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A NEW METHOD OF TIME SIGNAL MODULATION AND DEMODULATION 

OF V LF CARRIERS 

A. H. Morgan 

1. INTRODUCTION 

With the recent demands for increased accuracy of clock syn

chronization and time interval measurements, due to the advancements 

in science and particularly in connection with the missile ranges and 

satellite tracking stations, it is evident that the present hf radio time 

services [Iijima, 1947; Morgan, 1959, and NBS, 1960] are in many 

cases inadequate. In view of the much more stable phase conditions 

at VLF, as reported by many workers [Pierce, 1957 and 1958; Crombie, 

1958; Casselman, 1959: and Silkwood, 1959], along with its world

wide coverage [ Watt and Plush, 1961] capabilities, it is of prime 

interest to develop means of distributing time signals via this medium. 

The limiting factors, however, are the narrow bandwidths available and 

the high Q's of the VLF antennas. These factors indicate that a new 

technique, instead of pulse modulation, must be used in order to 

distribute time in the VLF spectrum. A new modulation and 

demodulation method is described below. 

z. OUTLINE OF THE METHOD FOR DISTRIBUTING TIME 

Instead of modulating the VLF carrier at the transmitter with 

sharply rising pulses, two frequency-locked carrier signals, e and e ' 
1 Z 

with a spacing of 1l. w radians/sec. as shown in figure 1, are alternately 

transmitted. One simple method of generating these signals is shown 

in figure 3. 
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Let the non-transient part of the transmitted signals be given as: 

(1) 

(2) 

where t is the elapsed time from some initial known epoch on the time 

scale being distributed and wI and ,w are frequencies in radians per
2 

'.. 
unit time on the same time scale. :Then under steady state conditions, 

the times, tT ' at the transmitt.er at which the two signals are in 
n 

phase-opposition occurs when: (see Fig. 2a) 

(n= ±I, ±3, ±S••• ) (3) 

or 

t = 
T (4) 

n 

The carrier signals ideally at the receiver will the.n be, 

respectively: 

. (5) 

and: 

(6) 

These signals will be in phas e-opposition at the receiver at ti~es 

tR (see Fig. lb) given by: 
n 

\ 

(n = ± 1,:1:3, ± 5••• ) (7) 

l 

http:transmitt.er


3 


(w2-w ) tR = :f:n11' + w 2 -w t
l 2 t

1 1 (8) 
n 

or when: 

n11'+w2t 2 -w tl 
t = l (9)

'., Rn - wIw 2 

At the receiver, the times at which the two signals are in phase
~ 

opposition will differ from the corresponding times at the transmitter. 

This time difference. tdtmay be obtained by subtracting (4) from (9), 

thus (Fig. 2)': 

w2t2 -wI tl 
td= (tT - tR ) (10) 

n n 
w

2
-w

l 

An alternate form may be obtained by use of the relationship: 

_ d 
t - v 

where t is the time delay of a radio signal which travels a distance d 

with a phase velocity v, thus: 

t = [WVV2-WVV~
J

d (II) 
d w2 - WI 

\ If the phase-velocities and distance are known, the times tR ' 
n 

,''1 at which the two received carriers are in phase-opposition may then 

be determined quite precisely. To determine the occurrence time 

of a particular phase-opposition, approximate knowledge of this time 

must first be obtained either from observation of the switching sequence, 
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as described in paragraph 3, or from some other source such as hf 

time signals. This information may be then used to identify a given 

crossover of wI at the receiver with that as transmitted, thus giving 

"microsecond" resolution. 

Each received carrier signal is used to phase-lock two, highly 

stable, locally derived signals of the same nominal frequency (see 

Fig. 17.) Since these signals are locally generated they may have 

very constant amplitude and low (noise) jitter. 

This is an important consideration in the demodulation system. 

It should be empha sized here that the timing accuracy achieved with 

this method will be limited only by the transmission fluctuations of the 

VLF signals. This important aspect of the timing problem has been 

dealt with in detail in another pap-er [Watt, Plush, Brown and Mor gan, 

1961 ]. 

