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ABSTRACT 

The r-nost practical trictliotls of rrssng high-Irecli~rncy ( H k )  broaclcasts for f r e q ~ ~ e n c y  and 
time comparison arc rcvicwcd hricfly. Althoi~gll stantlard 1)roaclcast and receiving ecluip- 
rnent has itirprovcci vastly t hronghou t the past fifty ycars, tlrc HF propagation mediuni is 
no rnore stable toclay than it was a llalf ccnt~i ry  ago. I)opplcr shift resulting frorn cliangcs 
in the effec~ivr  lieiglit of tlie i o ~ ~ o s p l ~ c r c  typically limits the usable accuracy of rcccivcci 
high frequencies to a few parts in 10". At locations bcyond groundwave range of the 
transmitter, uncertainties hi pat11 clclay gcncrally reslricl the ~lsable accuracy of HF time 
signals to the order of 3 iililliscco~i(i. Signal-averaging lechniclues are sometimes employed 
t o  cxtracl freclnency or  titne sigt~als from a noisy background. 

GENERAL DISCUSSION 

Siricc 1904 or  thereabouts we Iiave witnessecl Incrcaslng usc of radio as a i n e d i ~ ~ l n  for clis- 
semination of tirnc and trecl~iency inl'orr-t~at~on. Keceri t listings by the In ternational 'Tele- 
communicatiotis Union and other authoritie:, reveal that inorc: tlian L'arty ~ o u n t r i e s  are now 
erigagcd in radio broadcasts of tirne and I'rcqucncy st,indards. Presently , there are upwards 
of twcllty stations transmitting liequency-time stnriclards on rcgulal schedule, in tlic liigli- 
frequency (HF) band alone. Additional stations are t~roadc;lstitlg frecluency-time standards 
in the low-frcqucncy (I,F J atld vcry -Jon?-lrecluency ( 1' L I  ) band\. 

In the Unitcd Statcs, radio has heen a priiicipal nit.,tii\ of transfcrnng frequency-time stan- 
darcls for rilorc than half a century. 111 f , ~ r  t bld111: 0. 1073 will nl'irk the fiftieth arirliver- 
sary of  radio station WWV CIS r i  ~ T C ~ L I C ~ I ~ : ~  :iii~i* IL:IL~., ot t h ~  Yatlorial Bureau of Staildards 
(NBS). 

During thc first decade of its exlst~i icc,  M W*W frl-ir.i%ni~ttrci stancl.rrc1 frccluelicles with accu- 
racy no  better than one part pvr inillisrl~. .4s f r r ~ t  r Crvqucn~y-corltrol Ineasures were devel- 
oped, the accuracy ol' WWV's tr,iiisinlssioxls 5tcddlljr I I ~ ! ~ Y C Y V ~ " ~  illltil it approached a I'ew 
parts in 1 O1 where it reinaln? :cl(i,~y. Dally r-erillpdr Iqon$ ~lsrrlg the television hne-ten 
technique ensure that the W W V  t ~ l r r r ,  srylals .ire s y ~ l r h r o o i ~ c d  within three microseconds 
to  the UTC' ( N R S )  scalr~, uliii h 1x1 t u rn  ,Ii!ri:cCt ulthln f ~ b r :  rrilcroscconds t o  the IJ'I'C' ( U S N O )  
scale at  all times. 

A sccolld NBS stallon, WWVH. I ~ l s  bccli opcratlng SJIICC .Iilly 1971, frorij m a r  Kckalla, 
Kauai, Hawaii, to  providc cclbrrage for ,ir:*,li of tlir I'acrfic wlliclr are not  \ervc.d adecluately 



by WWV. I 'hroupJ~ time cornpan\ons vla portahle clocks, Loran C', and LF transmissions ol 
WWVR, tllc standards broadcast by WWVH and WWV are kept 111 the closest possible 

0 
agreement. WWVll and WWV togetlicr scrve more than two-lhirds of thc earth's surface, 
although no single radio-frequency cl-l,lnnel i \  11kcly t o  bc 100 percent rcliable under all 
propagation conditions. As in  the case of WWV. the st:~niiard frecluencics transmitted by 
WWVtl are accurate t o  within a fcw parts in 

C'onsistcnt progrcss has bccn rnadc toward 111iproving the accuracy of frcqucncy-time stan- 
dards as acti~ally broaclcast. Howcvcr, the ionosphere is no rnore stable now than it was 
during the early 1900s, as shown In I:igurc 1 .  C'onsequcntly, beyond groundwave range the 
usable accuracy of standard flF broadcasts is little better today than during the years of 
World War 11. 

