
T H E G E R A L R AD I 0 

VLF ST ANDARD-FRE,QUE CY CALI BRA TIO 
Th initiation of standard-fr qu n y 

ea�t · in th vlf b< nd h:. . n ad 
p :-.sih1 nn irnpr Y m n in t1 pr '<'L"l n 

f C'ali ra ion l f .s al l ·i1hi..ons u · d 

a. l al fr qu n . . ancbrcl� which � 1 -
pro;. eh .· · fa · or f 1 Y 'r hu 

�chi '"·bl 1 · tlwr inean . \\Tith hi h-

r,.,, u n ·y rammu.·cl1 n .. , h r :-.t pr -
<'isi n is about ± l X 1 . Tl i pr ·1-
. i in is gcllerall:'-· atta-i1 abl only hy h 
n-.:< >I :-:ta11d: r i-tin hroa<lcu� .· �1 ud 

tu·c-urat time-cornp·:tri on d ·i · f":. lf h 

hi1rh-frC' 1u .nc:-• carri r f lh sttrn br<l-
r qu 11 �· stntion i. u. cl in. l :.ld of th 

tim � p111.·e h l r I t ri )rat 

• lig;h I�· rm h t . UI':.l(·� . uffcr.· fn m 

ropn�t ti n vt rin i n tl a h Y r-

all p >rformane � of any on ' ·:dihr·tti n 
an . el 1 l l b <ruanmtc C'd t a ti ur 

h tt r than ± 1 X l 7 , nd oft n hi 
figure• i.· optirni. i . l, p n l alil ra­
ti m.·, and n >.·. ·- ·h ·king of im -ti('k 

un l e� rri r-fr qu n y t lil r� i t l 1 tl -

ods, imfficc to nil w ,f 
a •. 'uran rn l al fr 

nlil rati n. 1 thu la 

for un< whi h ha. 

ca ·t. 

a. fr l ll ncy 

high-fr qu n 
r hnu ± 1 X 1 

Th � dy n of yjf :;; t n lar 1-fr u n y 

broa k1L·t. , c 1ncicli1w pro. ·imat ly 

wi h th pr Yirw-in of : tomiC' fr qu('nC'y-
, nnd;.1 r 1 d Yi �. ha· ma availnhl 
b h pr c i . ·ion and necura y f •t Ii ra­
ti n ''°h] ·h n1 roaeh ± 1 X 10 11 uncl r 

id al cornli ti 11.· nnd ± l X l io i 

f th time . . \ pre. n , tlw vlf , b. n It rd-
fr 1u n ·y broadca.· m.·11n-

tni11Pcl within ± 1 X 1 ir norn.-

inal frequ neil s und r 11onnal <'ircun1-
a1 l C'alibration l'OlTPdi< 11s nrc 

fr Ill th 

I - i� liffiC"ult. t. >ju. tif\· any att mp. o 

obtain in 'I' aHc•d I r <·ifoiio1 oI C"alihration 

b yond ± 1 X I 0 11 rncl r } rps 11 c n­

li ic 11.·. Th pr< pagation varinti n anrl 

b diffi ti ">' in mainti ining µ rf c 
h rau.·mitting i:-;tt ti n' 

imp l:" < pr:.tC'liC'al limit on b I rform­
f a ·alif rat i on Fy. n1 t a:-;P<l on 

f 
l, 

·till 
b ina c· mpnr d in tl c .  nme I a i n, c r 
'l 1 'nst n t "idcly . l � r� t, l. ThC' 
± 1 X 10 111 g tanu1t on h u •c•ura.<·�· 

f th igual ., as hn>n den. t i 
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deterrent to any attempt to claim 
great r accuracy of calibration. The 

variou possible method of frequency 

co1np ri on u ing vlf transmi ions have 

been de ribed by J. A. Pierce.1 The 
m thod u ed by the pre ent author 
were either tak n dire tly from this 

publication, or deriv d fr m it indi­

rectly. everal methods have been trie , 
with the results indicated below. 

n rder to u e vlf tran mi sions for 

frequenc - tandard caljbrc ion, it i 
ne ar to make u e of the phase of 
the earner wave of the standard­

fr quency ignal. The vlf ignal upplie 

a pha or ti , r f r n vhich uffer 

onl a light variation in propao-ation 

ime ompared with that of an hf signal. 

