC deviation wes recorded with 

15 watts output power. This change in modi let ion sensitivity ^es 

due to the effective tuning capacity across the plate cavity. At 

2300 MC very little external capacity is used to resonant the 

plate line and thus the effective change caused by this varactor, 

has greater effect. Detail tests on modulation linearity and 

distortion are shown in later section of the report. 

3.6 Power Supplies 

The equipment was designed to operate with either of two power 

inputs: 115 V at 400 cps, or 26 Volts DC. Both units were to be 

identical in size and capable of operation with or without the 

control box. In addition to supplying the necessary power for 

the transmitter, provision had to be made for a delay circuit to 

keep the power oscillator tube off while the fiUment warmed up. 

Of prime importance in the design was a low percentage of ripple 

which would minimize residual FM Carrier output. 

3.6.1 DC Supply 

A schematic of the DC supply is shown in Figure (18). It 

consisted of a conventional DC to DC convertor with rectification 

and filtering accomplished in the secondary circuitry. In order 

to reduce filtering requirements, the converter is designed to 

operate at a frequency of 2500 cps which yields a secondary 
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ripple frequency of 30®cps. Silicon Zener Diode» provide reg¬ 

ulation for the low level voltage». The plate »upply for the 

power oscillator 1» derived fron a full wave bridge and pie filter¬ 

ing network. While thi*<dircáit is unregulated, the nlnlnun 

output power will ba delivered by the trananltter at low line 

levels. 

Data supplied by the manufacturer indicated that a 1 minute 

warm up period would be necessary before the tube would ba allowed 

to draw currant. Conventional time delay relays would not with¬ 

stand missile environment and in addition would require additions! 

power., The time delay system developed is an electronic unit 

which biases the tube off for a period of 1 to 1 1/2 minutes. 

It consists of a unijunction transistor operating as a relaxation 

oscillator. The output is used to control the gste of » silicon 

controlled rectifier. Once the SCR fires, the gate loses control 

of the anode current and can only be turned off by turning off 

the unit. When the SCR is open, +40 volts are applied to the 

cathode of the transmitter tube biasing it off. This samo volt¬ 

age back biases the switch diodes, thorpby disabling the servo 

loop. When the SCR fires the anode goes to near ground potentialt 
i 

which allows the tuba to draw currant and activates the servo loop. 

Environmental data was performed on power supply and results 

indicated satisfactory operation up to 103°C.- 

m 

— 

* 

•i 

Û 

» 

3.6.2 AC Supply 

A schematic of the AC power supply la shown in Figure (19). 

The circuit is conventional and vary similar to the DC supply. 
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METER SWITCH VIEWED FROM KNOB END 
(SP8T-Z SECTION - NON SHOPTIN6) 

I = FREQUENCY 
Z- DELAY BIAS 5QV FIR. 
3= OSC. PLATE CUR. ISO MA FIR. 
4-s OSC. CATHODE CUR. 200 MA FIR. 

4th HAR CUR. 2.5 NIA FIR. 
6* 9™ HAR CUR 100 UA FIR. 
7- MIXER CUR 2.5 MA FIR. 
Bs AFC ERROR SIGNAL 30V FIR. 
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for transmitter frequency. Position 1 of the meter switch 

monitors this voltage and is calibrated for each equipment in 

terms of frequency. In this position of the switch, each division 

is equal to approxirtely 6 MC so that the transmitter can be 

brought into the AFC lock range without the use of auxiliary 

equipment. Detailed tuning procedures are given in the equip¬ 

ment maintenance manual. 

3.8 Tuning and Maintenance Provisions 

One of the unique features of the equipment is the relative 

ease of tuning and internal checking provisions provided. An 

overall Block Diagram of the transmitter is shown in Figure (21) 

and overall schematic in Figure (22). The heart of the tuning 

and maintenance procedures is the AFC function switch and the 

metering circuitry located in the control box. With reference to 

Figure (21), the AFC function switch controls the gate voltages 

to the switch amplifiers as well as the error signals to the 

control winding of the servo motor. In position 1 of the switch, 

the AFC loop is closed and both reference and transmitter channels 

receive gate voltage. In position 2, the gate voltage is removed 

from the transmitter channel and the signal winding of the servo 

motor is opened. However, the error signal voltage diode cir¬ 

cuitry still records the output of the servo amplifier. Thus 

by offsetting the discriminator crossover point an error signal 

is fed through the Servo amplifier checking its operation. Now 

if the mixer is detuned and the discriminator is offset, when 

the AFC function switch is brought back to position 1, a false 

error signal is created and the servo motor will turn. In chenging 
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transmitter frequency, e procedure elBller to this is utilized. 