Doppler cffecl ;irislng l ro~rl  ~ ~ i o t i o n  of the ~onosphcre still lilriits the typical usable accuracy 
of st;uldard frequencies propagated ovcr skywavc paths to a few parts In l o 7 ,  or  perhaps a 
part in 1 OH under good concllttons. Uncurtarnty in cictermining propagation delay gcncrally 
restricts t o  the orclcr of  onc m~llisccond, tllc bc\t accuracy that can bc relied upon for tirne 
rnarkers transmitted o n  tlF carriers along skywavc paths. Because of the scvere degradation 
brought about by ionospllcric factors over which we havc n o  control, I expect nn further 
ma-ior improvements to be rnade in tlie frcqucncy generation erluipmcnt at hW o r  WWVII 
for their present role as I I f :  ground-bawd slations. 
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Just  as broadc,lst ccluipment has ~niprovcd will1 tllc state-of-lhc-,~rt, so t oo  have standard 
1,roacicast lortn,lts ~~vo lvcd  tv sitt~sl y ~llnnglng need\. Bcgtnlr 1n.p 1 uly 1 ,  197 1, station\ WWV 
and W W V I I  ;ltloptecl tutally new plograrn formals, (Figure 2 )  i n  rcqponqe t o  prcfctcnccs 
registurcd clur~nl: a natici~~wldc survey o f  u\cr rcqu~rcrncn ts. Prillctpal changes mclurlctl 
more frecli~ctlt voice a t ~ ~ ~ o i ~ t l c ~ t i i ~ ~ i t s  of l i t ~ ~ c ,  the clirnination o f  Morse code keying and ~ t s  
rcplaccmen t in \olric ct~stxs with voice ,~tinou~~uerrrcnts,  tllc continuous hroarlc,lst on ;I 1 00-t lz 
~ i ~ h c a r r i e r  of a binary til-ne coclc vcry sirnilat lo tlic IKlC;-I I codc, tllc use of male and fcr~inlc 
voice\ hy WWV atld WWVII respect~vcly (is an ,rrd 111 dlstingu~shit~g the broadcasts of the 
two stations lroill i , c ~ c l ~  other;  tlic ix~clu \ lon  ot' 500-H/ stanclirrtl audio tones ill rrtirl~tion to  
stanctard toncs of 440 117 anel h 0 0  H L ;  a n d  the provlslon curtain 45-sccnl~rl segments 

every hour for volcc ~ I I ~ ~ C ) L I I I ~ ~ I I ~ ~ I I ~ S  of I-II~I)IIC and scirrltiftc mtcrcst hy agencies of thc 
U.S. C;overn~iit.n t. 

On 1;lnuat-y 1 ,  1072, fur thrr  rnodillcalio~is wcrc madc i l l  uccnrtlr~nct. with ~ n t ~ r n a t i o n a l  
agrcemcn t to  eliminate llic I'rccluency ol'l'sel ol' -300 parts i t )  1 (I"' wllich Ilad heen a 1'c:lt~~rc 
of most stancia~ti fretlucncy broadcasts sitlci: thc IOl~Os. Hccaust the U'T'I' ratr is no longer 
changed continrlu~rsly t o  kucp i l l  closc ;rgrccment w ~ l l i  the cartil's rotati011 ratc, [.IT(' ]low 
dcparts nlorl: rapidly than belore t ro~i l  ilic asironcrmic;ll timc sc;~lc, lJT-I. 7'0 prevelit this 
dil'l't.rt.nce I r o r ~ ~  cxcccrlir~g 0.7 scuoliti. i)~c;isional sttAp aclj~rstmcr~ts of cxactly on(, sccolld 
(called It.:ip seutjncls) arc niaclc a >  c.lircctcti by tt-~c 1ntern:ilional 'I'iiilc B~rrcair (81li). TIIC 
first Icap svcond in llisiory ,>cci~rrcil on .Jirlic .iO. 197i'. 'I'lie next onc is scllcd~rlcd t o  occur 
on Decer-nber 3 1 ,  I c172. ' l ' l l i :  Ic;ti) sccc~l~ils cnsurc 3pproxii11ate agreement betwccrl t l ~ c  LJ'l'C' 
scalc a n d  thc U'T'I scalc needcti hy navig:lturs and laricl surveyors. 

