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Pref ace 

This report is an attempt to discover any benefit 

of phase-lock circuitry that could be applied to space 

communications. Although my formal training has been 

quite varied, with little emphasis on any one engineer¬ 

ing or scientific field, this has been an opportunity 

to delve more deeply into one specialized field and 

to learn for myself what, perhaps, most electrical 

engineers take for granted. 

I wish to express my gratitude to Professor T. L. 

Regulinski, whose understanding and patience encouraged 

me and whose recommendations provided me much material. 

I also wish to acknowledge my indebtedness to my wife 

and son who have sacrificed as much as I during this 

educational endeavor. 
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Abstract 

Phase-lode is a technique vhich is applied to phase coherent 

cannunication systems and vrhidi will effectively reduce the band¬ 

width of those systems. A first order telemeter shows a signifi¬ 

cant increase in range, as docs a second order radar end a third 

order telemeter, when phasc-lod: circuitry is incorporated into 

the system. The magnitude of this range advantage is greatest in 

the low megacycle range of carrier frequencies. This advantage 

also depends on the characteristics of the transmitted wave and 

the equation of motion of the transmitting vehicle. 

viii 
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THE EÍ7ECT OF PHASE-LOCK CIRCUITRÏ 

ON RANGE OF CŒ1-IÜNICATIQN SÏST21S 

I. Introduction 

The purpose of this study is to determine any ranee advantage 

that any result fron, the araploynent of phase-lock circuitry in 

caumunications and to explore tliis advantage over the conrranica¬ 

tion frequency spectrm. Those connunication systeras vixich offer 

three different types of input sigaalc will be studied. Ehe pulse 

tine nodulated teleneter enploys a frequency step uhich vill bo 

analyzed in a first order phase-lock loop. The pulse-doppler 

radar return fron an accelerating target enploys a frequency ranp 

which will be imposed on a second order system. Another pulse 

time nodulated teleneter enploys a frequoncy parabola when trans¬ 

mitted fron a vehicle traveling at a constant rate of change of 

acceleration. This vill be the input to a third order loop. 

Background 

Point to point radio communications in the high frequency 

ranges are governed by the range equation: 

? 

1 
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¿ny method of increo.eir*c the gain of the receiver (¾) will cause 

an increase in the range (R) if other factors remain constant. 

A range increase is of great value for deep space connunications 

systems. 

An increase in the gain of the receiver will also ho of value 

in satellite co:xiunicaticn, where range varies only slightly, 

since a proportional decrease in the power recaiircd oy the trans- 

aitter will result. Power supply occupies a large portion of the 

weight of every satellite, and the weight percentage could be re¬ 

duced appreciably by a significant decrease in power required ty 

the receiver. 

Phase-loci: is the tern applied to a circuit which could 

cause a significant decrease in the signal power required ty the 

receiver. This circuit technique employs no new theories, but it 

is possible at the present time assuming no so-celled "scientific 

breakthroughs.n 

Assumptions 

la this study, the input is assumed to be a sine wave plus 

uncorrelated white Gaussian noise. The sine wave was chosen since 

any electrical signal can be defined as a Fourier series of sine 

terms. White noise is narrowbanded noise about the center fre¬ 

quency of the signal. The spectrum of white noise is flat, 

which appro:imo.tes the clmracteristies of atmospheric noise over 
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a narrow band and allows statistical evaluation of phase jitter. 

The optinnn loop transfer function is used in this study 

since it is physically realisable. In a previous study the fi:-:ed 

filter pnase-lock loop was proceeded by a band pass liaitor. The 

output of this loop was shown to closely approximate that of a 

loop containing a variable filter that was continually readjusted * 

to opliaun conditions (Ref 2:10), 

Statenont of the Problem 

Every communication system has a characteristic bandwidth 

through vMch noise is introduced into the system. This bond- 

widtli can be reduced by the a^uition of a phase—loch loop to the 

system in question. Such a reduction in bandwidth reduces the 

noise introduced into the receiver and this can be interpreted as 

an increase in the Gain of the receiver. The bandwidth reduction 

method is employed in this study to determine any advantage 

achieved through addition of a phase-lock loop for various car¬ 

rier frequencies. 