A false error slqnal is crested end the transmitter channel is 

disabled. The loop is then closed and the servo motor is allowed 

to run until the frequency (as observed on the control boz meter, 

position 1) is within lock range and then turned off. The mul¬ 

tiplier chain and mixer are then tuned and the transmitter is 

then locked on frequency. In position 3 of the function switch 

the reference channel is disabled and the loop is opened. Hewever, 

the transmitter channel is operating so that the output of the 

discriminator is proportional to the transmitter frequency. After 

the system is brought within lock range, the mixer is now tuned 
i 

in this position for maximum output from the servo amplifier 

(as observed by meter on control box in position 8). In addition 

this serves m an excellent check on the transmitter channel of 

AFC circuit. The combination of the control box meter and test 

jacks in conjunction with the AFC function switch can Isolate any 

malfunction of the equipment. For a more detailed tuning and 

maintenance procedure, reference is made to the maintenance 

manual written for the equipment. 

3.9 Packaging 

One of the major problems in this* development was to provide 

for acceptable operating temperatures of both active end passive 

electrical components. This was difficult inthat the volume of 

the transmitter and the power supply packages were limited to 

460 cubic inches, and cooling was to be limited to radiation and 

natural convection into ambients of 100°F and 100,000 feet 

altitude. The size and shape of the transmitter's oscillator 



cavity, power supplies, transformers and filter capacitors rest¬ 

ricted the overall package to the extent that a large flat package 

with an abundance of external surface area for cooling became 

infeasible. Therefore, special attention had to be given to 

"heat sinking" many electrical components so as to minimize 

the temperature drop between these components and the exterior 

cooling surfaces of these respective housings. This left only a 

few components which were able to operate in the 125ÖC sea level 

ambient predicted for the air Internal to the packages. 

One of the most unique solutions to the "heat sinking problem 

involved the anode of the 2C39 type planar triode oscillator tube. 

Inasmuch as grounded grid operation became necessary, the "heat 

sink" had to operate across a potential of approximtely 1000 volts 

The solution involved the use of a thin slab of sintered beryllium 

oxide which is far superior to the more conventional mica as it 

has a co-efficient of thermal conductivity approximating that of 

aluminum. A drawing showing this construction is shown in 

Figure (23). 

Construction of the power supply castings is also rather 

unique in that they resemble an I-beam with closed ends. The 

web, in this case, serves to indirectly "heat sink" components 

to the exterior surfaces of the supply and removal of the covers 

provides access to components on either side of the web. 

To facilitate replacement, all transistors ai;e mounted in 

sockets. The planar triode, the modulation varactor, the servo 

motor, the AFC crystal, mixed diode, as well as all the transis¬ 

tors in the AFC are reached via convenient access plates. All 
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tuning controls are readily accessible via a single convenient 

access plate, and tuning of the center frequency is accomplished 

electrically. An overall view of the equipment is shown in 

Figure (24). 
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4.0 PERFORMANCE DATA 

One of the critical problena associated with the developaent 

of this equipment was the difficulty encountered in procuring 

test equipment suitable for FM deviation, distortion and linearity 

measurements. No commercial equipment was available that would 

measure these parameters at "S" Band. The following procedures 

outline the methods and equipment that were evaluated to yield 

results with accuracy that was meaningful. 

