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R ece nt studies a nd m easurements have shown t hat t he ph ase stabi li ty of t he signa ls 
in t he VLF region is very much higher t han in the HF spectrum. This fact, a lo ng wi t h its 
excellent coverage cha racterist ics, has caused consider a ble interest in employing this med
ium for t he wide distribu t io n of standard frequ encies a nd t ime reference. Basic limitatio ns 
in stability of the received signa ls are disc ussed, in clu din g p ath phase distortio n, cfl,rric r-to
noise and en velope delay variation s as related to precise synchro ni zation of clocks, and 
hi ghly acc urate frequency calibrations. 

Also included is a discussion of t he prese nt serv ices of standard f requ ency an d t ime sig
nal stat ions th roughou t t he world at HF, LF, a nd VLF. 

1. Introduction 

The requiremen t foJ' better standards Jor precise 
measuremen ts or Jrequency and time which ar 
readily av11,il11,b1e has constantly incrf'11,sed witb 
advances in vitrious fields oJ science. The scientific 
uni t of Lime is determined astronomically, and is 
dctermined to an uncertainLy or 11, rew par ts in 109 

in the course of it year . Since frequency is related 
inversely to time in terv11,l , this un cer t11, inty, s tr ictly 
speaking, must be trans[eJTed to the specificittion of 
itbsolute frequency. Frequency g n rators, how
ever, stable to parts in 10 10 or 10 11 now exist , and 
form the basis lor rel11,tiv e measurements of frequen cy 
which [or many pUTposes satisfy the increased re
quirements mention ed above. 

The history of the developmen t of our pres en t 
system. of time is an extremely fascinating subj ect 
itnd it is in tercsting to no te Newton 's definition of 
t ime, "Absolu t e, true and mathematical time, of 
itself, and by its own nature, flows uniformly on , 
without regard to anything external," [Mach , 1942]. 
}\i[ost of man's t ime sysLems lutve been based on an 
attemp t to find a reference which "flows uniformly 
on. " The very great influence upon our lives u,nd 
surroundings caused by the revolution of the earth 
around the sun and the rotation of the ear th on its 
axis has r esulted in various definitions 2 of time in 
terms of year s (orbital rotation), days (axial rota
tion) , and subdivision of these uni ts in hours, min
utes, and seconds. Time based on apparent solar 
days (from noon to noon) although apparently 
satisfactory as a time reference for many appl ica
tions was shown by astronomical observations to 
have appreciable nonunirormity. 

1 Present address .of A. D. Watt and R . W . Plush : DECO ElectroniCs 
Inc., Bouldcr DivisiDn, 8401 Basel ine RDad, BDulder, CD lD. ' 

2 Au mteresting and useful descri ption of time and time signals is contained in 
" United States Naval ObservatDry Circular No. 49," published by the U.S. 
Naval Observatory, W ashington 25, D .C. (Marcb 8, 1954) . See also " Astro
nDmical Time," O. M . Clemence, Rev. Mod. Phys. 29 1 (J anuary 195i) and 
HThe \Vay 'l~hings Are," P. \ \T . Brid gm an, pp . 135-14 i (H a.rvard' University 
Press, Cambndge, M ass., 1959). 

Since appar ent sohu' days arc variable in length 
with season , mean solar t ime was devised and Lhe 
tab ulation of t bis differen ce between the apparent 
v,tIue and the mean value is ciwled the equation 
of time. This difference lI as a maximum valu e it 
little in excess of 16 min. Apparent solar chys are 
variable in length wi th seRson for two reasons: 
pm'tly becn,use of Lbe variation in the angular 
velocity of the sun along the ecli p Lic in accorditnce 
with Kepler 's second law of planetary motion , and 
partly because the in clin aLion of t he eclip tic to the 
celestial equaLol' ill troduces a variation in the rate 
at which Lhe proj ected coordinate of the 11,ppal'ent 
sun moves along the celestiitl eq uaLor. The mean 
sun is a fictitiou body which moves along t he 
celestial equator at a uniform rate equal to Lhe 
mean rate of t he apparen t sun . Because of the 
fact t hat a solar time refe]'ence (date and time of 
day, etc.) will dep end upon the observer's position 
Universal Time (also known as Greenwich mea~ 
time) was established with the mean solar time 
reference based on the prime meridian at Greenwich , 
England. The problem of relative position for civil 
purposes has been solved by dividing the earth in to 
various time zones usually differing by one hour 
with lines of demarcation chosen to minimize the 
inconvenience caused by crossing t ime zones in 
heavily populitted areas. 

Three kinds of Universal Times are: UTO , which 
is uncorrected mean solar time; UT1 , is Un iversal 
Time corrected for observed polar motion and r epre
sents the true angular rotation of the earth about its 
axis;3 UT 2, is Universal Time corrected for bo th 
observed polar mo tion and seasonal var1aLion in 
speed of rotation of the earth on an extrapol11,tecl 
basis. 

The fundamental unit of time was until very 
recently t he mean solftr second which was defined as 

86 ~OO of a mean solar day. This fundamental unit , 
3 Because of the increased preciSion with whi cb tho earth 's rota tion can be 

m easured with respect to a rererence star rather t han the Silll, the period of the 
earth 's rotation with respect to the vernal equinox, called a sidereal day is used 
for precise dete rmination of the eartb 's rotation . ' 
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of time based upon the mean solar day appeared to 
be entirely satisfactory until astronomical observa
tions and advances in the fields of communication 
electronic frequency standards, and precision in~ 
strumcntation showed that in fact the earth was not 
rotating in a strictly constant manner. Even after 
the corrections of UTI and UT2, time based on this 
reference did not flow on uniformly as our definition 
of it would require. A more uniform astronomical 
time based on the yearly motion of the earth about 
the sun, called Ephemeris Time, has long been 
known. The present definition of the second is 

31 , S56 , ~2S.9747 of the tropical year for January 0, 

19QO at 12 hI' Ephemeris Time [Markowitz , 19S9]. 
Thls was adopted by the International Committee 
of Weights and Measures in 1956 and ratified by 
the 11 th General Conference on Weights and Meas
ures in 1960. Discussion of various astronomical 
and atomic times has been given by Markowitz 
[19S9]. 