3. PROGRAMMING 

In order to make the method of time distribution independent of 

other time signals, such as those from WWV, a suitable transmitting 

program may be established. For instance, one-second time markers 

may be achieved by switching from one carrier to the other at a one

second rate, while one-minute markers may be identified by omitting 

the switching for, say, five seconds every minute; hourly markers 

may be achieved by further changes in the switching program; etc. 

However, to make full use of this type of programming, special 
(

receiving circuits must be devised in order to detect the precise 

occurrence of each switching time. 
\ ' 
'1 

4. TRANSMITTING ANTENNA SYSTEM 

4. 1 Switching from wI to W z 
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To prevent large aInplitude transients fro In occurring in the 

transIniting antenna systeIn, when changing the transInitted frequency 

froIn wI to w ,' and vice versa, it may be necessary to reduce the
Z

output power; of the transInitter to nearly zero. The antenna would then 

be automatically retuned to the other frequency, and then full power 

would be restored precisely at a zero crossover 'tiIne of the frequency 

to be transInitted, in order to IniniInize the antenna transients. 

4. Z Antenna Retuning 

The retuning of the antenna froIn series-resonance at wI to W z 

Inay be accoInplished autoInatically by use of a circuit such as shown 

in figure 4. The cOInparison of the radiated phase of the signal being 

transInitted, with that as provided to the transInitter input, is Inade in 

a phase d;etector and the error signal used in a feedback systeIn to 

control the antenna reactance. As shown in figure 5 a, a saturable 

reactor consitutes a part of the antenna tuning reactance and this 

component· is varied to retune the antenna. 

5. PHASE STABILITY OF TRANSMITTING SYSTEM 

5. 1 Phase Stability of Antenna SysteIn 

A high-Q series resonant circuit, such as a VLF antenna, with 

an equivalent circuit as shown in figure 5 b, obviously has a large phase

shift vs. frequency characteristic. Therefore, any detuning of the 

antenna.dueto effects of wind, snow, ice, etc. Inay introduce 

undesirable phase-shift into the transInitted signals. 

Experience has shown [Brown, 1960] that the. fractional tiIne 

stability of an antenna, in terInS of the period of one cycle, depends 

mainly on the fractional antenna capacitance changes. The approxiInate 

relationship is: 
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(~ ) ~+ 0.159°0 (t.c/c) (12) 


where T = ( ~), ot is the apparent time change caused by a 
'w l 

fluctuation of the antenna capacitance, and 00 is the quality factor at 

resonance. This equation may also be rewritten to give the maximum 

capacitance change that can be tolerated if t he fractional time jitter is 

not to exceed (~ '): 
/ 

( /:Ji:; Ic) SE; 6. 3d( otl T) (13) 

where d = 1/00' is the dissipation factor 'of the antenna. 

3 
For example, if 00= 10 , f = 20 kc, T= f = 50 j.Lsec., and a ot 


1 


-4 
of 1 j.Lsec. is desired, then (ll.clc)SE; 1.4XlO . At 20 kc, using a value 

c = O. 008 j.Lf·for the antenna capacitance, Il.c could not exceed about 2 

picofarads. The phase-lock system shown in figure 7 would be used to 

correct for the phase change caused by the capacitance changes that 

may occur in the antenna system. 

5. 2 Phase Stability of the Transmitter 

A. Single Carrier Sys tern 

Another source of phase instability in the system is in the tuned 

circuits of the transmitter. An equivalent circuit is shown in figure 6, 
( 

wherein the antenna load resistance is included in the resistance shown. 

It may be seen that fractional changes in tb! transmitter tank circuit 

components, C or L, may also be related to the fractional time stability 

by (12). 
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B. Dual Carrier Sys tem 

In setting a remotely located clock to the transmitted time, it is 

of course necessary to establish a time ( or phase) reference at the 

receiving location. This is accomplished by referenc.e to the times, 

tR • when the received carriers are at phase opposition and relating 
" n 

this to the times, tT ' at the transmitter when phase opposition 
n 

'" occurred there, as previously described. By generating both carriers 

from the same source at the transmitter (sec Fig. 3) and compensating 

for the phase variations (Fig. 7) in the transmitting system, the 

necessary stability of the zero crossovers of each carrier frequency, 

as transmitted, maybe achieved. 