4.1 Electrical Test Data 

The test setup and the equipment used for testing are shown 

in Figure (22) and Table (1} respectively. The electrical test 

data may be broken down into 3 main categories. They are: 

1. Frequency Stability 

2. Power Output 

3. Modulation 

4.1.1 Frequency Stability 

The transmitter is tuned to the desired frequency. After 

turn-on, a 5 minute warm up period is allowed before stability 

measurements are made. With reference to Figure (23), a sampling 

of the transmitter frequency is fed to the transfer oscillator 

counter type frequency measuring setup,through a directional 

coupler. After the warm up period, a plot of carrier frequency vs 

time is taken every minute for a period of not less than 30 minutes. 
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TABLE 1 

5 

LIST OF TEST EQUIPMENT 

NOMENCLATURE MANUFACTURER 

Transfer Oscillator 

Frequency Counter 

Wave Analyzer 

Audio Oscillator 

Power Meter 

Directional Couplers (20DB) 

Attenuator (20 DB) 

Load Resistor 

Differential Voltmeter 

FM Deviation Meter 

Spectrum Analyzer 

Oscilloscope 

Pulse Generator 

Wide Band I.F. * 

Amplifier and Discriminator 

Hewlett Packard 

Hewlett Packard 

Hewlett Packard 

Hewlett Packard 

Narda 

Narda 

Narda 

M.C. Jones 

John Fluke 

Marconi Instruments 

Lavoie Laboratories 

Tektronix 

Electro-Pulse, Inc. 

Collins Radio Co. 

MODEL # 

504B 

524D 

302A 

200C 

440 

3003-20 

757-20 

636NC 

B03 

TF92R 

LA-18M-133 

541A 

3450D 

551A-1 

'• A 
► 

» Part of R.F. Receiver Model #551A-1 manufactured by 

Collins Radio Co. 
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In addition, the line voltage is adjusted for both low and high 

setting (25 to 29 volts) and the carrier frequency recorded. 

Typical results obtained with the unit showed a stability of 

.002¾. 

4.1.2 Power Output 

The Power Output is measured by sampling the transmitter 

power through 2 calibrated directional couplers. The output of the 

directional coupler is fed to a thermistor type power meter and 

the resultant power read directly. The output power is recorded 

for both low and high line and, in addition, it is checked at 

low (2200), middle (2250), and high end (2300) of the frequency 

band. Results show that a minimum of 15 watts is obtained under 

the above stated condition. 

4.1.3 Modulation 

(a) General 

The test setup for measuring linearity, deviation and dis¬ 

tortion is shown in Figure (23). In all cases the measuring pro¬ 

cedure involves converting the transmitter signal to a lower 

frequency, demodulation of the signal with a calibrated linear 

discriminator and using the resultant waveform for testing. For 

deviation up to 500 KCs end modulation rates up to 125 KCP’s, 

the Marconi Deviation Meter serves as the calibrated discriminator. 

Calibration and linearity of this equipment are within 0.1¾. 
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For the narrow pulae width high bit rate aodulation (PCM/fM), 

a wideband diacriainator is used. The output of the unit has 

been calibrated with the Marconi Deviation Meter so that high 

bit rate 500 KC deviation can be neasured. 

4.1.4 Deviation Measureoent 

The demodulated output of the deviation meter is fed to an 

oscilloscope and accurate differential voltmeter. For deviation 

of 10 KC to 400 KC the deviation meter has a direct readout. For 

deviation below and above this range, additional calibration has 

been made. To check these results and to insure that the deviation 

meter is not working on a spurious harmonic, the spectrum analyzer 

is used to measure deviation by the well known lost carrier tech¬ 

nique. Results show that the equipment is capable of 500 KC 

deviation with a maximum of 1.1 VRMS input. 

4.1.5 Distortion Measurements 

The input voltage to the modulator is adjusted for a specific 

carrier deviation. With this output level held fixed, the distor¬ 

tion of the modulation source is measured with the use of a Wave 

Analyzer. This instrument is essentially a tunable narrow band¬ 

pass filter followed by a low noise amplifier. The relative mag¬ 

nitude of the fundamental component of the input wave is then 

recorded with respect to the various harmonics. So that the % of 



distortion is given by: 

= Distortion = 

This method of measurement eliminates noise and 60 cps pickup, 

which is the limiting factor in most distortion measurement 

systems. The process is then repeated for the demodulated output 

from the deviation meter. The resulting distortion D2 is measured 

as outlined above. 