Faced witli cvcr-increasing ticr-nancis ('or more stringcrlt statrd:lrds, ruscarchcrs arc cxplorillg 
a variety of' new ~nc l . l~ods  for t i l l l t '  axld frcqucncy disscr-ninatic.,n. 111' broadci~sts t a l l  I'ar 
short of providing thc cxtrcmclv a , . ~ . t ~ r ; ~ r c  standards recltrired to  silpport precision gr~oclcsy. 
satellite tracking, aircraft traffic .. o11t r ~ ) ! .  ; ~ t o m i i - c ~ l o i ~ k  igncl l roni~at ion.  a n d  advanced digital 
cornm~lnicalions. I t  appc:lr:, ci:rrair~ that 110 ;inlc,Llnt 0 1  moncy or cffort can increase appt'c- 
ciably the effectiveness 01. the HF mode b c ~ ' o n d  it.; pr~~qciil  ca~;3t7iI1tit's. 

On t l ~ c  othcr Ilalld, thc staliriarti t ~ n i r  ~ ~ ~ ~ q u r l i c y  bcr>~tcIc,~~t\ of \t,ltion\ such ,IS WWV, 
WWVII, C'IIU, 3 r d  JJY arc rnorc i l ~ , r r ~  \~~t ' t lcrcnt  ~ O I  fhr' rveryday rlrecis of rnost users. As 
attested by thc growing n~~r-nher  of I'rec11rl*ncy-ttrllc r;t,~llot~.; opcratl11.g hetween three MH7 
and 3 0  MHz, the HI: modc is stdl tllc r n o \ t  popuiilx irrlc for mlnation ol' time and Sru- 
quency stailclards. Iiardly .111y pl,~i:c In world i \  c:iit\~clc thu oovcrdgc ,Irc,I of onc o r  
tnorc HF s t a~~d , l rd  \r;jtarjn~,. U'iilr~r~ t i l l :  icuirr',lcy Iirr!i!:lr~ons p i e ~ ~ o u s l y  c ~ t r d ,  frcquolicy 
caltbrratton ,lac1 d o c k  \ y r ~ c t ~ r o l ~ l / , ~ t l o r ~  L ' ~ : I  hr* , l c l ~ ~ c ~ c t i  cllilrc cc)nlvcnrcntly thtollgh 111, 
standard broadcasts using r c l , l ~ ~ v c l ~  .rmplc ,r:lci In?. t ~ r )  - ivy  eq~ l~p i l l en l  at  tllr rccoivui rnd 

Heterodyne Method 

Wklcil lligll accuracy is not  rtq:rired, prol~;t l~ly tllu siirlple5t and  Sastcsl w:~y o f  cnnrparing 
the fri'qucncy of ;in oscillator t o  i j  broadcast stanriarcl I S  i hc  fatniljar hetcrndyntb or zrro- 
beat t-nethod. To c:irry 0u.t tl~ir; proced~.rr;: u radio r,:i:civer is t~.rnrd t o  a standard c:lrricr 
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Figure 2. Typical hroadcast formats. 



frequency, say terl MHz, whilc the output  of the oscillator is loosely couplcd t o  the rcct.iver 
antenna. Dcpenciing upon tlic fiuidatiicntal frrqut.ncy of the oscillator, it may be necessary 
to  ernploy frcqucncy rnultiplicatron or d ~ v t s ~ o ~ i  to obtain a cominon frecluency for 
co l~ ipar~son .  

To  sch~eve  ~~laxil-nurn mndlrlalion, energy frorn thc oscillator slio~rld bc adjustcd so t h ~ t  ~t 
is appruxlnlately eclilal lo thal 01. the r r c l v r d  I>roacic:lst signal. Thc resulting heat frcclucncy 
can then bc obscrvccl as a Lissajous patlrrn on an oscllloscopc scrccn ur can be me,~surcrl 
direclly with a counter (F2igure 3)  11 tht. beat note is f o ~ r n d  to bc one 117, for ex,~liiplc, 
when the  cornpanson frequency I \  ten Mttz, then the oscrl1,itor I \  off-frccluency by onc 
part in ten rnillion, or  I X 10 7 .  

If desired, the  oscillator could be ad.iusted until Lhc beat notc or  dtfference freclucncy is 
rcduccci to  7 ~ ~ 0 ,  a t  which point thc occtll,~tor frcqucncy wo~rld be corrcct to  witliin the 
accuracy limits of thc cornpa~iso t~  proms\. Usually, howevcr, it is difficult t o  adjust ail 
oscillator t o  exactly 7cro hcat wrtlr d n  HI3 ~ ' ~ n i e r  beyond the groundwave range o f  thc trans- 
mitter. Thc problcrn arlscs from rapid l l uc t~~a l ron \  In the recclvcd signal strength drtd frorri 
propag:~trnn flutter In the recclvcd frcqucncy. 