Although quartz crystal clod;:s were instrwnental 
in revealing many of the variations in rotation of 
the earth, it was not until atomic standards were 
placed in use that a new reference of time became 
conceivable. The use of molecular and atomic 
spectral lines as frequency standards [Lyons 19S2] 
has led to the speculation that perhaps here ~e have 
a reference whi.ch ca? be made highly independent 
of external .vanable mfluences and as a result may 
produce a tIme base of greatly in1proved uniformity 
and convenience. The difficulty of keepino- molec
ular. and atomic cloc~{S in operation for long periods 
of t1ll1e has up untll recently prevented their use 
as a basic time reference . A determination of the 
atomic transition frequency of cesium in terms of 
Ephemeris Time by Markowitz, Hall, Essen and 
Parry [19S?] ipdicated a value of 9,192,631,770 
± 20 cis Wh10h lS the best value available at present. 
The deceleration in the rotation of the earth about 
its axis as determined by the cesium standard is 
in the order of 1.16 X 10- 5 radiansfyearz, i.e., 0.16 
seconds/year24 , which is in good agreement with 
values obtained by the moon camera of 0.17 seconds! 
ye3:r2 for. that period (June 1955 to June 19S8). 
It lS posslble [Bullard, 19S5] that Ephemeris Time 
and Atomic Time may not have the same rates· 
however, further careful experiments will be re~ 
quired to determine this . The stability of the 
best long time interval bases, which at present are 
quartz clocks steered by atomic standards is limited 
to values in the order of one part in 1010. Frequency 
comparisons quoted to higher precisions are relative, 
and may be made in two ways. One is to intercom
pare two oscillators directly for the short term 
and the other is to compare one with the mean of 
a group of three or more of the same quality and 
assume that their variations are independent so 
obtaining a statistical increase in precision for' the 
group. The resonance of cesium is known in terms 
of the Ephemeris Second to an accuracy of only 
about 2 parts in 109, the limitation being set by 

01; 1:'his means that if an atomic clock and Hearth" clock were started together, 
a t the end of a year the " earth" clock would be 0.08 sec behind the atomic clock. 

the .uncertainty in the d.etermilla~ion of the Ephe
mens Second. ~hus, hlgh quahty clocks closely 
steered by atonllC standards will not realize the • 
presently defined. unit of time with any greater 
accuracy than thlS because of the nature of the 
defin.i tion itself. Presen tly, maximum available 
relatlve fr~quency stabilities for periods of several -, 
hours are 111 the orde.r of: 1 part in 1011 for Crystal 
standards and 1 part 111 1012 for the Ammonia Maser. 

2. Basic Limitations of Precision in the Fre- • 
quency and Time Standards Via Radio <i 

Signals 

With the availability of very stabJe time references 
a.nd frequency standards, it is obvious that con
slderable care must be exercised if these standards 
al:e to be distributed over large areas of the world 
wlthout appreciable deterioration. If the terrestrial 
prop~gation of radio wave energy was at a constant 
veloClty equal ~o the velocity of light in a vacuum 
and "~Vlth a. nOlse free background, it would be a 
relatryely .slmple ;matter to distribute frequency 
and time sIgnals WIth essentially no loss in stabilitv 
and accuracy. Under these conditions, the received 
frequency would be unaffected and the time signals 
would have a given correctable constant delay of 
T'd = dlvo where: d is the distance and Vo is the 
vel<?city of li~ht ~3 X 105 km/s. In practice the 
radiO energy lS transmItted along a path with an 
effective velocity (v) which varies with the charac
teristics of and conditions along the transmission 
pat~l so t~at the actual delay, T d , may vary also. 
It l~ .0bvlOyS ~hat the time indicated at a given 
reCeIV111g SIte IS Tr = Tt + Ta, where the receiving 
clock can be made to indicate transmitted time Tt 

by subtra?ting Ta from t~e received t!me TT during 
clock settmg. At the hlgh frequenCles, 2.S to 30 
Mc/s, presently employed for the distribution of 
frequency and time signals, multiple propagation 
paths frequently exist with appreciably different 
delays which can introduce large apparent errors 
in the. received frequeJ?-cy and time. For any given 
path lt may be posslble by the proper choice of 
frequencies to have essentially one dominant mode 
of propagation; however, even a single mode may 
have appreciable variations in transmission time. 

2 .1. Phase Distortion Limita tion s 

In figure 1 the straight dashed line represents 
the distortionless transmission in free space where 
the phase delay in radians could be given as 

4>, = 2'rrf d 
Vo 

(1) 

where: .f is the frequency in cycles per second, and 
d is the path length expressed in kilometers. 

The actual propagation medium, assuming one 
mode of multiple path to be dominant, may be 
considered as an electrical network with phase and 
amplitude versus frequency characteristics which 
vary as a function of time. The actual time 

.. 

1 

'" 

I 
~ , 

"I 

, 
"I 

I 

1 

618 



.. 

,. 
I 

l 

'. 

w 
<f) 
« 
I 
a. 

PHYSICAL PATH 

.................. 
I •• •••• 

t';'~ 
, ••••••• , CONSTANT DELAY 

cp: ______________________ -----k-.... i DISTORTIONLESS 
••••••• , : NETWORK 

............. ! j 

••••••• I I 
", I I ...... : : 

••••• : I 

....... ---j :---f2 - fl 
".... : ~ 

// : : 
• I I 

FREQUENCY 

F I GU RE 1. Transmission path phase chamctel·istics. 

delay is 
(2) 

where Vp is the average path phase velociLy in 
kilometer s pel' second. It is well known in electrical 
circuit th eory tha t various types of network delays 
exist, and if we are to consider the phase delay 
defined in eq (1) , v m ust be expressed in terms of 
path phase velocity rath er than envelope velocity. 