Hence, the pha e diff renc betwe n the 

table illator to b alibrat d and the 
r c ived vlf ignal i m a ur d and the 
frequenc difference d termin d by con­

version of the pha e change per unit 

. d<t> . h . . F t1m , dt, into t e appropnate urut . or 

example th re are 6, 0 in a 

day, or in round number approxi­
mately 105, corresponding to 1ou micro-

e ond p r day. Thu , a relative 
fr qu cy differenc of ± 1 X 10-11 

corrc pond to a hange f pha of 

•"Intercontinental Fr qu ncy ornpari on by VLF Radio 
Transmission," Proc. IRE, Jun , 1957 (pp. 794-803). 

D 
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TYPE 1231-P5 

2-kc 
RADIAL 
DEFLECTION 
VOLTAGE 

rO c + jr MUF���yg�';"' 

��;CULAR·SWEEP VOLTAGE 

CIRCULAR·S@OSCILLOSCOPE 

HARMONICS TYPE 1102-A 'TYPE I I09 

TYP£ 
llOO-A TYPEllOl-B FREQUENCY STANOAAD-

STANOARO F"REOUENCY 

OSCILLATOR 
IOOkc. 

figure 1. Block diagram of vlf receiving system 
with oscilloscope display. 

only 1 microsecond in 24 hour , while 

± 1 X 10-10 fr qu n y cliff r n e 

corr pond o ± 10 micro cond . In 

impler terms, if th lo al pha e chang 

+ 10 microseconds the first day, and 

+ 10 mi ro e ond th ond day al o, 

the o cill tor i maintaining a con tan 

frequency which cliff r from that of the 

vlf ignal by approximately ± 1 X 10-10. 
If, howev r h fr u ncy of h o illa­
tor i drifting by, ay, 1 X 10-11 p r d  y, 

the pha e difference will change by 1 
mi ro econd in each 24 hour and for 

xampl will be 10 mi ro cond h 

fir t day 11 th ond. Ov r a long r 
period a uniform fr qu ncy drift rate 

will produ an in rea e in pha, pro­

p rtional to th quare of th lap ed 

time. 

The fir t, and implest, method tried 

was an experiment to a e the u ful­

ne of th io·nal pr vided by NB n 

18.0 kc. Th g n ral arr ngement wa a 

shmYn in Figure 1. In this metho l the 

ignal is heterod. ned to 2 kc by the 

inje tion of 20 k into the econd rf age 

of the tunable vlf r i r. The 2-kc 

beat is then s lee ed by a fixed-tun d 

filt r n�plified, nd applied to a cir u­

lar- ,,-e p o cil l o p driven by the 

frequen y tandard beino- calibrat d. In 
this case, since the frequ nc of the 
heterodyning local oscillator i higher 

than th 1 . 0 kc signal, an increa e in 

the local- illat r frequency r ult in 

an increase in the beat frequ n y, re-

ulting in a lockwis rotation f the 
pattern on the o ill c pe. The tim for 

a one-cy le chano- in pha e giv th 

frequency diff erenc by impl ula­

tion. The sense of the differen i ob­

tain d from the direction of rotation of 

th pa t rn. If the local standard is et 
to reduce the rat f ro ation to a v ry 

Copyright 1962 by Generol Rodio Company, West Concord, Massachusetts, U.S. A. 
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Figure 2. (Right) Block diagram of 
vlf receiving system using chart 
recorder on output of phase de­
tector. (Above) A fragment of a 
recording produced by this system. 
Frequency differe,nce is measured 
by the time between the zero 

crossings on the chart. 