3 
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II. jJü^cription of the Phase-Lock Loop 

In figure Í , wie signal input to a loop is ascuned to bej 

if? A sin t + ôj (t)J 

where: ms signal amplitude 

signal center radian frequency 

information content of tho signal 

It is assumed tliat the noise input to the loop is narrow banded 

about the signal center frequency and has a flat spectrum over 

the band. The noise input may be represented by 

N (t) sin uft 

The output of the voltage-controlled oscillator (WO) is assumed 

to have an ras amplitude of C, a center frequency identical to 

that of the signal of of, and a phase output of Ô 2 (t) • 

A multiplier beats the signal input and tho output of the 

voltage-controlled oscillator together, giving a low frequency 

output proportional to (Q1 -dj. The loop filter passes onty 

this low frequency tern which is applied to the voltage-controlled 

oscillator and which forces the output signal, Q 2, to bo equal 

to the input signal, 

The bandwidth required by the phase-lock loop must be large 

enough to pass the difference between the input and the outnut 

signals. Since this difference varies less than the signal fre- 

4 
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qucncy, the reduced band\/idth decreases the enount of roiso racscd 

into the loop (Ref 2:2). 

According to tlie eiçcrinents conducted at the Jet Propulsion 

Laboratory by r. j/.ffe and E. Rechtin, this circuit can be sim¬ 

plified by linearisation. This linear circuit is shovm in Ci&xrc 

2. ¿11 coefficients are combined into a single amplifier of 

gain K, and all functions are caressed in LaPlace transforms 

rather than in laic lions of time. 

the loop gain. 

5 
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«1 (s) + 

Tho Plissé-Lock Loop 

Figure 1 

The Linearised Pliaso-Lock Ix)op 

Figure 2 

6 
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III., The Pirrt Order Syston 

The error in a first order system is 

E(8> irbr! e ! i2-1 
as shown in Appendix A. If the input to this system isa fre¬ 

quency step, then 

A uf 
a = 

The error then becomes 

E(s) = aJ 
(s + D-j) 

or E(t) = Auf (1 - c " Blt) 

as shovm in fip-ore 3. The error is a nnzeinum vien 

4r (E) = 0 
at 

(3.) 

(4.) 

(5.) 

(6.) 

or E(t) becomes nur-mmian as tine increases without boimd, at which 

time Alij 
E(t) mac: 

Bl 
(7.) 

Jaffee and Rechtin have found it advisable to limit this error to 

30° = .0333 cycles (Ref 2:31), thus 

B, = AÁ. (8.) 
.0833 

If a vehicle is transmitting a pulse time modulated signal 

of f0 X 106 cps, there will be no error if the distance between 

transmitter and receiver is constant. Therefore, only the radial 

component of velocity will cause the reception of a signal other 

than f0 X 10° cps. If the vcliicle is traveling away from the 

receiver at a constant velocity, the signal received ;ri.ll be a 

7 
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frequency ctep, 

thus 

Aui 
_V_ V fr 

V f n = (.0122) V fc 

(9.) 

(10.) 
15 (902)(.0833 - v i0 

Tills variation of B-j with velocity end carrier frequency is shown 

in figure 4> where increasing band\ridth results fron increasing 

velocity or increasing carrier frequency. 

Since the loop Bandwidth p arene tor is appro:±antely equal to 

twice tlie bandvñdth (Ref 2:5), the following conparison siay to 

made between a phase-lock ay stem and, a system without phaso-lock 

circuitry 

si 
Af(p.L)ÄF = (.0061) v fc (11.) 

2 fn (Ref 5:31) (12.) 

This comparison implies a difference in gain of the receiver as 

follows: 
A* 

^ (P-L) - 4 f,r.L) 

= ^28 Iq 
v f. 

|JR 

¾ 

The range equation (1) can be modified to become 

982 (PT GT 0¾] ¥ 
H = 4^f0 

(13.) 