Th e actual path phase velocity r elative to the 
velocity of ligh t, vv/vo, is known to be a function 
of frequency and the path involved. Important 
factors may include ionospheric conditions, ground 
conductivity, and surface r oughness. In the VLF 
region, J ean, Taylor, and vVait [1960] h ave shown 
good agreem.en t between experim en tallY and theo
retically determined values of Vp over 'the 4 to 20 
kc/s frequency range. (See also Wait [1961a] and 
Wait and Spies [1961].) At nigh t th ey have found 
values of vp/vo to b e '"'-'l.03 at 4 kc/s, l.·01 at 10 kc/s, 
and l.003 at 20 ]<;,c/s. Many references pertinent 
to th e velocity of propagation are contained in 
the p aper by Jean, Taylor, and Wait [1960] . In 
general, Vp increases with surface conductivity, 
and decreases with increase in ionospheric h eigh t 
and earth 's surface roughness. 

An actual physical path phase characteristic may 
look somewhat like the solid wavy curve of figure 1 
where a frequency (1 would be delayed by the phase 
CPL. This phase delay in seconds can be wTitten 
as 

(3) 

where Td is th e equivalen t time delay in seconds. It 
should b e pointed out that the particular phase 
versus frequency curve illustrated will only apply 
for a given d istance and at a given time and that 
it m ay vary in its exact position as a function of 
time. The effect of th ese shor t term variations 
of phase as a function of t im.e is to limit the precision 
with which a given standard frequency can be 
received. 

To obtain the value of the received frequency 
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FIGU RE 2. Short term propagation time (phase) stabihty dcty-
tune paths, n01'lnail:zed to single l'efl ection sky wave. 

hom the pll ase measurements i t is clear from the 
definition of frequency that the average departure 
from th~ transmitted frequency, ~f, observed in 
terms o[ th e final and initial phase delays is 
given by : J 

(4) 

where T is the time interval in seconds over whieh 
th e phase comparison is made. ' 

The rel:;t~ions gov:ernin~ the transmission path 
phase stabIlIty and signal-mtegration times required 
[or speCIfic frequency-comparison precisions h ave 
been described previously in considerable detail 
[Watt al~d Plush , 1959] . In general, where possible, 
observatIOns should be made n ear noon at the 
c~nter of the ratb. At such time, the phase vi!,ria
tIOns, due to dmrnal and random short term effects 
are expected to b e minimal. Pierce [1957] ha~ 
experimental evidence over a 5200 km path that 
the total diurnal phase variation of th e 16 kc/s 
Rugby signal is surprisingly consLant Lhl'o ll O'hou t 
the year being in the order 0 f 34 ± 1 Ilsec. Jean 5 

over a 7500 km patil has observed that the diurnal 
variation of .the p~as~ of .tho 16 k c/s R;ugb y signal 
h as substantIal vanatIOns m pat tern. The observed 
average phase change of ",42 IlSOC yields about the 
same effective ~hange in ionospheric h eight; i .e., 
Llb ~16 lem usmg a method described by ' Vait 
[1959]. The diurnal patterns observed by J ean 

' A. O. Jean, pri vate communica tioll. See also C. J . Chiltolll1961l. 
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appear to change system a tically with seasons and 
appreciably particularly during ionospherically dis
turbed conditions. The daytime transmission delay 
appears to be much less affected by these disturbances 
than the nigh ttime phase. 

The shor t time variations in propagation time 
resulting from path phase instabilities can , in 
general, be assumed to be randomly distributed 
about an average time delay Td with a r at e of change 
similar to the fade r a te. This m eans th at a single 
measured value of the delay r anges roughly between 
I'd ± (J' (Td) , where (J' (Td) is the standard devia tion 
of the r andom time delay variable. In general, 
th ere will be different values for both '1'a and (J' (Ta) 
for day or nigh t paths. Expected standard devia
tions of short time propagation time delays are 
shown in figure 2 as a function of frequency for 
a single r eflection day time skywave in the VLF and 
LF r egions. It sbould be emphasized that this 
trend does not continue up into the HF region. 
The data are obtained from. table B- 1 [Watt and 
Plush , 1959] with the additional point a t 10.2 kcls 
from Tibbals.6 

2.2. Time Reference and Clock Setting 

It is obvious that if a single precisely known 
uniform frequency were available at a receiving 
location, that it could be employed in the control 
of a time standard clock , provided : (a) that the 
clock could be properly se t init ially, and (b ) that 
there were no in terruptions in the frequency standard 
or clock . Since neither of these can be guaranteed, 
it becomes apparen t that some m ethod of establish
ing a time or phase reference at t he r eceiving 
location is necessary, and that the problem of trans
mitting a precise t ime reference is much more 

• M. L . Tib bals, private communication. 
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F I GURE 3. S tandard frequency and time signal wavejo1'1ns. 

difficult than a standard frequ ency tr ansmISSlOn . 
At the higher frequencies where bandwidth limita
tions are no t severe. this is accomplished by trans
mit ting rather short pulses whose leading edges at 
the tr ansmitter are quite steep . The deJay of th ese 
t ime pulses is also variable but i t is no t the same as 
the phase delay described in eqs (2) and (3). Sin ce 
the pulses are applied in the form of modulation on 
the rf carrier . the "envelope delay" as defined by 
Nyquist and Brand [1930] in terms of the slope of 
the phase ch ar acteristic , dct>Nf, is the importan t 
factor. As we will see in the next section, the HF 
paths are ver y instable in bo th phase and envelope 
t ime delay and tbe timing accuracy obtainable with 
these pulses is consider ably less than that available 
at t he t ransmi tter. 