The actual distortion is then given by 

The following data is typical of the unit's performance: 

Deviation in + KCPS % Distortion 

125 0.5JÇ 

160 1.095 

250 2.095 

400 4.596 

500 6.595 

4.1.6 Linearity Measurements 

The output of the deviation meter is monitored bv a differen¬ 

tial voltmeter. The deviation is adjusted to a specific value 

using the Marconi Deviation Meter. The voltmeter is then switched 

to measure the input voltage to the modulator and this process 

is repeated in 10 KC steps up to 150 KC. The accuracy of the 
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differential voltmeter is 0.1%. Typical results of these tests 

are shown in Table 2. This data indicates a linearity of 1% 

when referred to the 150 KC deviation voltage. 

4.1.7 Residual FM 

The test system described for measuring carrier deviation 

is used to measure residual FM. Results taken with the DC to DC 

convertor power supply indicate that the unit has a maximum of + 1 

KCPS carrier deviation in absence of a modulation signal. It 

should be pointed out, however, that the 28 volts source used in 

the test had low ripple (less then IV P to P). No tests were run 

with a 5 volt ripple on the input line. It is expected that such 

ripple could cause excessive residual FM. 

4.1.8 PCM/FM, PDM/FM 

A pulse generator with variable pulse width and pulse repetit 

ion rate capabilities is used as a modulator source. The band¬ 

width limitation of the Marconi deviation meter is 125 KCPS so that 

the high bit rate requirements of PCM/FM modulation cannot be 

used. In order to view this type modulation, a wideband FM dis¬ 

criminator is used. Bit rates of 800,000 and pulse width as small 

as 0.6 microsecond have been demonstrated. The rise time of the 

output pulse is limited by the 500 KC bandwidth of the modulator 

and is in the order of one microsecond. It should be noted that 

PCM information is AC coupled to the modulator so that it looses 

its DC reference. However, a ’’one" can be distinguished from a 

"zero” if the receiver discriminator characteristics are known. 
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A "one" pulse will cause the carrier to deviate to a lower fre¬ 

quency while a "zero" will cause it to deviate to a higher 

frequency. 

4.2 Environmental Teats 

4.2.1 Temperature 

The equipment was subjected to temperature variation of 

-50 C to +85°C. Power Output, modulation characteristics and 

frequency stability measurements were made at these extremes, 

using the measuring techniques described previously. The result 

showed a frequency stability of + 005?5. A minimum of 15 watts 

output power is obtained and modulation charaderistics were essen 

tially the same. 

4.2.2 Relative Humidity and Altitude 

No tests were performed in the unit in regard to relative 

humidity and altitude. However, the unit is pressure sealed 

and no trouble is expected in this area. In addition, high 

altitude radiation cooling has been evaluated and appears satis¬ 

factory. 

4.2.3 Vibration 

The unit was subjected to the following vibration tests: 

10 to 500 cps at a double amplitude of 0.036 inch and 500 to 2000 

cps at 15 G applied acceleration in three mutually perpendicular 

planes. The data taken showed that the unit possesses no major 
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resonances (magnification greater than 3:1). Output power and 

frequency stability are within the limits previously described. 

However, a large amount of residual FM was noted at various vibra¬ 

tion excitation frequencies. The residual FM was in the order of 

+ 30 to 60 KCPS peak. Examination of the detected output showed 

the modulation rate of the residual FM to be at 10.7 KCPS. This 

condition was noted at various vibration frequencies across the 

band with more drastic results noted at higher vibration frequen¬ 

cies. It was determined that the disturbance was due to a 

resonance in the oscillator tube. The tube was mounted on a heavy 

plate with all power leads soldered directly to the contacts. 

The vibration source consisted of an audio oscillator driving a 

pair of headsets which were mounted on the same plate. The test 

setup is shown in Figure (24). By varying the frequency of the 

audio oscillator and observing the sampled plate current, it was 

noted that the tube exhibited a self resonance at 10.7 KCPS. The 

Q of resonance was extremely high and it was possible to excite 

the same resonance at various sub-harmonics of the resonant 

frequency. It was found that with less than 1G of applied 

acceleration, the peak change in plate current was in the order of 

100 microamps. The bandwidth of this mechanical resonance was of 

the order of 10 cps (Q^ 1000). In addition, a channe in heater 

voltage resulted in a change in the resonant frequencv. Contact 

was made with various tube manufacturers concerning the problem end 

other types as well as specfel tubes were tested for the same pro¬ 

perty. The following is an example of the data obtained: 
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Tub< Type 

2C39B 

7289 

6897 

3CX100A5 

ML7211 

ML7855 

3CX100A5 

Résonant Freq. 