(14.) 

for a system not employing phase-lock circuitry. This equation is 

modified when phase-lock is employed, due to the change in gain of 

the receiver, and becomes 

8 
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982 ( A r 
R(P-L) = 4ííí0 ^Af(P-L) 

Under tîiü follotánj assumptions 

P^i aj Ü 

Gv = 1 

% = 1 

PR = 1 

= 3/90 ops 

V = 2000 rt/scc 

(15.) 

solving equation 15 for P^ ¿ yields 

_JLi 78,2 
PT " f fO (1^.) 

51141 = 142,,, (17-! 
ÇT r0 3/" 

These results are conparod in figure 5» 

In figure 5, the range-power comparison is not always in favor 

of the phase-lock system as demonstrated with a carrier frequency 

of 1000 me. This implies a certain critical carrier frequency, 

above which the advantage is with the system which does not em¬ 

ploy phase-lock circuitry. This is the carrier frequency for 

which* 

B = R(P-p = 742 
PT t fff ¡o 

or where f0 = 562 me in this example. 

In general 

R(P~L) = 141s (fa 

(v f03' 

(18.) 

(16.) 

(19.) 
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In this case, the crit.ic.al carrier froquency nay be e:;presse¿ as 

a function of vehicle velocity and nodulating frequency ranço. 

f0 = 32Ö T (20.) 

A ccnparison of these results is given in figure 6. 

For the first order system, the phase-loci: loop can pro-'/ido 

a significant increase in range over a conventional pulse tine 

modulating system. To accomplish the highest range-power advan¬ 

tage modulating frequency range must be as large as possible, and 

vehicle velocity must be as slow as possible. Once these two 

parameters are fined, equation 30 can be solved for the critical 

carrier frequency. The carrier frequency actually used must be less 

than that calculated from equation 20, or the phase-loci: is a 

detriment to the communications system. 

If vehicle velocity is not constant, this analysis is not 

valid. The simplest variable velocity is the constant rate of 

change, or constant acceleration. This vehicle notion is con¬ 

sidered in the second erder system. 

10 
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ÍY. '['lio Ccconcl Orácr rfy c teir. 

The error in a nccond order instan ie 

( SA 
-? 0 

(¾ + VT B, s + r:>) 

as shown in Appendix 3. If the input to this syaten is a .fre¬ 

quency ranp, then 

(31.: 

e- = -Í- 
3> 

The error then beconcû 

- 
À-» \ I 

A OÍ 

K B3 V- - + f 
or 

E(t) = 1 + yfp( sin - 2ÍL) 
4) 

as shown in figure 7. This error is a maxiiara when 

4- (E) =-• 0 
dt 

(?.2.) 

(23.) 

( \ V '-4« ; 

(6.) 

I? >nr 
52 

( JI) 
sin ( 4 )_ (75.) 

or E(t) bocones naodnun at t - at \diich tine 

AX. r 
E(t)_,..: = D2 1 + VT. 

As recomended try Jaffe-- rnd P.echtin, this error is not pemitted 

to exceed 30° = .0832 cycles (Ref 2s31), thus 

3? r.r> dot (26.) 

If a vehicle, travelling at constant vr-locit., is ccl.0 trach: 

by doppler radar, it iri.ll rctuir. a frequency step pulse. As tine 

increases without bound, t¿.e error will approach zero for a second 

15 
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order system (Rof 1:123). However, if the target vehicle is 

approaching tho receiver at a constant acceleration, a frequency 

raap pulse return will result. Since 

r UaJL 
+ d= 932 (Ref 5:52) (27.) 

it may be sho’.m that 

A* = if- (f¿ ) = i-tof 
Cit 982 

(23.) 

Thus 

- 32 = (.1593)(a f0)“ (29.) 

Figure 8 shows the bandwidth parameter variation with acceleration 

and carrier frequency. 