6. PROPAGATION OF VER Y LOW FREQUENCY SIGNALS 

6. 1 Phase Velocity 

It has been shown that the diurnal variation of the phase of VLF 

waves propagated over great distances is almost directly proportional 

to the path length which is in daylight [ Wait, 1959]. A theoretical 

model which has been proposed [Crombie, Allan and Newman, 1958] 

and extended [Wait, Sept 1958, Dec 1958; Jean, 1957; Wait and Murphy, 

1956; Wait, 1959] is a sharply bounded isotropic ionosphere which is 

concentric with the surface of the earth. The ionospheric reflection 

coefficient at higply oblique incidence is taken as nearly unity and 

with a phase near 1800
• 

\ 	 At great dis tances (>3000 km) the higher order modes are 

sufficiently attenuated so that only the mode of order n = 1 need be 

~.\ .. considered. The phase velocity in such a waveguide can then be 

approximated by [Wait, 1959]: 

2- Va h ( 2
V~C(1-~) (1- 2 )E:;5C 1_ 2h +~2 + ••••• )(14) 

16h ,a / a 32h 
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Where: c = velocity of light in vacuo 


h = height of reflecting layer 


a = radius of the earth 


A = wavelength 


Taking differentials, it is seen that: 

6.v rv h A 2 J Ah --=
C [ 2a + 16h2 11 (15) 

where Av is a change in phase velocity resulting from a change of 


height Ah. Results of precise relative phase measurements [Pierce, 


1957 and 1958; Allan, Crombie and Penton, 1956; Crombie, Allan and 


. Newman, 1958] and an anaiys is of the data [Wait, 1959] indicate that 

at VLF, a mean value of h is of the order of 80 km, with a total 

diurnal change of about 16 km ± 2 km. 

From equation (14) it is easy to see that the phase velocity is 


also a function of the wavelength, A, which indicates that at VLF the 


propagation medium is dispersive. 


At the present time the phase velocity of signals around 20 kc 

is not accurately known although at lower frequencies it has been 

determined with a fair degree of accuracy [Wait, 1961]. Before the 

system described here can be fully evaluated measurements of the 

phase velocity and dispersion around 20 kc must be made. This problem 

is discussed in another paper [Watt, Plush, Brown and Morgan, 1961]. 

7. RECEIVING SYSTEM DESIGN 

7.1 Receiving System Requirements 

In order to determine time with "microsecond" resolution: 

(a) The system must be capable of detecting the condition of 


phase opposition of the two locally generated signals. 


l 
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(b) The locally generated signals must be produced by a 

technique which allows one to know that they can be in phase 

opposition only at certain possible times so that one is left only with 

the problem of deciding which of the possible occurrence times is the 

actual occurrence time of a particular phas e opposition. 
(,1' 

(c) The possible occurrence times must be sufficiently 

separated that approximate knowledge of the occurrence time is .. 
sufficient to limit the set of possible occurrence times to only one 

member • 

. (d) A method of arriving at the approximate occurrence time 

must be provided. This might involve the switching times, described 

in paragra[.)h 3, or it might involve other less precise time signals, 

such as those from WWV or WWVH. 

tThis requires, as mentioned before, that the times, tR be 
n 

identified with the times, tT' This requires that the precise delay 
n 

time, t , for each given path must be accurately determined.
d

7.2 Receiver Bandwidth Versus Phase (Time) Stability 

It may be shown [Valley and Wallman, 1948] that in a 

synchronous, single-tuned, amplifier with an equivalent circuit of a 

single-tuned stage as shown in figure 8, that the overall radian band

width ("'Bn ) of n identical stages, 18 given to a good approximation as: 

\ 

B
W B ~( w ) ( 16) 

n .. L2"Jn 
t..-., 

where: 

(17)~ =Uc )= 
. W 

Q: 
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W is defined as the radian bandwidth of a single receiver stage,
B 

00 is the quality factor of the R, L, C circuit and Wo is the resonant 

angular frequency. Putting (17) in (16) gives the approxima te overall 

bandwidth of n cascaded stages as: 

(18) 