v 

1 w rate he pha cliff ren ma then 

be no ed and re ord d. Unf or unately , 
for the greate. pr ci ion thi meth od 

requires rather fr quent attenti n to th 

pha of the di play and i thu ome­

w hat tediou . In addition, it i not 

pra ti able to obtain reliable overnio·ht 

cali bra ti on by hi m an unl on­

tinuou b rvation of the indicator 
' c p i prov id d, as will be apparent 

from a tudy of the typi al photographic 

pha r cord pr ented lat r (Figure ) . 
T h  n d  m thod of calibration u ed 

xp rimentally in the GR laborat ri 
i shown in Figure 2. The ·ur-r nt from 

a balan ed pha e d t ctor Vi'a applied 

to a chart recorder et for zero- enter 

deflection. In view of th small deflec­

tion in the vicinity of the z ro cro sings, 

:& i 

VLF 
RECEIVER 

FREQUENCY I kc 
DIVIDER 

STANDARD-
FREQUENCY OSCILLATOR 

D 
2:-kc FILTER 

FREQUENCY 

DOUBLER 

BALANCED 
AMPLIFIER PHASE 

DETECTOR 

DC 
!:lmc 

2 kc 

DJ 
ESTERLINE· 

A CUS 
0- lmo 
CHART 

RECORDER 

the r order wa upplern.ent
.
ed "·ith the 

galvanon1eter indi ator to h Ip timate 

the exa t mom n of zero urrent in the 

output cir uit of th ph a e d tector. 

Although ornewhat more onvcnient 

than the fir t method de crjb d thi 

till r quir d om manual p ration 
and g n rat d y rd f r ording tap , 
which r quired calibi·ation. The timing 

pulse radiat d by BA provided an 

automati tim cale. lternatively , the 

frequency of h lo al tandard o cillator 

could have been et near z ro beat with 

th incon1ing ign al , but th n of the 

fr quency cliff r n w uld th n not 

hav b n immedia ely apparent; h ence 

a better arran emen wa de. irabl . 
Th pha -locked o illator hown in 

Figure 3 \Ya a logical extension of the 

3 
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TD 
FREQUENCY 

COMPARATOR 

figure 

STANDl<RD­
FREOUENCY 
OSCILLATOR 

JOO kc: 

SHAFT­
ANGLE 

FEEDBACK 
POT 

BALANCE:.D DC 
ofPifc5.fuR DIFFERENTIAL 

SERVO DRIVE 
SIGNAL 

INPUT 

3. Block diagram of a motor-driven 
phase-locking system. 

arrangement h wn in FiO'ur 2. A r o 

amplifier having a p ir of cliff r ntial 

inpu terminal wa u d to drive a 

s rvomotor which hanged the frequency 
of the local standard-frequency oscilla­

tor by mean of a variable apacitor. 
For a phase-lock d o illa or stem i 
\\'a nece ary to pro id on differ ntial 

inpu signal to the ervo amplifier from 
the pha e-d t tor output and another 

from a potentiomet r on he capa itor 
shaft. Thi s tern i. n elec rome­

chanical equivalent of a voltage-variable 

rea tance. The fr qu ncy of the local 
standard o cillator wa thu pha e­

locked to that of NBA. The frequency of 
this oscillator ·was th n recorded on the 

frequ n y comparator used for inter­
comparison of ry tal o illators in the 

lab ratorie . In thi \Yay, the fre­

quenc of NBA wa made available a a 
reference for calibr tion of other os-

cillator . Th pr c1 10n a tained by this 
device ·was appr ximately ± 2 X lQ-9 
a b t, and, und r conditi ns of high 
noi ·e level or udden iono ph ric di -
turban ( rn), the r ult were ome­
what difficult to interpre . A s mple 
recording is hown in igure 4. The 
principal virtu of thi sy t m ' r it 
compl ly aut matic op ra ion and the 
dir t intercompari on ·with other Locally 
operated o. cillat r . 

The phase-lo king te hnique illus­
tr t d her 1 no ati fa tor fre­
quency calibration y t m a i the 

ervo-driven pha e-tracking receiver y -
tern originally de cribed by Pier 1, and 
no"- offered in m ny commercial n1odel . 
The pha e-lo ked o illator, how ' er, 
p rmitted direct con1pari on of the fre­
quenc of the BA ignal \vi h oth r 

local ignal withou th con truction f 
special phase-tra king equipm nt. Th 

pha e-lock d o illator was put together 
from alread available components. 

fter e ral m nths of xp nen e 

with the automa i r c rder, it be ame 
obviou that he dail fr u r cy hift 
at dawn and dusk changed in nature, 

depending on th time of year, and that, 

even during daylight hours om large 
fluctuation seemed to o ur. Furth r in-

ve tigation med indicat d if m.or 
a uracy was to b obt· ined from. the 

iLoc. cit. 

ws • ................. . . . ....... ..... ....... ..... . ...... . ······· . . .. . . .. . - . .  . . . . . . . ...... . ... ... ...... ............ . ..... .... . .... . 
:: :•••····�···••::••••.·. :. 