3 
(p_LP "2^ = ^-00635 fo (Rcf 2‘5) (30.) 

A^-^f = 2fr (Ref 5:59) (31.) 

The difference in receiver gain due to this bandwidth change con 

be «¡(pressed as follows: 

(r-D *i(p.i) ^ 

= 25.19 yJk-,. (¾ 
(f0 =)“ ^ 

(32.) 

The range equation is modified due to this change in receive! 

gain and becomes 

R(P-L) = 7^i-* l PT Qt % \^~ 
4”fo (P-L) PR ) 

16 
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(33.) 

Under the following assumptions: 

Gt = 1 
Gr = 1 
Pr =1 
fr = 2000 cps 
a = 1000 ft/sec2 

R 
The range equation can be solved once again for p^- , v/here Pj 

represents the power reflected from the target vehicle. 

Rn = 75.2 
P? 'fo 

RlP.r¿l = ¿120 
PT2 fo 5/4 

(16.) 

(34.) 

These results are compared in figure 9. 

As in the first order system, there is a critical carrier fre¬ 

quency, above which the conventional system has a range-pov/er ad¬ 

vantage over the phase-lock ’system. This is the frequency for 

which 

= (35-> 

or where f0 = 2.55 x 10^ nc. 

In general, however, the critical carrier frequency may not 

be this high, since 

R - 78*2 

Pi a* 

(16.) 

(36.) 

17 
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In this case the critical carrier frequency, as a function of 

vehicle acceleration and pulse repetition frequency is 

f 2 
f0 = 632 X . 

a 

This result is plotted in figure TO. 

For the second order system also, the phase-lock loop can 

provide a significant range-power advantage. In the doppler radar 

System this advantage is greatest when pulse repetition frequency 

is high and vehicle acceleration is low. Once these parameters 

■re fi:ced, equation 37 will yield the critical carrier frequency. 

The carrier frequency employed by the system concerned must be lower 

than this calculated value for the phase-lock system to provide a 

range power advantage. 

If acceleration is not constant, this evaluation is not valid. 

1 third order system must be used if the vehicle travels at a con¬ 

stant rate of change of acceleration. 

18 
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Figure 7 

19 
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Tliird Order Syst<n 

The error in a third order system is 

E(S^ + 2 B^ß + 2 33s2 + s3y 
a (38.) 

as shown in Äppendi:: C. If the input to this system is a fre¬ 

quency parabola, then 

¿>0 

The error then becomes 

E(s) = 

(3¾) 

+ 3 B ] (40.) 

or 
3(t) $b-e'bu-fc¿ sf 3in(fb3^ (41.) 

as shovm in figure 11. 

The error is a naxinrum when (E) = 0 or E ( t ) bocomo£ 
(IX 

ntudmum at t~ ^ at which time 
b3 

E(t) max = 1‘0811 (42.) 

If this error is not peimtted to exceed 30® as recommended by Jaffo 

and Rochtin (Ref 2*31), then 

B, = 13.00 4/3 (43.) 

If a vehicle is transmitting a pulse time modulated signal of 

fo X 108 cps, the error due to constant velocity or constant accel- 

23 
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oration will approach zero for a third order system (Ref 1:128). 

However, if the transmitting vehicle is approaching the receiver 

at a constant rato of change of acceleration, a frequency parabola 

will result from a transmitter square wave. It may bo shown that 

the frequency parabola vrf.ll bo 

(44.) 

thus 

Bj= (.2366) (f0b)1/3 (45.) 

Figure 12 shows the variation in bandwidth parameter with rate of 

change of accoloration and carrier frequency. 

Tho bandwidth comparison made between the phase—lock system 

and the system without phase-lode circuitry is as follows: 

l( (f-L) * h = (, 1,83) f0 1/V/3 (Ref 2,5) (46.) 

^ ^ 2 i; (Ref 5,31) (12.) 

The difference in receiver gain due to this change in bandwidth is: ' 

The range equation is modified due to this change and becomes 

24 
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o 

JL 

(33.) 