The phase deviations in each stage, due to component instability, 

may be assumed to be random and independent if the changes are not 

due to a common precipitating fluctuation of a parameter such as 

temperature, so that the overall rms phase change, ~ e , in n 
. n 

independently fluctuating stages, in terms of the angle stage rms 

fluctuations of a single stage is: 

(l9) 

The overall fractional time change due to a small capacitance 

change in a si~gl~ stage is from (13), (18) and (19): 

(20)( ~\ , c / 

The minimum radian bandwidth, W , of a single stage that may 
. B 

be used without degrading the overall fractional time stability, (6 t )n'
T

for a given capacitance change per stage, is: 

( ~cC_) (21) 
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stage? The minimum overall bandwidth? 

'" 
w 

O.159x,..[2X2XI0 
4 

X2'IT X 103 = (318c/s)fb = (~ '\ 0.02X2'ITmin 2'IT) 

w 

The minimum overall bandwidth, f =(2:: ) = (l33c/s), 
Bn 

7. 3 Signal-to-Noise at Receiver 

It;may be shown [ Watt and Plush, 1959] that the precision of 

an integrated frequency measurement, using a phase comparison 

method, is given approximately by: 

E~ N/C 

3 / 2 


wT B 	 (22) 
n 

Where: C and N ~re rms carrier and noise voltages, B is the 
n 

predetection 	bandwidth, w is the radian frequency and T is the 

integration time. In this system, the V LF receiver (Fig. 9) is designed 

so that each carrier frequency received is alternately phase compared 

\ 	 with a local signal of the same nominal frequency and the error voltage 

is used to correct the phase of each of the local reference signals. 
r;,. 	 Thus equation (22) is valid and, by rewriting it, the required carrier

to-noise ratio may be determined for a desired precision of frequency 

comparision: 

(23)C/N 2! 0 3/! 1/2 ) 

EwT B. 


n 
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8. PHASE-LOCK SYSTEM IN RECEIVER 

8. 1 General Description 

In figure 9 a single-carrier phase-lock system. is shown in 

sim.plified form. that has proved very accurate and reliable [Looney, 

1961; Morgan and Andrews, 1961]. The local reference frequency, 

nom.inally the sam.e as that received, is derived from. the local 

oscillator. It is im.portant that the latter be as free as possible of 

phase perturbations. 

The local reference frequency, after passing through the phase

shifter, is kept phase-locked to the received reference frequency by the 

action of the phase-detector and servosystem. as shown in the block 

diagram.. 

"To convert the angular position of the phase-shifter to a voltage 

(or curcrent), for m.onitoring purposes, a 360
0 

potentiometer is 

connected to its shaft. With a constant direct voltage applied across 

the linear potentiom.eter, the position of the shaft then is proportional 

to the voltage appearing between the m.ovable "tap and one side of the 

potentiom.eter. The latter voltage (or current) is recorded versus tim.e 

of day on a strip#chart. Although in figure 9 the phase-shifter is used 

at the nom.inal received frequency, it m.ay be actually used at a high.er 

frequency in, or ahead of • the frequency synthesizer. 

8. 2 Analysis of a Phase- Lock System. ,

In figure 10 is shown a block diagram. of the phase-lock system 

for a single carrier. If the phase-detector operation is lim.ited to its 

linear range, and with the input signals given as: 

(24) 

and 
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e = A cos [w (t)] (25)t+8
2 2 2 

the filtered output of the phase detector may be shown to be, 

approximately: 

2 
A K1 

E. ~ (~ e) (26)o .. 
where .t:.. 8 = [8 (t) - 8 (t) Jand Kl is a characteristic of the phase

1 2 

detector. 

The system may then be regarded as a linear servosys tern 

as shown in figure 10, with (,1\ (S) as the input signal and Wo (S) as the 

output signal. The factor I/S takes into account the integration of 

frequency-difference to phase-difference [McAleer, 1959] in the 

phas e-detector, F(S) is the transfer function of the low-pass filter, 

and K'lJ N is the gain of the rest of the system, consisting of the 

combination of the gains of the amplifier, K , servomotor, K ,the 
a m 

phase-shifter, ~cp' and gear-train reduction ratio, N. 