In view of t he mu ch more stable phase delay 
conditions in t he VLF r egion as described by 
Pierce [1 957] and Allan . Crombie, and P enton [1956] 
along with i ts excellent cover age characteristics, 
consid er able interest has been exhibi ted in employing 
this medium for the distribution of standard fre
qu encies and t ime reference. The chann el band
wid ths available in this fr equency r egion, along with 
the very narrow bandwidths of the t ransmitting 
antenn a, preven t the use of short-time pulses for 
the establishmen t of coarse time markers which 
could be used in iden tifying a part icular 1'£ cycle. 
An alterna te method employing two closely spaced 
and alternately tr ansmitted related frequencies is 
being considered . A description of this m ethod is 
given by Morgan [1961] . . The tmnsmitted and 
received waveforms for such a narrow band time 
sign al system are shown in figure 3 where it is 
apparen t that t he envelope of the voltage difference 
produces time referen ce markers with ambiguities 
spaced by t he r eciprocal of the frequency difference. 
Coarse time markers m ay, if desired, be provided 
by the t imes of frequency switching . On-off keying 
can also be considered for date time code. In a 
dual frequency system. tr ansmitted waveforms are 
gIven as: 

el= cos WI t 

e2= COS W2t 

while the envelope of the phasor sum is given as 

(5) 

(6) 

E(t) envelove= -V2+ 2 cos (W2- WI ) t (7) 

I t can be observed that. at the t r ansmitt er , zero 
time is oUl' phase r eference. At the r eceiver , the 
phases of el and e2 are delayed and t hese two sign als 
are 

e1r= cos [w1t + ¢d 

e2r = COS [W2t+ ¢2] 

(8) 

(9) 

Sin ce these two signals can be employed to phase 
lock high quality local oscill ators, it is possible to 
have two highly constan t amplitude sinusoids as 
indicated . The envelope voltage waveform at the 
receiver is then 
E (t)envelovereceived = ·,,!2+ 2 cos [(W2-WJ t + (¢2-¢1 )] (10) 

where it is evident that the importan t phase is now 
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CP2-CPl and the r esulting time dela.y is 

T - CP2- CPI 
b- 27r(j2-jl ) 

where T b is the envelope delay in ecollds. 

(ll) 

If the individual frequencies concerned are sepa
rated far enough, the path phase flu ctuations 
become independent a.nd the standard deviation of 
T b would be 

(12) 

assuming that O' (CPI ) = 0'(CP2) = O' (CP). 
It can be seen that the time variations will decrease 

with an increase in frequency separation. It should 
be emphasized that as the frequency separation is 
reduced t he relative phases tend to become corre
lated and as a result the envelope referen ce time 
variation does not increase without limit since the 
phase difference tends to approach zero. Measured 
standard devia.tions of envelope delay variations 
for a 1 kc/s frequen cy spacing in the VLF band are 
shown by Casselman, Heritage, lmel. Tibbals [1959] 
to be in the order of ± 20 Ilsec. (Sec also Ston e, 
Markowitz, and Hall , 1960.) 7 

Employing the ionosp heric roughn ess para,meter 
described by Watt and Plush [1959] t llC standa.rd 
deviation of short term phase variation ; i. e., O' (cp ) , 
of a VLF ca.rrier received. over a. 4200 km path is 
found to be in t he order of 0.09 radia.ns. When this 
value is used in (12) t he expected O' (T b) expressed 
in microseconds is shown in figure 4. Experim ental 
values for O' (T b) obtained from H eritage and 
Tibbals 8 for spacing of 200, 1.000 , and 3,000 cis 
appear to substa.n tia.te the gell era] levd and trend 
of t.his curve. 

In order to permit identification of a specifLc cycle 
of the carrier freq llency ii, it is obvious t hat O' (T b) 
must be less than O.5/.fl- O' (Td) which at 20 kc/s will 
be in th e order of ± 22 Ilsec. Until such time as the 
expected r edu ction in O' (T b) due to integr ation for 
time inter vals long compared to the fade periods is 
obtained , it appears that frequency separations in 
the order of 1 kc/s will be required for carrier cycle 
identification in the 20 k c/s region. If the 1're
q uency separation chosen is rather large, th e 
(.f2-]1) markers may be difficult to resolve from th e 
on-off keying envelope. This is due in part to th e 
normal build up time r equired by the narrow an
tenna bandwidths, see typical shapes in figure 5, 
and the variation in position of this envelope as 
received due to path envelope delay. Should the 
on-off keying phase markers received with time 
delay variations O' (Te) not be stable enough to re
solve (f2-]1) markers, it may be necessary to employ 
an additional frequency providing an intermediate 
r eference, viz (f3-jl) < (.f2 - jl )' 

Since the precision of frequency comparison is 
defined as the phase ji tter divided by the observing 

7 Stone, Markowitz, and H all i n a recen t paper [1960] h ave indicated VLF 
t ime comparisons of 500 !'Sec at Washi ngton , D. C., Irom NBA in Panam a. 
Employing a 6 e!b transmitting bandwidth of 44c/s on fig. 4 and assnming that the 
envelope match ing would approach tllat of two freqnencies spacee! by the 6 db 
bane! width we obtain <1 (1'.)""'450 "sec lor a path 01 comparable length . Actually 
the spacin g chosen should likely be less which would y ield better agreement. 

S Private communication . 
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period T (7.3 of Watt and Plush, 1959) we can write 

(13) 

The time delay for a given phase delay is T a= cp/27rj, 
and since O' (T a) = 0' (cp)/27rj, we can write (13) as 

O' (T d) = ET/.f2,. (14) 

Figure 6 shows the manner in which this relationship 
can be employed to determine the variations expected 
in a given clock relative to a standard clock T 
seconds after it has been set to coincidence with the 
standard clock. It is interesting to note that if an 
all daylight radio path such as the 16 kc/s trans
atlantic path observed by Pierce [1957] is employed, 
the maximum standard deviation of time difference 
is less than 2 Ilsec. 