Under the follov/ing ac sumptions 

Gj — 1 
Gr = 1 
rR = i 
ûa = 34DO q>s 
b = 100 ft/sec3 b 

the range equation can be solved for - -ft - 
PT 

(16.) 

(4ß.) 

These results are compared in figure 13. 

A critical carrier frequency, similar to the first and second 

order systems, exists in this system also. The phas&-lodc system 

does not maintain a range-pover advantage above the carrier fre¬ 

quency for which 

(49.) 

or where f0 = 1.55 x 10 me. 

In general, the critical carrier frequency may bo determined 

from the following: 

(16.) 

25 
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(50.) 

The critical carrier frequency becomes 

f = 70 £aL 
0 b 

(51.) 

wliich is plotted in figure 14. 

As in the first and second order systems, the third order 

phase-lock loop can provide a significant increase in range over 

a conventional system. Tills advantage is determined by the char¬ 

acteristics of the transmitted wave and the vehicle motion. In 

the pulse time modulation system a large modulating frequency range 

and a small rate of change of acceleration of the transmitting 

vehicle result in the greatest advantage for the phase-lock system. 

Once these parameters have boon determined, a critical carrier 

frequency can be determined from equation 51. The carrier fre¬ 

quency' actually used must be less than the calculated value for 

phase-lock to provide any increase in range. 

26 
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,^n«nnrv 

This study shows that under various signal characteristics, 

the use of phase-lock circuitry increases the range of a connu- 

nication systen. In sonie cases the range is increased hy tiro 

orders of magnitude with no increase in power trananitted. 

A vehicle is travelling at 2000 ft/sec and trananitting a 

pulse time modulated signal with a modulating frequency range of 

3400 cps. With a carrier frequency of 10 me, the range can be iiw 

creased 7»6 times with the simple addition of phase-lock circuitry. 

This can be determined by equations 16 and 17. However, if the 

carrier frequency is 100 me, the range is increased only 2.4 

times. Although the increase in range is less at the higher 

carrier frequency, it is still appreciable. 

A situation exists for the second order system. If 

a vehicle travelling at constant acceleration of 1000 ft/sec^ 

radiates isotropically, the range of a doppler radar with a pulse 

repetition frequency of 2000 cps can be increased appreciably. 

This increase can be determined by equations 16 and 34* If ^e 

carrier frequency is 10 me, the phase-lock system has a range 

advantage of 22.5. If the carrier frequency is 100 me, this 

range advantage falls to 12.6. The increase in range in either 

case makes the phase-lock system fer wiperior to the conventional 

doppler radar. 
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A vehicle is travelling at a constant rate of change of accel¬ 

eration of 100 ft/sec^ while transmitting a pulse time modulated 

signal with a modulating frequency range of 3400 cps. At a carrier 

frequency of 10 me, a phase-lode loop increases the range of the 

transmitted signal 76.5 times; and at a carrier frequency of 100 me, 

the phase-lock loop increases the range 51.5 times according to 

equations 16 and 43. 

There is, however, a limiting carrier frequency above which 

the phase-lock system no longer has a range advantage over the con¬ 

ventional system. This limit is fixed by the motion of the vehicle 

transmitting the signal and by the characteristics of the signal 

itself. 

( A vehicle is travelling at 2000 ft/sec and transmitting a 

pulse time nodulated signal under the sane conditions as the first 

order system discussed above except for the carrier frequency. If 

the carrier frequency is higher than 562 me as determined by equation 

18, the range advmtago lies with the conventional system rather 

than the phase-lock system. In this case the conventional system 

will liave a range advantage of 1.34. Similar calculations can be 

made for the second and third order -/stem*, and similar results 

will be obtained. 