Writing the equation in the terms of the complex variable S in 

transfer func tion form yields: 

w (S) A2KIK2o ._ F(S) KF(S) 
G(S) = ~ e (S) - -S- 3-··2N (27)

t. 

It is then possible to write the closed-loop transfer function, 
'-, 

A2K K 
- ( I 2 ), as:letting K3 = 2N 
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woes) (28)G(S) 
yeS) = w.(S) 1 +G(S)

1 

Now the transfer function. F(S). of the RC filter (Fig. 12) in terms of 

S may be shown to be: 

(eO) (lIT1 ) 
F(S) -- = slIT ,where T1 = RC (29) 

" Ei + 1/ 

Using this in (29), it may be rewritten as (see Fig. 11): 

woes) K3 /T I 
(30)YeS) = w.(S) = = 

S(S+ liT 1) + K3 /T 1 
1 

The denominator of (30) is of the form: 

2 2 (31 ) 
S + 2 ~w S+w 

n n 

where: 

(32) 

the ratio of actual damping to critical damping, and: 

the natural (undamped)frequency of the system. The roots of (31) are, 

of course, the poles of (30) and are: 

S = -w ~ +jw ,jl_~2 = - a +jw (34)
1 n n d 

s= w ~-jw J 1_~2 = -a-jw (35)
2 n n d 
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where: 

a = w S, and wd = W ~,the damped frequency. 
n n 

The closed loop transfer function (30) m.ay be written in terms 

of its poles as: 

..:A,} Woes) KO 
Y(S)=~ (36)

W. (S-SI) (S-S2)
1 

.. This is the transfer function of a position control servosys tern 

[D'AZZO and Houpis, 1960]. 

Two important characteristics of the servo system are evident 

from the above. One is that it may never become unstable regardles s 

of the value of the gain, K ' as further shown in the root-locus plot,
O 

figure 13. 

The second characteristic of this system is that, unlike a 
1 

frequency-lock system, the phase-lock servo requires [McAleer, 1959j 

no steady-state error in the controlled variable (w), but instead uses 

an error in its integral (9). Therefore, the average controlled 

frequency is identical to that of the received reference frequency. The 

effects of noise in the received reference frequency will be discussed 

in paragraph B. 4. 

8. 3 Sys tern Bandwidth 

The response of a servosystem to random noise on the input can 

be expressed in terms of its noise bandwidth [McAleer, 1959], which 

\. is: 

n 
1TW 

[1+(2S_~)2 ) (37)Fn= 4T . K3'" 

For minimum noise bandwidth the following conditions [Rey, 1960] 

must be satisfied: __ 
(38)S = 1. -It + (~ ) 2 

opt 2 ~3 
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It can also be shown that the 6 db bandwidth [D'Azzo and 

Houpis, 1960], wb' of a position control s ervosystem is given by: 

2"" 1 12 
Wb [1- 2 £ + 1+ (I - 2 £2) }"2]"2 W n (39)

{ 

and that for £ = 0.7, wb = w ' where wn is the natural radian frequency
n 

of the system. 

From (39) it may be seen that the larger the damping ratio, £, 
the smaller the radian bandwidth, wbo Using some relationships given 

2 

above, i. eo, that K3 == A K1 K 2 and that KO == K3/T l' and from (3Z~and 
ZN 

(34) it may be seen that: 

1 1 = KN 1/2=----- (40) 

2~ T1 

Whe~e K == __~_2__ 

2Ato.JK K T
1 Z 1 

N 1 / 2so c . . 1 h d"Ince r:, IS proportlona to , t e gear-re uctlon ratlo, an 

increase in N will result in a narrower radian bandwidth, wbo It is 

easy to achieve bandwidths in phase-lock servosystems of the order of 

O.OOlc/s. 

8.4 Perturbations by Noise on Received Reference Frequency 

The above shows that a servosystem may be regarded as a 

lowpass filter on the received refernece signal but with a controllable 

bandwidth. That is, it has a limited speed of response and responds 

only to those received noise components that fall within its effective 

bandwidth. 
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Following Watt and Plush [ Watt and Plush, 1961], if the 

received reference frequency to the servosystem is contaminated by 

a small amount of narrow band noise, the maximum phase variation 

of the resultant is <I> =n/c, where nand c are the peak noise and 
m 

carrier values. If the standard deviation of phase, 0- <1>' is desired, 

.. replace n with Nand c with ,.fic to obtain: 

N
0- -~ 

<I> ~C (41 ) 

where Cand N are rms carrier and noise volta~es. 