It should be pointed out that the problem of sub-
tracting out the mean true transmission t ime, Ta, 
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FIGURE 6. Clock-time deviations fT0111 original setting as a 
function of observing period, (8 Pierce 1957), 

whether it be a phase delay or envelope delay, still 
exists, Ionospheric disturbances caused by solar 
related proton storms or meteoric showers have the 
largest apparent effect on the nighttime phase delay 
[Chilton, 1961], As a result, the midday values of 
Ta are expected to be relatively constant from day 
to day with the exception that solar flares effect the 
day values. Over some paths, it is possible that 
there may be appreciable seasonal variations in 
even the midday value of Ta. Additional studies 
are required before the errors likely in predicting 
Ta can be specified as closely as desired. If two or 
possibly three VLF standard frequency and time 
signal stations are operating simultaneously at 
different rf frequencies but with a common fre
quency base as well as a common time reference, it 
is expected that the average delays due to transmis
sion time can be obtained with greater accuracy. 
Once the average path delays have been subtracted 
out, a clock at a given receiving site can be set with 
a high degree of precision (probably limited mainly 
by the ability to determine absolute average path 
delay), to the time generated by the network of 
VLF standard frequency and time signal broad
casting stations. 

2.3. Carrier to Noise Limitations 

The limitations of noise to precision of frequency 
comparison have been previously described [Watt 
and Plush, 1959] and we shall only calculate the 
effects of rms carrier to rms thermal noise ratio on 
time signal accuracy. 

From equation (01) of Watt and Plush [1959] 
and (3) 

(15) 

where rr(Ta) (noise) is now the standard deviation 
of the t ime reference in seconds derived from the 
carrier frequency (f!) phase, and N /O is the nns 
noise to carrier ratio in the receiver. With post 
detection filtering or integration following a. linear 
detector, N should be calculated in the effective 
bandwidth of the integrator. If we consider noise 
density or in particular, the noise voltage per 1 kc/s 
bandwidth concept where N! kc has the dimensions 
voltsl Jkc/s, we obtain 

--JBr/1,000 

2.{2,7rjl C/ N! kc 

(16) 

where B r is the effective receiver bandwidth in 
cycles per second. 

When timing is derived by an envelope beat pat
tern between two carriers, the effects of noise are 
given by 

N /C (17) 

or 

~Br/1,000 (18) 

where it is obvious that the time stability for these 
conditions is poorer for a given OINt kc / s ratio than 
obtains for rr(Td ) (noise) . 

We can !llso determine the stability of a time 
reference obtained from a keyed envelope obtained 
at the one half amplitude point of the leading edge 
with coherent detection. For a single sample this 
is shown in the appendix to be 

1 
rr(Te) (19) 

(C /N)2B, 
(noise, sampled) 

where: rr(Te) is in seconds and B t is the transmitter 
6 db bandwidth in cis. If the carrier is keyed on 
periodically (for example, once each second) the 
resulting envelope reference can be integrated to 
reduce the effects of noise. The improvement is 
equal to the square root of the number of individual 
pulses, and if the repetition rate is F 

or 

1 
rr(Te) 

(C/N)Bt-v'TF 
(noise, integrated ) 

rr(Te) 
"iBr/l ,OOOTF 

(O/N! kc)B j 

(20) 

(21) 

where: T is the integration period, TF is the number 
of samples averaged, B r is the effective receiver 
bandwidth in cis. It is apparent from (21) that 
the time reference derived from the envelope 
leading edge improves directly as the carrier to 
noise ratio and as the first power of the transmitting 
antenna bandwidth and as the square root of the 
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integration time. In all the derivations involving 
the rms carrier to noise ratios, th e significan t noise 
background considered is of th erm al type. The 
actual background will norma lly b e atmospheric 
noise which in a wide bandwid t h ha a very differen t 
statisti cal nature [Wat t and Maxwell , 1957]. The 
efl'ec ts of a tmospheric noise upon radio system s ar e 
in gen er al quite diff er en t from those of thermal 
noise [Wat t, Coon, M axwell , and Plush , 1958]. For 
a pulse sampling system with integration, the re
quu·ed yms GIN may be appreciably less than indi
cated 111 eqs. (20) and (2 1). H efley 9 [1960] for 
example has found with Loran-C systems t hat for 
equivalent performance the carrier to a tmospheric 
noise ratio can be much less than th e carrier to 
thermal no ise ratio ; however , i t must b e r emembered 
t hat this system employs a very wide RF band
width. 
. When carrier phase or frequ ency stability is con

SIdered , the narrow bandwidths (0.1 cis or less) 
employed will make the atm ospheric noise statistics 
the sam e as th ermal noise ["Watt and 1!faxwell , 1957] 
and in th ese cases the formulas given (15) through 
(18) sh ould apply if l inear r eceivers are employed . 

3. Present Services 
There are at presen t quite a large number of 

standard-frequ en cy fmd tim e-signal s tations in use 
throughou t th e world. VLF, LF, and HF are em
ployed for la rge area coverage with som e higher 
frequencies being used for local distribu tion. A 
descrip tion of th e s tations operating alon g wi th 
their location and characteristics is given in Ann ex 
I of CCJR R eport 66 [1 956}. 

Annex II of the sam e docum en t describes the 
characteristics of proj ected standard frequen cy and 
time sign al stations at fou r additional locations. In 
general, th e high frequency stations all employ pulse 
modulation 0 f th e carrier Jreq uen cy for time signal 
transmissions a nd m any of them in addition have 
standard a udio frequ encies employed as modulation 
at various tim es. The stabili ty as broadcast is 
usually very good , for example wi th the National 
Bureau of Standards station WVv'i,T [1960a] th e carrier 
and audioton es have stability of one par t in 109 aL 
all times wi th norm al daily deviati.ons of less th an 
t wo par ts in lO lD. The time signals h ave essen tially 
th e sam e stability and the maximum deviation 
from UT- 2 is abou t ± 50 msec. Final corrections to 
the frequency as broadcast versus the U.S. Frequen 
cy Standard ar e publish ed monthly by the National 
Bureau of Standards [1960b] in the Proceedings of 
the IRE while final corrections to the t ime signals 
versus U T- 2 t ime ar e publish ed by the U.S. Naval 
Obser va tory . 