In <01 cases a square wave is assumed to have been transmitted 

nnfi vehicle motion is assumed to have modified the signal. In the 

first order system a square wave is assumed to have been received 

( 
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since a ftequency stq? is the only signal vhich will give a finite, 

non-zero error to this system. Similarly the second order system 

is assumed to'receive a frequency ramp sinco a frequency step pro¬ 

duces sero error and a frequency parabola produces infinite error. 

In the third order systm tho frequency parabola produces the only 

finite, non-zero error. 

The bandwidth reduction method is not the only, nor is it 

necessarily the best, method of analysis of a phase-lock system. 

Nevertheless, this method suggested by C. L. Nielson (Ref 4) is 
t 

useful in demonstrating the advantage that may bo obtained. Other 

methods may be used to compare signal-to-noise ratios by statis¬ 

tical studios, and a series solution may be applied to the phase- 

lock loop (Ref 3) to determine the output signal. 

Obe system worthy of further study is artificial satellite 
} 

. i 

comsunlcatlon. Since a largo percentage of the weight of any 

satellite is devoted to power supply, a great savings in weight 

might bo made due to the decreased power requirement of phase-lock 

caanuni cations. 

The equation of motion for an artificial satellite with re¬ 

spect to a fixed point on the earth1 s surface must first be de¬ 

rived. This will determine the order of the phase-lock system 

required. 

The signal to be transmitted from the satellite must be spec- 

( 
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ifled In order to determine the modulating frequency range and 

the carrier frequency to be used. The imurtmum range from the 

satellite to the fixed ground station must be determined. Finally 

the gain of the transmitter, the gain of the receiver, and the 

pover required by the receiver must be specified. It is then 

possible to determine the pover oif the tranaaittcr for phas&- 

lock and conventional systems. 

To determine any weight savings of the phase-lock system, the 

weight of the equipment necessary to generate the calculated power 

must be determined. 

In the third order system described, equations 16 and 48 can 

be used to determine the ratio of power required by the conven¬ 

tional system to the pover required by the phase-lock system. If 

the carrier frequency is 1000 me, the conventional system requires 

1275 times as much power transmitted as does the phase-lock system. 

Phase-lock is the most promising development in long range, 

point-to-point communication available at the present time. It 

requires no new discoveries, no new techniques, and no new pro¬ 

cesses. It can be applied to any phasa-coherent system in use to¬ 

day with little modification of equipment and can increase the 

range of communication of that system ten to one hundred times in 

many cases. 

( 
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Appendix A 

Optirmyn Error Function for ¿ First Order System 

„ . igríai (nef 2*26) 
1 “ s + AKF (s) 

vheret ï(s) = loop transfer function 
F(s} = optimum filter transfer function 

A = signal level 
K = loop gain constant 

F(s) = -ËL (Ref 2:26) 
1 KA 

vdiere: = loop step bandwidth parameter. 

Therefore: 

Since by definition: 

02 (s) = ï (s)0 1 (s) 

where: 

e2 (5) = output signal 

(s) = input signal 

thus: E (s) = G-j (s) -6 2 (s) 

where: E (s) = error 

E(s) = 0! (s) - Y (8)0! (s) 

= [l - ï (8)] 0 1 (s) 
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Appendix B 

i2EÜffiE Mor function £o£ â Second Order Systaa 

I(s)'iTiilb (Rif2,26) 

F (s) = t VT B; a (Ref 2,25) 
iE« 

ï U) = 0., (5) -02 (s) 

= [1 - ï (b)]©, (b) 

= h--k-5)0! (b) (Rûf 4:544) 
U2+ V2B2 8+ s2/ 
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ipp«idl;: C 

thus* 

Misa ^Yor Function for a Third Order System 

*<•> = tÄ 

F(o) = Bj ♦ 2 » ♦ a B3«2 (Ref 2,28) 

JK s2 

ï(s) 

E(s) 

3 2 2 B3 + 2 B3 s + 2 

8^ + 3^ + 2638+2 B3S2 

[l - Kb)] 0! (s) 

h-5-rr^0i(s) ^4*545) (sj + 2 BJ s + 2 B3 s41 + s^)'' 

\ 
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