If this signal is compared in a phase-detector with an 

unperturbed signal such that there are r cycles of this signal present, and 

the total fractional phase jitter ( since <I> is normally distributed)is 

tJ2rr <I> ' then the output of the phase detector is: 

,.fZ0 ~fr<l> 
e= <I>

( 
, <I> )" 211'r (42) 

Using (42) in (41): 

0- tfl ) ~ N/C
(-<1>- - ~ 21T r (43) 

Now, in a servosystem the received reference signal is 
.,. 

integrated over a period, T, and it is passed through a pre-:-detector 

filter of bandwidth B. Thus a reduction is obtained in the phase jitter 
1 

of approximately (T B) -z. Also, it is observed that the integration 

time is T = 2; ,where F n is the servo bandwidth in radians, and T 
n 

is in seconds, so that the fractional phase jitter in the servosystem 

now becomes: 
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3/2
(N/C) F 

n 

(44) 

where the predetection bandwidth is now given in radians, or w = 21TB,
B 

r = fT and wI is the radian frequency of the reference signal. 

Thus, the phase-jitter or fluctuations may be reduced by making: 

(a) servo 'Qandwidth, F n' smaller; (b) reference frequency, wI' larger, 

(although this is fixed in a given system); or, (c) N/C smaller. 

. -2 2 
For example, if wI =21TX20kc, N/C= 10 ,w =21TXI0, and

B 
-3

F = 2 1T X 10 ,then: 
n 

9. DETECTION OF TIMES OF OCCURRENCE tR ' OF PHASE-
n 

OPPOSITIONS AT RECEIVER 

9. 1 PuIs e Sharpener Circ uit . 
In order to determine the antiphase times, tR ' of the two 

n 

received carriers, the signals are amplitude limited and the resulting 

square waves are differentiated to produce sharp pulses. To further 

sharpen them, a circuit such as shown in figure 14a may be used 

[Reif£el, 1951]. It is shown that the peak voltage of the sharpened 

output pulse, v , is given in terms of its width, (T, and the width of 
p 

the input pulse,"V, as (see Fig. 14b): 
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(45)vp = v'p [ 1T~ ] 

where, v' = (I.Y), I is input peak pulse current, and c is capacitance.
p c 

Solving (45) for IT: 

~ =() ) 1T~ (46) 

P 
v 

.For instance, if ( -t--) = 0.01, 'Y = 3X 10 -5 sec., then
\ v 

p 

-5 -6 
IT = 0.031T10 ~10 sec. 

9. 2 Pulse Coincidence Circuit 

The active pulse coincidence circuit [Lewis and Wells, 19591. 

shown in figure 15, is designed to take pulses of equal amplitude, equal 

width and the same polarity (inputs A and B) and indicate when puIs e A 

is coincident with puIs e B. An output puIs e indicates coincidence; this 

pulse is further amplified to increase the sensitivity of the circuit. 

In figure 16 are shown the waveforms of the two signals, wI and . 
w • Also shown is that the same polarity puIs es of wI are s paced by

2

a time interval, Tl = 21T , while those of w are spaced T2 =~. Thus,
2. wI w2 

the differ en ce between the periods, is given by aT = (T 2 T ) = 
1 

'.,. 

(~-~)wIw2 
..... 
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10. TIME DEMODULATION RECEIVER SYSTEM 

10. 1 General Requirements 

The remaining factors that must be included in the receiving 

system in order to achieve " microsecond II timing and clock setting 

are to: 

(a) provide " memories" in the dual-carrier receiver so as to 

store information regarding the phase of one carrier during the time 

the other is being received, and vice versa 

(b) provide means of compensating for any phase delays of each 

carrier in the receiving system 

(c) provide means of identifying a given cycle of the "main" 

carrier with that as transmitted 

(d) provide automatic means for accurately reading out the 

received time on demand. 