3.1. HF Sta ndard Frequency a nd Time Services 

Because of th e variation in the propagation 
medium at H F, the frequency as received is gener
ally much less stable than that transmitted . Ac
tually, for high precision m easuremen ts i t is 
frequently necessary to usc long averaging periods 

~ Private comm un ication. 

of 10 to 30 days. Ideally, the followin g condi tions 
should prevail at the time m easurem en ts are being 
made; (a) all dayligh t (or darkness) over rad io path , 
(b) no ionospheric disturban ce in progress, (c) no 
par t of th e radio path should pass near either 
auroral zone, (d) single mod e propagation should b e 
existing. In general, frequency determinations can 
be made ei ther by a direct comparison or by m efl.l1S 
of the t ime pulses. SOHl e idea of the precision of 
frequency comparison obtain able can be seen from 
figure 7 which shows the precisions available from 
WWV and , iVWVH over pn.ths r anging [rom approx
imately 2,000 to 8,000 k111 . Line A shows th at [or 
short period samples, such as 100 sec, th e precis ion 
available is in th e ord er of 2 parts in 107. H simila r 
100-sec sampl es ar e m ade each day, after 30 days 
the precision has improved to one par t i.n 108. J t 
should be emphasized that this type of [requen:y 
comparison does not mak e full use of the transmIS
sions and that the improvemen t with observing 
period is not as great a.s would be predicted i[ all 
the actual in [ormation received was fully ut ilized 
for th e total periods shown . L ine B shows the 
results obtained at Bould er employing time pulses 
compared for approxim ~1.tely 10 sec n eiLI" noon eetch 
day and averaged by means of a clock. H er e th e 
daily averagin g time is 24 hr. The poin t shown Jor 
30 days is arrived at as follows. DH.ily comparisons 
of (,he local clock versus t he rece ived time of WWV 
are used to obtain f unning 10-chty averages or t ime 
differ ence. E ach day one n ew d aily val ue is aeldell 
and the ll-days old valu e is dropped and th e re-
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sul ta!lt 10 time differences averaged. The 30-day 
runnmg a,verages of the above 10-day averaged 
v:a~ues are ~btained in a similar manner. The pre
CISIOns obtamed are appreciably better, being in the 
order of ± 2 parts in 109 for 1 day and approximately 
± 2 parts in 1010 for 30 days. 

3.2. LF Standard Frequency Transmissions 

At present there are at least six low frequency 
standard transmissions being operated including 
MSF at. 60 kc/s in Rugby, England; WWVB at 
60 !{C/~ m Boulder, Colo.; DCF77 at 77.5 kc/s in 
Mamilingen, Germany; OLP at 50 kc/s in Czecho
slovakia; HBJ at 96.04 kc/s in Switzerland' and 
A5XA at 1337~ kc/s at Fort Monmouth, 'N.J., 
U .S.A. Other characteristics of these transmissions 
are described in Annex III of CCIR Report 66 
[1956]. Pierce [1957] has shown the standard devia
tion of frequency comparison for MSF transmissions 
on a transatlantic path to be in the order of 1 times 
10- 10 f~r a 30-minute observing period. Further 
calcu~atIOns for LF transmiss ions are com.pared with 
expel'lmental results by Watt and Plush [1959] and 
shown here in figure 8. Pierce [1958] has shown 
aver~ge frequency comparison precisions from 
~WVB (60 .lcc/s) a~ received at Cruft Laboratory, 
of 1.4 parts m 10 11 111 an observing period of about 
one hr. From equation (14) this would correspond 
to a short term time variation ()" (Ta) "-' 0.36 Msec. 

R:eceI?-t plans to distribu te time signals v ia Loran-C 
navIgatIOn system, pulse transmissions at 100 kc/s, 
~ave b~en desc~ibe:d b~ Doherty [1961]. Ver:v precise 
tune sIgnal dIstnbutlOn m the order of 0.2 Msec 
is possible within the ground wave coverage range 
of about 1,500 km. By employing sky wave modes, 

10.8 r--,-.-" .... rrr--.----,-~-r-T,...,..,--~~~_~ 
CALCU L ATED FOR 17,000 km 
. ----- ----------- --- 20ke!s 

_ 50 kc!s VAL ID FO R T< 50 sec 

CALCULATED FOR 6,000 km 
---- -- - __ 50ke!s 

~ / I 
~ 50ke!s EST IMATED TRANSITION 

~ 10.9 :::~--·-- -- - - --, • •• • .l ........_20kC!S CALCUL AT ED - - - ---I 

o I'·'. ~ -',., FROM OBSERVATIONS BY 

~ /, PI ERCE 0957J,1 6 kc/s 5200 km 

§ """ I 

~ 0 , fI"";""",· Q 10- 1 , ' ,.----

'" FROM OBSERVAT IONS BY , ". 

~ PIERCE 09 57J , 6 0 kc /s >( "" 
CI: 5200km \ " 
0.. , ' 

\~VAUD FOR T >1000 sec "\\, 

'\ 50 kc!s I " 
·11 

10 LIO-O-L-~LL~ULIK-~~-L~LUIO~K--L~-L~~IOOK 

OBSER VATION PERIOD (T) , s ec 

• ! , ! .. , , , , , , II 
"" ! 

O.O l 0.05 0.07 0.1 0.1 OJ 0.50. 7 I 1 1 5 7 10 10 lO 

HOURS 

FlGU RE 8. Experimental and theoretical precisions. 
N OTE: Due to diurnal p base cbange observing periods of longer tbon 10 K 

nclnde several days. 

timing precision in the order of 1 !-,sec appears likely 
out to about 3,500 km. 