.· . . :. . . � .••.. • ••••• . • . ··················:::•·•······:·�···::::•·• .:: ' 
TIME SUNSET 0 

SUNSET 

Figure 4. Frequency-comparator records showing relative frequency of two local oscillators with 
respect to NBA. The record designated WS is tha of G R 's working standard; ES represents an experi­
mental standard; while NBA is a record of the oscillator phase-locked to NBA. The records show the 
frequency difference between each of these and a common reference oscillator. The units for the scale 

at the right are parts in 108• The total span of the recorder chart is 5.5 parts in 1 oa. 
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� IB kc 
NBA 

(OR OTHER VHF SIG AL) 
VLF AUDIO 

RECEIVER BEAT 

DIVIDER '---�---' 100 cp.s 

STI' OARO­

FREOU�NCY 
OSCILLATOR 
TYPE II 13·A 

SET SWEEP 
TRIGGER FOR 

•VOLTS, •SLOPE 

1-pps / 
CONT ACTOR 

SYNCHRONOUS­
MOTOR DRIVE 
ON CAMERA 

SCOPE SWEEP 
TRIGGERS HERE 

/ 

OPENS TRIGGER 

WAVEFORM 

vlf transmission . Accordingly, a pho o­
graphic technique was devised, after the 
mann r described by Pierce1. 

The photographic recording system 
is sho\Yn in Figure 5. The o cilloscope 
sweep i trigger d either by m.ean of 
the gated 100-cycle weep trigger hown 
or b the ungated 100-c cle signal. The 
1-per-second weep is u ed with BA to 

avoid sweeping \Yh n the ignal i not 
pre ent. The 100- w p -per- e ond r­
rangement is u ed to record communi­
cation -keyed signals. 

The u e of a modified o illo cope 
cam ra ·with a synchronous-motor drive 
on th fihn holder provides a number of 
differ 1 t ·weep rates (in inches per hour 
of film drive) for the recording film, 
which is expo ed one frame at a time in a 
Polar id film-ba k. The vlf ignal in­
tensity modulate the trace on the 
oscilloscope tube th sweep p ed on the 
o cilloscope being et to ho Y par of 
two con ecutive carrier-frequency cy les. 

he s·weep-time calibration is thus de­
rived from the spacing between the 
con cutive cycles rather than from a 

eparate o cillo cope calibration. The 
y tern can r cord ignals with relatively 

poor ignal-to-noi e ratio, since the u e 
of the P-7 screen and photographic re­
cording eem to produce approximately 
20-db improvement in apparent signal-

FILM 
MOTION 

I INCH 
PER HOUR, 

FOR 
EXAMPLE 

JUNE, 1962 

VLF CARRIER SIGNAL /HETERODY NEO TO 2 kc 

� �  
OSCILLOSCOPE 

SWEEP 
DIRECTION 

BRIGHT TRACE ON 

NEGATIVE-GOING 
SIGNAL 

Figure 5. (left) Block diagram of receiving system 
using a photographic phase recorder. Inset 
shows wave form of gated sweep trigger. 
(Above) Diagram showing mechanism of in­
tensity-modulated oscilloscope display for photo-

graphic recording. 

to-noi e ratio. It i probabl that the 
phot gr phic meth d alone account for 
most of this improvement, and that al­
most any pho phor can be used. 