Other. desirable features which are optional but would enhance 

the usefulness of the receiving system would be to: 

(a) provide for automa tic steering of a "microsecond II clock 

connected to the receiver 

(b) provide for automatic setting of a "microsecond" clock 

connected to the receiver 

(c) fail-safe circuitry and an indication when the clock is 

incorrect. 

10.2 A Possible Dual-Carrier Receiver Design 

In figure 17 is a possible design for dual-carrier time receiver 

(with the required "memories" not shown) to utilize alternate 

reception of the two carriers. As may be seen, it consists of two 

phase-lock systems interconnected so that the "main" carrier controls 

the output phase of the reference oscillator frequency, WI' and the 
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"sideband" carrier then controls the phase of the reference "sideband" 

frequency, w • The rate generators control the angular frequency of 
2 

the phase shifters so that: 

(a) They will always keep their respective reference signals 

phase-locked to the received signals 
(~ 

(b) They will continue to run at t he 	last corrected rate when the 

alternate 	carrier is being received: thus they constitute the "memory" 
-

devices mentioned above that are required because the two carriers 

are alternately transmitted 

(c) they will continue to run at the last corrected rate when 

both of the carriers transmissions are interrupted. This will permit 

the clock to free run at a rate which varies only because of the aging 

rate of the high quality local oscillator. When the transmissions are 

resumed, the accumulated time errors may be less than they 

otherwise would be and therefore the clock may be corrected in a 

much s horte"r time 

10.3 Clock System Design 

A. Pulse Generators 

With the two reference signals, w'l and w'2' phase-locked to the 

received carrier frequencies, WI and w ' it is then possible to use
2 

signals of constant amplitude and low phase jitter in the clock system. 

(Diurnal phase shifts may be compensated fo r and this will be 

discussed in a later paragraph. In what follows here, it will be assumed 
.... 

that the diurnal effects have been minimized. ) 

T"he phase lock signals, w'l and w'2' 	are squared by limiting, 
~ 

differentiated and then sharpened (see Fig. 16). Pulses from the 

side band carrier are then reversed 	in phase (1800 
) and both sets of 

pulses fed to a coincidence detector 	circuit. The above permits 
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determ.ining when the two received signals are in phase-opposition. 

/The pulse generated by the coincidence of the pulses (wI I and w ) is
2 

then used to operate a gating circuit, which allows a pulse of wI I 

(rn.ain carrier) to pas s through it to the pulse divider circuit and thence 

to the clock. 

B. Pulse Divider Circuit and Gate .. 
The pulses, passed by the gating circuit, are phase-locked to the 

m.ain carrier, wI' and thus each of the particular cycles used to rn.ark 

the tim.es tR ' of antiphase at the transm.itter will be identified if: 
n 

(a) the gating circuit opens when the received signals are in antiphase; 

(b) the propagation delay tim.e, t , of the signals from. the transm.itter
d 

to the receiver is accurately known; (c) the phase delays are com.pensated 

for in .the receiving system.. 

Because the gate will pass pulses at a rate, R = ~w I 21!, cis 

where ~w = (w - wI)' a divider circuit is used to perm.it choosing a
2 

lower rate, R/, which m.ay be, say, lc/s. These pulses then are 

used to interrogate or readout the clock once per second to determ.ine 
. 

if the system. is working properly. 

C. Clock Pulses 

As shown in figure I 7, the digital clock is driven by I m.c Is 

pulses derived from. the rn.ain carrier, thus perm.itting tim.e to be 

accwnulated in I iJ.second increm.ents. Therefore, the clock is also 

capable of reading out tim.e with the sam.e resolution. These pulses 

m.ay be retarded (or advanced) in pha se, initially, to com.pensate for 

the delays in the system.. The propagation delay tim.e m.ust, of course, 

be accurately known also before this m.ay be done. 
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D. Digital Clock 

The clock shown in figure 17 is designed so that it may be 

read out at any tjme on demand without causing it to lose counts. A 

clock of an entirely different design [Hefley, 1960], but capable of 

readout on demand and using magnetic beam switching tubes, has been 

successfully used at National Bureau of Standards Boulder Laboratories. 