10.7 KCPS 

8.0 48 KCPS 

5.25 KCPS 

8.500 KCPS 

4727 

8947 

9.7 KCPS 

R 
1000 

800 

1400 

- 20,000 

Ä 800 

V out 
Acroa s 
1K_ 

100 MV 

200 MV 

800 MV 

100 MV 

2 volts 

300 MV 

50 MV 

It should be noted that tests indicated that the resonant 

frequency the tube exhibited was repeatable to within 10% for the 

same tube type and same manufacturer. By filtering out the 

unwanted 10.7 KCPS signal we were able to recover a clean modu¬ 

lation signal. In addition, a check was run on the intermodulation 

components with the resonant frequency and modulation frequency 

both present. Intermodulation components were found to be around 

1% of the modulation signal at a deviation of + 150 KCPS. 

4.2.4 Shock 

The unit was subjected to 50 G for 11 millisecond duration 

in three mutually perpendicular planes. Here again the resonant 

frequency exhibited by the tube caused excessive residual mod¬ 

ulation. 

4.2.5 Acoustic Noise 

To date, no tests have been run for this property. However, 

it is felt that the same resonant property exhibited during vibra¬ 

tion and shock would also show up in this test. 
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4.2.6 Acceleration 

To date, no teste have been run fer this property. Howe 

no problen is forseen in Besting 40 G for one ainute in three 

mutually perpendicular planes. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 
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» 

5.1 Conclusions 

The primary objective of tbe AN/akA( ) proprem ... the 

development of airborne telemetry tr.nmmitt.r for the new 

2200 to 2300 mcps telemetry bend. Meet of the de.lpn objective. 

outlined for the equipment have been de.lqn.ted a. pool, to be 

met by .970 . ih. following objective, »ere met bv the tren.- 

mit ter : 

(a) High input impedance modulator which can effectively 

reduce the effect of stray wire and cable capacity. 

(b) Capable of FM/FM, PDM/fM, and PCM/fM type .adulation 

in accordance with MIL-STD-442. 

(c) Maximum carrier deviation la exce.e of + 500 K cp«. 

(d) A 1¾ modulation linearity »1th carrier devl.tlon. up 

to i 150 K cps. Total dl.tortlon of 1% »1th . 125 K cp. carrier 

deviation and 6% at + 500 K cp. carrier deviation. 

(e) An output power of 15 w.tt». In any 100 *cp. band over 

range of 2150 to 2350 mepa, without the use of an auxiliary 

amplifier. 

(f) Carrier stability of ± .005* over a temperature range 

of -50°C to +85°C without the use of crystal oven. 

(g) Total volu.e including power supply of 430 cu. inche». 
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In meeting the specifications it was felt that an increase 

in the "State of the Art" was accomplished in several areas. 

These include: 

1. The use of varactors and its associated multiplier 

circuitry in modulating a high frequency, high power trans¬ 

mitter . 

2. Development of a 15 wett power oscillator which is tunable 

over a 100 MC range at "S" Band. 

In addition, the program revealed the resonance effect in 

the UHF planar triode grid structure and its effects on residual 

modulation when excited under shock and vibration. To the 

author's knowledge, there is no other published literature avail¬ 

able on this phenomenon. It is also felt that the unit is unique 

in requiring a minimum of auxiliary equipment and time for the 

purpose of changing carrier frequency. 

In conclusion, it is felt that the equipment represents a 

significant step forward in meeting the IRIG proposed goals for 

the new "s" Band range. 

5.2 Recommendations 

It is highly recommended that a program be instituted to 

minimize the grid resonance effects now present in t/HF planar 

triode tubes. Unsolicited proposals were received from such 

companies as General Electric, Eitel-McCullough, end Machlett 

-Pf' 



Labs.,for prograns which would aodlfy the resonance effect. In 

addition, the basic militar/ specification governing tubes 

(MIL-E-ID) should be modified to Include vibration frequencies 

up to 2000 cps. The present tests are conducted at frequencies 

which are too low to indicate the presence of high frequency 

resonances. 