It is obvious from this and the preceding sections -. 
that in a limited area the LF systems (50 to 100 
kc/s) will provide for more precise comparison of 
frequency and time than the VLF systems (15 to 
20 kc/s). The propagation loss, however, is much 
higher in the 50 to 100 kc/s band which restricts the 
useful range to distances of abou t 3,000 to 4,000 
km . LF transmissions at 60 kc/s in England [Steele, 
1955] have shown that timing can be obtained to 
± 15 Msec by pulse envelope methods. 

3 .3 . VLF Standard Frequency Transmissio'ls 

. Annex III of CCIR Report 66 [1956] describes 
the transmissions from GBR at 16 kc/s which has 
been used as a basis for much of the pioneer work 
on standard frequency broadcasting in the very low 
frequency region . The precisions available from 
this transmission, and GBZ on 19.6 kc/s, based 
primarily on observations by Pierce [1957, 1958] and 
Allan, Crombie and Penton [1956], are included ill 
sections 2.2 and 4. Stabilized transmissions with 
phase locked master-slave relationship from Hawaii 
and San Diego have also served as a valuable source 
of information for VLF path phase stability as 
described by Casselman, Heritage, and Tibbals 
[1959]. Recently interim station broadcasts of the 
U .S. frequency standard have been initiated from 
WWVL on 20 kc/s from near Boulder, Colo. Time 
and stabilized frequency broadcasts from NBA at 
18 kc/s also recently have been initiatecLIO Addi
t,ional VLF transmissions are in the process of being 
stabilized in frequency which should make them 
available for path phase stability measurements. 
In the VLF region both theory and experiment 
show that greater observing times are required for 
a given degree of frequency comparison precision 
than is true in the LF region; however, when long 
range paths are considered the low attenuation rates 
obtaining in the VLF band make emissions in this 
frequency region useful for worldwide coverage. 

4. Characteristics and Expected Coverage 
for a VLF Standard Frequency and Time 
Signal Broadcasting Station 
Based on the previous analysis [Watt and Plush, 

1959] the precision of frequency comparison ex
pected as a function of observing period Twas 
prepared and is shown as figure 8 [Pierce, Winklel , 
and COl'ke, 1960]Y It is obvious when comparing 
figures 7 and 8 that a VLF broadcast will provide 
one or two orders of magnitude improvement over 
present HF broadcasts in precision of frequency 
comparison for a given observing period . This 
great increase in performance has clearly indicated 
the desirability of designing and constl'Ucting a 
hig~ quality VLF standard frequency broadcasting 
statIOn or network of 2 or 3 stations whose primary 

10 Precise time and stabilized frequency broadcasts at 18 kc/s over N BA, Sum 
mIt,. Canal Zone, were amlOunced in U.S. Naval Observatory '-rime Service, 
NotlCe No. 8, 18 November 1959. See also a recent paper by Stone, Markowitz, 
and Hall [19601. '\ 

II A recen t paper by Pierce, Winkler, and Corke [19601 describes res nits at 16 
kc/s over a 5,200 km path tha t indicate possible precisions of 2X lO-ll. 
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function is to provide extrem ely preCIse standard 
frequency and time signals. 

B ecause of the desirability of having such a station 
near the U.S. standard of frequency located at 
Boulder, Colo. , a study has been made to determine 
design parameters and service obtai na ble at various 
locations . Seventeen differen t receivi ng sites were 
chosen and the total number of measurements obtain
able each day for 99 percen t of all Iloms were 
calculated based on a radiated power of 100 1<w. 
Calculations were made for a range of radiated powers 
from 25 to 100kw and the resul ting number of 
m easurements obtainable as a fun ction of the cost 
per meas urement was determined. The results of 
this study [Watt and Plush , 1959] indicated a 
preference for a radiated power in the order of 100 kw. 

The Tesults of this study are summ arized in table 1, 
where the various assumptions made are indicated 
along with a tabulation of the total l1lunber of 
measurements obtainable for 99 percent of all hours 
with 100 lew radiated at 20 kc/s 12 for the mon ths 
of June and D ecember ass uming a precision of fre
quency comparison of 1 part ill 109. The method 
of analysis and some of the assumptions made in 
t his analysis are contained in the following sections. 

4.1. Propagation Path Attenuation Rates 
It is relatively well known that the attenuation 

rate (a) to be employed in field strength equations 
such as (2) in the paper by WaU and Plush [1959], 
expressed in decibels per 1,000 km (db /K), is depend
ent upon a number of factors including : frequ ency, 
ionospheric conditions, ear th's surface co nditions, 
and the ear·th's magnetic fi eld. 

Experimental and theoretical studies indicate that 
th ere is a broad minimum in the attenuation-versus
frequency curve wh ich is ce ntered somewhere in the 
vicinity of 16 to 18 kc/s. Th e shape of this attenua
tion curve is likely to Va:t'~T between day a lld n igh t 
conditions, and is also likely to be different for 
east-to-west and west-to-east propagat ion. I t would 
appear from an analysis of resul ts obtained from 
many different sources that the eas t-to-west (mag
netic) attenuation rate in some cases mav be as much 
as 1 or 2 db/K greater than the west-to-east attenua
t ion rates . This effect is expected to be more 
pronounced at night; in addition Lhis difference in 
attenuation rate with direction is expected to be 
greater at the lower frequencies; viz , 10 to 14 kc/s, 
and relatively small in the vicinity of 20 kc/s. These 
effects h ave b een discussed by various authors [H. J. 
Round, T . E . E ckersl ey, K. Tremell en , and F. C. 
Lunnon, 1925 ; Ie. G. Budden, 1951 and 1952; J. R. 
Wait, 1958 and 1961b ; and D. D. Crombie, 1958]. 