11. CLOCK TIME AT RECEIVER 

11. I Clock 	Setting 

Although it is relatively easy to control the rate of a clock 

using VLF radio signals, it is more difficult to accurately set a.remote 

clock to agree with the one at the transmitter. At hf, where bandwidth 

is not a limitation, this is accomplished by transmitting rather short 

pulses whose leading edges are steep. At VLF this is not possible, 

as mentioned before. In this system the time reference at the 

receiver is established as described in paragraph 7. 1 above. 

11.2 Diurnal Effects 

At VLF the diurnal changes in the reception time of the phase 

of the signals is quite large (20 to 70 J.1sec). It is of interest to determine 

what effect this might have on the readout time of the remote clock. 

There are two factors to be investigated t~at may cause the diurnal 

changes to affect the clock reading. One is the spacing, a w, of the 

two carrier signals and the other is the change of height of reflection, 

'. ~h. 

A. Effect of Carrier Spacing, ~ w 

<.., 	 Refer to equation (14), above, which is an approximate 

expression for the phase velocity of VLF waves at distances over 3000 

km, in terms of a waveguide of mean height h. Now: 
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( Wt _ 
2 2 

w 
I 

t ) 
I 

= d (W2 
. \. V 2 

_WI 
v I 

) (47) 

where v is the phase velocity of the wave. If equation. (14) is put into 

equation (47) the result is: 

)J 	 (48) 

Using this result in equation 	(9) gives for the occurrence times, tR 
. n 

2 

n1T+ 21T d/c[( l_h/2a)-1( 1+ 32hIT \ 1 (49) 
" I 2 ) 

This may be further simplified by use of the bino~ial theorem: 

t 	 + h/2a + c + small order termsJ.(50)~ ¥+ dlc [ I 	
2 

Rn 	 32h2 f f 
I 2 

This shows that, to the first order, the occurrence times, tR ' are 
n 

independent of the spacing of the carriers, ~f = (rz -f )·
1 

B. 	 Effect of Diurnal Changes of h on t . 

Rn 


If equation (50) is differentiated with respect to the height of 

reflection, h, and the small order terms neglected, the result is: 

2 
c~- J lih 	 (51 )[ 2a 
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If we let dIe = t, the propagation time of an electromagnetic 

wave in free space over a path length, d, then equati~n (51) may be 

written as: 

R 
I~ n Al A2 

fit

~ [L J 6:t - 2a 2 (52)
16h

. cdc
where Al =7 A2 f . This gives the variations of the occurrencean = 

1 2 
times, tR ' in terms of the "ideal" phase propagation time t, of the 

. n 

wave over a path of length d... due to variations in height, h. 

Wait's result for the fractional time variation as received, of the 

phase of a single carrier at 16 kc [Wait, 1959, eq. 4] due to variations 

in h, is: 

ate! - [0. 0097] hfih 
t (53) 

Using typical values in (52) for this sys tern: 

h = 80 km A2 = 14.25 km (21kc) 

AI' = 15 km (20 kc) 

we get: 

fitR 
n ,...., 3 fih[ 2.07 X 10- ] (54)

t h 

Thus, it appears that the occurrences times, tR ' suffer less diurnal 
n 

change than the phase shift,At, of a single VLF carrier, both relative 

to the !'ideal" phas e propagation time, t. 
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C. Diurnal Compensation System 

The system in figure 18 is designed to record continuously the 

received diurnal phase changes with reference to a highly stable local 

oscillator. 

This information is later recovered from the recording and used to 

control a phase-locked servo not shown that subtracts the recorded 

phase-shift from the received signal. Under ideal conditions the two 

phase-shifts may essentially cancel [Fey, 1961] thus providing a VLF 

signal at the receiver substantially free of the diurnal phase changes. 

Although the frequency changes of the reference oscillator due to aging 

effects will be recorded along with the diurnal phase changes, it will 

not be serious under many conditions. For instance, if the diurnal 

shift is of the order of 50 lJ.sec and the daily aging rate of the oscillator 
11

is 3XI0- (3 lJ.sec), then an elapsed time of several days between the 

recording and its subsequent use would generally be satisfactory. 
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