It is also recommended that modifications be performed on 

the existing unit for operation at the new L bend (1435 - 1535 mcps) 

telemetry band. Preliminary investigation has indicated that 

considerably more output power, at a greater efficiency could 

be obtained with minor modification of the power oscillator. 
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APPENDIX 

VARACTOR POWER DISSIPATION 

By H. Cohen 

AC ~ Effective change in varactor capacitance 

ÓC = Effective change in cavity capacitance 

6c = E, 

Ac 

The ratio of ¿> C is, in effect, a coupling factor which 

relates the tank voltage to the varactor voltage. We also note 

that the differential change in frequency is related to the 

differential change in capacity by: 

(1) ¿f = 1/2 ÔC 

o ''o 

Where ¿f = Change in osc. frequency 

C0 - Nominal tank capacity 

f = Center frequency of osc 

The voltage across the varactor is related to the tank 

voltage by: 

(2) E„ - E. 

The voltage across the tank is given by: 

" 1/2 (3) Et = (V.A.) (Xt) 

Where V.A. = Volt amperes in the tank circuit 

= Tank reactance 

Sub (4) into (3) yields: 

(4) 
Ev = (V.A.) (Xt) <5c l1/2 
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Now, 

Xt ‘ UT 
and -fe 

2 Ö f 
—r— 

There fore, 

(5) E » = [("■a. 
TTF 

il 1/2 

We now note that the volt eaperes of e tank circuit la qlven 

by the product of the Power Output and the loaded Q of the tank. 

There fore , 

(6) 
Ev = PoQL ' 

’ ÜF 

1/2 

The above la a general equation of the RMS voltage across 

the varactor. If we represent the varactor as a resistor in 

series with a variable capacitor, then a portion of the voltage 

will be developed across each. Before proceeding with the como- 

utation, it would be desirable to work with a parallel combination 

of R & C rather than a series. 

It can be shown that: 

C 
CP 

S p ~ 

((JC¡R )2 + 1 P 

+ 1 

T77 
C ^ R 
s s 

= Rg(Q + 1) 

W^ere Cp = Equivalent parallel "C" 

Rp = Equivalent parallel "R" 

Also, we let 

Cj = Minimum value of series capacitor 

C2 = Maximum value of series capacitor 
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so that 

Ac - Cj - Cj 

(7) AC = -^3- 
P (L/C2Rg)2 + 1 

From equation (6) 

^22 - Cl0l2 

L^jRg)2 ♦ 1 1 + Q22 1 + Qj2 

E = 
V fA • * 

o 

1/2 

Sub in equation (7) 

The power dissipated in the varactor is qiven bv: 

E 2 _ rn 2Ó F Í /2cr2R- 1 
R— oqL # r~ • U- 8 8 , * "u\C- 

p (L/g r )2 + 1 ^ P B B 

It is seen that this equation is a ■aximum for maximum C. 

c 

ó 
Therefore, we will compute the power using the value of C2 and Q2 

(ß) Pd = P q, . — . -L- • -î- 
L Rg (Q2¿ + l) u^cp 

Multiply numerator and denominator by C2, yields: 

<9» pd = po«l • 4; -¡jhr • Y2 
0 p Õ? I 1 

end then sub for A C 
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> > 1 

Q2 > > 1 

So thet 

Pd = PoQl 

The final equation for the varactor dissipation can be 

2 ó broken up Into two parts. The term PoQL —is fixed by circuit 

requirements. The term —*-■*— 

C2 " C1 

1 
is completely 

related to the varactor characteristics and, so to soeak, is the 

"Figure of Merit" of the unit for this type application. We 

define : 

FM = Q2 . 1 '1 

so that, 

n -no 2 (5 F 1 
pd ~ poQ2 * —i— # nr 
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It is evident that in picking a varactor for this type 

application, the varactor should have high ratio of maximum and 

minimum capacity end a high Q at the maximum capacity point. The 

approximation made in the above derivation included neglecting 

the series inductance as well as the parallel capacity of the 

varactor. It is felt that these two parameters are held to a 

minimum for the most part, particularly in the new Pill Type 

Package. The approximation involved for is valid as long 

as the Q of the varactor is four or greater at the maximum 

capacity value. 