Photoo-raphic r cord made by the 
method of Figure 5 are reproduced in Fig­
ure 6a b and c. .finor fluctuation in 
pha e apparently oc ur quite frequently, 
ev n almo t ontinuou ly. It i not im­
m dia ely appar n , how v r, hat the e 
flue ua ion ar anything that an be 

eparated from. th cff ct of impul e 
noise, such as atmo ph ri tatic or 
'' ferics.' In oth r \YOrd , thi re ording 
sy. tern record th noi along with he 
signal pha e. One then Iliake frequency 
calibrations by calculating the indicated 
pha e change per unit ime and convert­
ing thi figur to a fr quen y difference or 
d via ion from th r c ivcd tandard fre­
quen y. Diurnal pha hift ar r adily 
ob rved and alibrat d a hown by the 
record of Figure <3a. mall in tabiliti in 
either th received sio-nal phu or the 

Figure 6a. Night­
time phase record 
of NBA showing 
d i u r n al p h a s e  

shift s. 

1700 EST 0900 
NBA MARCH 7-8 1962 

I cycle 
= 55,5µs 

5 
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local standard o illator are easily een 

and ar free from the effect of the com­

plex time con tan t in the el tro­

mechani al sy tern de crib d above. 

On par i ularl importa1 t advantage 

of the photographic caubration method 
is illustrated in Figure 6b ·which i a 

record of t\Yo ignals on one frequency, 
which ·were of different pha e a  re eiv d 

and \vhi h were ke. red alternately. Both 

signal phases are ea ily discerned in the 

photographic re ord. \Vhen thi same 

set of ignals wa applied to the erv -

driven pha -lo ked cillator, it re-

ulted only in continuous hunting of the 

servo S) tern. 

It i of intere t to note the chara ter­

istic of om of th ignal re orded. 

The ignn.l from P:M over a \Ye t-ea t 

path h w 5 table pha e during the 

unri hift (Figure Ge). 'rhe corre-

sponding sun et hift i smooth d or 

blurred b. the nature of the recombina­

tion pro e in th iono phere aft r 

un t, "·hich re ult in a lower change 
in effective height han that ob erv d at 

sunri e. a implifi d expl nation, the 
stepwise variation in pha e may be 

thought of a� the r ult f a ray bouncing 

b tween ionospher and earth, ,,·ith two 

rela i ely table ionospheric effective 

height and a tran ition zone bet\Yeen 

them. The rav will not change it path 

length exc pt at certain critical intervals 

1400 1500 
APPROX APPROX 

during which one or more of th refle -

tion point i in the tran ition r gion a 

the rotation of the earth cau the 

tran ition r gion to move along the path. 

A is readily appar nt, th photo­

graphic pha -re ording method pro­

vid the pos ibility of pha e compari on 

to within a very f e\Y n1icro econds under 

mo t conditions. The over-all perform­

anc of thi system i uch that it can 

provide, in a 24-hour interval, fr qu n y 

calibration of a pr ci ion better than 
± 1 X io-10, even approaching a few 

parts in 10-11. More refin d photographic 

techniques hould be lightly b t er but 
no by o mu h a  an ord r f magnitude, 

in vi w of the propagation fluctuations 

apparent even on the e relativel un-
ophi ti ated photograph . 

An in pe ion of th e r  ording indi­

cate \\·ha th po ibiliti of the photo­

graphic method ma provide in the ·way 

of calibration data, and rve to 

illu trate the excellence of impl ·ali­

brati n method which are ba ed on 

ound ba ic principle . 

A few remark about the nature of the 

vlf ignal may be of intere t to tho e 

contemplating explorati n of the vlf 

spectrum. Mo t of the ran mitters 

·who. e carrier freq uencie are tabiliz d 

are u ed for con1n1unication. In the vlf 

band, this generally means Mor e- ode­
keyed cw, although other type of 

1300 
EST 

1700 1800 0900 1000 1100 
JAN 24-25 JANUARY 25 --

l-c1l��R��k5 -{ 
figure 6b. Photographic record showing phase of signals from NPG and NBA. Note that recording 
shows phases of both NPG and NBA on January 24, when their transmitters were being keyed alter­
nately. During the nighttime hours the time S"'Cale was compressed by slowing the film speed. Note 

the sudden phase shift at sunrise. 
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MARCH 8, 1962 MARCH 8-9 MARCH 9-