Approximate values for the average daytime at
tenuation rate (a) in tlle vicinity of 20 kc/s are: 
sea ~2, average land ~4 , estimated values for perma
frost and icecap are 7 and 18. When mixed surface 
conditions are encoun tered along the path, as is 

12 It should be noted that 20 k c/s h as been emplo yed in these calculations 
because: (1) 20 kc/s is an in ternationall y ass ignecl standard frequen cy, (2) tbe 
power requi rements for worldwide coverage are experted to be near a minimum 
a t t his frequency. (3) considerable propagation da ta is available in this region . 
Further research On attenuatio n and phase stabili ty should be conducted over 
the who le VLF spectrum to dete rmillc the suitabili ty of other frequencies for 
standard fre quency and time distribut ion . 

usually ~he ca~e in practice, the total averafo'e paLh 
attenuatIOn will not always be exactly equa to the 
sum of the attenuations expected from each individ
ual portion of the path. This may be due in som e 
cases to a transfer of energy from the dominant to 
higher order modes caused by the discontinuities in 
conductivity at the surface. It is also likely that 
low conductivity at the ear th's surface will produce 
appreciably greater attenuation during the day when 
the ionospher e is low than at nigh t when it is high er. 

After determining th e various amounts of surface 
types along the individual paths, expected average 
attenuation rates h ave been assigned for each of the 
receiving locations in table 1. In some cases recipro
cal path values have been employed and, in genera], 
values quoted are as high as anticipated from a 
consideration of all possibl e attenuation mechanisms. 

F ield str engths anticipated for these parti cular 
paths have been calculated employing the relation
ships given by Watt and Plush [1959]; the r esults 
are shown in column 5 of table 1 for an assumed 
radiated power of 100 kw at a frequency of 20 k c/s. 

4.2 . Expected Availability and Precision of Fre-
quency Comparison 

The carrie]" to noise available at the receiving 
location may in some cases be the limiting factor as 
regards the t imc required to obtain a frequency 
comparison of, say, 1 part in 109 • 1vredian atmos
pheric noise fields expected for the various r eceiving 
locations have been obtained from Crichlow, Smith , 
~![orton , and Corliss [1955] and the results presented 
111 column 6 and 7 of table 1. Combining the pre · 
vious information regarding carrier fi eld intensities 
with the noise field intensity data, we have obtained 
the m inimum expectcd observation times requ ired 
to compare freq uency to 1 par t in 109 for 100 kilo
watts radiated as shown in columns 14 and 15. 

Pierce [1957] has shown that the transmission path 
phase is very stable and that t he dimnal variations 
caused by sunri se or sunset fl long the Rugby to Cam
bridge path are surprisingly constant throughout th e 
year. During t he all sunlight period t he path pbase 
appears more stable than at night for frequencies of 
16 to 60 kc/s. We have determined , ou the basis 
described by Watt and Plush [1959], the minimum 
observing times required to obtain a precision of 1 
part in 109 based on path phase variations expected 
for both day and night conditions. It should be 
noted that IT (<1» has been asswned to increase as the 
square root of distance which is what one would 
expect of sections of variable delay wave guides 
connected in series . These results are presented in 
columns 12 and 13. 

Although it is obvious that in a case where mini
mmn observing times based on path phase variabil
ity and carrier-to-noise ratio m'e ncarl~T Lhe same , 
the combined efl'ect will require a longer observation 
tim e than indicated for either limitation. ,Ve have 
neglected this effect and have considered only the 
one condition which requires the longer period . 

In order to get some idea of the relative crvice 
obtain.able ~rom the proposed standard frequen cy 
and tune SIgnal broadcast, the total n um bel' or 
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measurements with a preClSlOn of 1 part in 109 

obtainable per 24 hI' for 99 percent of all hours have 
been obtained by dividing the number of hours of </ 

all-day or all-night over the particular path by the I 
appropriate minimum observing times and adding, ' 
as shown in columns 16 and 17 for the months of 
June and D ecemb er. It can be seen from this tabula.. 'r 

tion t hat the service provided at various locations is I 

appreciably different ; however , it is interesting to 
observe that in all but one case an appreciable 
number of measurements can be made throughout 1 
each day, and that in the worst case, for transmis
sions to New Delhi, at least one comparison with a 
precision of 1 part in 109 is expected in each day. 
In many of the closer more favorable locations, it 
would appear that precision of 3 parts in 10 ,0 or better 
can be expected where observing times of at least 
2 hI' or more over daylight paths are possible. The " 
maximum precision obtainable that Cttll be expected 
and any locations can readily be calculated using the 
procedures outlined earlier [Watt and Plush , 1959]. 

5. Appendix 

5 .1. Timing Accuracy Obtainable With an On·Off 1 
Ke yed Carrier in the Presence of Thermal Noise 

It is well known that the slope of the envelope at 
the one-half amplitude point of a keyed carrier 
passed through a filter with a 6 db bandwidth B e is 

~ 

(AI ) 'j' 

where E is the maximum or locked keyed carrier , 
voltage, and dv/dt is the slope observed at the one
half carrier envelope amplitude point. 

l'Vhen thermal type noise is present, the envelope 
of the keyed carrier can be expected to have a 
standard deviation in amplitude of <T (a) for G/N » l f. 

with an envelope detector or for all G/N ratios if a I 
syn chronous detector is employed. If the point at 
which the noise free keyed carrier crosses the E/2 
point is chosen as a reference To, it can be seen that 
the actual crossing point in the presence of noise will 
vary about this point. The standard deviation of 
this crossing time is defined as <T ( T.), and it is easily 
seen that .J 
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a(a) /a(T .)=dv/dt = EBe (A2) 

a(T .) = <T (a) /EBt (A3) 

Since E =./2 G where G is the rms carrier and 
<T (a) = .,[2 N wh ere N is the rms noise in the receiver 
IF band pass filter , we can write 

<T (T .) 
1 

(A4) 

When the receiver effective bandwidth is Br(c/ ) 
and we use the convention of G/N] kc, i.e., the rms 
carrier to rms noise in a one kc/s effective band , we 



)0 

I, 
, 

I::r 

obLn,in for a single sample 

(A5) 
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