I I I -
I I 

EST NPM 1700 0900 1000 1100 1200 
i f f f 

'II, 912 ¢3 ¢4 �5 

Figure 6c. Record ·of 
phase of NPM over a 
west-to-east transmis­
sion path. Note the five 
relatively stable phases 
of the signal during the 

1--TIME SCALE 
COMPRESSED 

sunrise transition. 

lllillll�llmllll lllllllllllllllllllllllllilllllll l
llllll1ll'. "'"llJJllllllllllllllllJlllllllll�JllllJIJ ll llll l llillllllllllilllllllllll llll llllllllllllllll 

1111111111
�111ijllll 1111111111111 11111111111111111111111111 11111111111 1111111111h 11111111111rn111111111111111111 11111 111111111111 111�11111 IP 11 u "ij111�11�m111111111111111111111 

,,111�111111111
�111 11111111� 1111111111111111 111111111111111111111 ... 

modulation are occasionally u ed. The 
fir t vlf tandard-frequency station, GBR, 
Rugby England, is on 16.0 kc, and oc­

ca ionally 19.6 kc. All the station of the 
United tates Naval Radio .. ervi e on 
vlf are used for communications except 
the NBA transmitter on 18.0 k (Panama 
Cann,l Zone). The other tations are 
N , Annapoli , Maryland, 22.3 kc; 
NPG/NLK Jim Cr k 'Va hington 18.6 

k · PM, Lualualei Hawaii, 19. kc; 
and NA ., utler, J\1aine, 14.7 kc. The 

Kational Bureau of tandard main­
tain wwvL on 20 k and wwvB on 60 

kc (B ulder Colorado) as standard fre­
quenc� tran mitter , transmittina un­
interrupt d carrier ignal ,,·ith Mor e­
cod -keyed call-1 tter id ntifi ation 
ev ry 20 minut . The MSF tran mitter 
(Enaland) on 60 kc tran mit continuous 
carrier igna.l during its scheduled 
op ra ing times. 

The BA signal ha an appro imate 
radiated power of 30 kw, keyed with 
time signals, al o call-letter identi:fi a­
tion and rated frequency off et from 
Al* frequ n y in � 1or e code. In addi-

* 1 time is that time cale in which the transition fre­
quency of cesium is ru asured as 9,192,631,770 cycles 
per second. 

tion, some silent p riod and lo ked-key 
period are ob erved. The s r ng st 
signal are radiated by AA (approxi­
mately 1 inegawatt radiated power) and 
NPG/NLK (250 kw), with r (100 kw) 
clo e behind, a i NPM (100 kw). The 
wwvL (20 kc) effe tiv radiated pmYer is 
esti1n t d at 1 4  to 15 watts. 

R ceiving .\T terns that d pend on 
uninterrupt d arri r r c ption for cali­
bration are not gen rally . ucces ful when 
tried with th k y d-carri r ignals. For 
example extremely narrmY-band filters 
exhibit k ying tran ient which m y 
obs ure h de ired pha e inf rmation_ 

If he ignal is not abov the noise level, 
th narrmv-band filter has to be very 
carefully de igned o avoid ringing, 

which may completely m sk the de ired 
signal. Thi i e p ially ru in . terns 
employing voltag - en itive trigger cir­
cuits. In general, th rvo-driven phase­
tra king rec iver and the photographic 
recording method h proven more 
reliabl , with th photoo-raphic method 
ger erally able to handle the widest 
variety of signals. 

-F. D. LEWIS 
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Telephone - GArden 5-4671 

LOS ANGELES:* 1000 Norrt h Seward St., Los Ang I s 38, Calif. 
Telephone - HOJ'lywood 9-6201 

SAN FRANCISCO: 1186 los A l l os Av ., Los Altos., Calif. 

CANADA:* 

Telephone - WHifecliff 8-8233 

99 Floral Parkway, Toronto 15, Ontario 
Te!ephon - CHerry 6-2 17 l 

*Repair services are ·availoble ot these district offic·es. 

GENERAL RADIO COMPANY (OVERSEAS), ZURICH, SWITZERLA.ND 

REPRES.ENTATIVES IN PIRINCIPAL OVERSEAS COUNTRIES 
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