When reception conditions are gooti, thc bcst results can bt. obtairlcd by counting the  bcsts 
over a c o n t i n u o ~ ~ s  interval several tnin~rtcs. If scvcrc filrllllg is experienced, however, i t  
rnay be prcfcrnblc to count the beats ovt.1- an i l i tcrv~l  of olily '1 fcw seconds anci avcragr tlie 
results of several successjve comparisons. 

As a general r~rle low-beat frcclucnctcs call be detcnnlned rnore accurately with an  electronic 
counter by mcasurtng pcriod rathcr tliari 1recluenc.y; the (jccumcy can be enhanced furtller 
by using the rnult~plc-period fcaturc which is corrirrion in most general-purpose countcrs 
today. 'I'he lnorc periods over wllicli ~i slgnal IS  averaged, thc bctter the resolution that can 

bc attained. In  all mcasurcmcnts made w ~ t h  an  clectronrc digit,~l counter, thc chara~tcris- 
tic ambiguity ol plus-or-mrnus one count must hc takcn Into constderation. 
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Figure 3. I-Ieterodyne method. 
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From such a display the operator can readily discern the pulse of earliest arrival. Similar 
rcsults c:iri bc obtained from ;I nii~ltiple-exposure photograph of the oscilloscope display. 

0 

Undcr typical conditions it may bc necessary to  record data frotn an HF standard station 
for scvcral days t o  average out  tlie anonlalies and approach high precision. Fo r  an obscrva- 
tion period of  24 hours, the precision Inay bc on the order of' one part in l o n ;  for a wcck 
t o  ten days, one part in l o 9 ;  and for  a month,  one part in 10''. In the IIF spectrum the 
limit of accuracy is established by tlic propagation mrdium regardless of the duration of 
the observation interval. Al'ler plotting the measurement results for scvcral days o r  weeks, 
one should disregard those points whicli do not  conform with the others, o r  else correct the 
measurcrncnts to  a more likely propagation mode. 

Best results can generally be attained by tuning the receiver to the highest frequency that 
provides consistent reception. Tlic opti~iiurn working frcqucncy sccnis to bc a t  about  85 
percent of the maximum usable frecluency. Operation at the optimum working Srequency 
serves to  reduce intcrfctcncc from high-order rnodcs and usually results in the best receptioli 
over the greatest possible distance. 

Bccausc the density of frcc electrons in the ionosphere is greater during tlie day than at 
riight and also grrater in summer than in winter, it follows that the critical frequency is 

likely to  be highest a t  no011 and during niiclsuriil~ier. ' lhroughout periods of peak sunspot 
activity the critical frecluencies become abnormally high. 

It is evident that in the interest of accuracy, tliu time or  frequency comparisons should be 
rrlade when thc ionosphcrc is most stable. This condition generally prevails when the entire 1) 

-- 

path of propagation is in total darkness o r  total daylight, that is, when midnight or  noon 
occurs approximately midway between the transmitter and receiver sites. Because of Dop- 
pler effect, received freyucncies are slightly high in the early morning hours when the path 
length is decreasing, and slightly low in tlic evening whilc thc path is extending. 

By carefully choosing the frequency, the mode of propagation, and the time of day for a 
measurement or  comparison, an observer can obtain optimum results with I iF time stand- 
ards. Uridcr ideal conditions the attainable accuracy nlay bc * 0.1 rns or  bcttcr. At  the 
opposite extreme, if the propagation path is highly disturbed the accuracy may deteriorate 
to  worse than * 10 rns. The nominal accuracy is + I 111s. 

Several instnirnentation variations are possible. A lnorc cluboratc arrangement might 
include a time coinparator in cot~.iunction with the oscilloscope. I11 lieu of the oscilloscope 
it is usually feasible t o  use a digital cour~tcr  capable of time-interval measurement. If a 
continuous record of the cornparison is desired, the counter muy be outfitted with a digital- 
t eana log  converter and recorder. 

INTERFERENCE A N D  FADING 

Mutual interference by two or  more stations o n  shared channels is nlore serious now than 
ever before. In the HF spectrum, however, it is no t  unusual for  a single station to  interfere 
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with its~.lf. Mirltip;~tli rcception oftun Icuds t o  alternate constrii~ttvc and  dustructivt. intcr- 
fercncc at tlic rccciver locatio~l without ;r sccond btoadcast st'rt~on bcing i~lvolvcd. 'I'hc 
restilt is fading '~iid cli\tor ti011 01' tlic rccsjvcd sigt~al. 

Fadvoiits m'ly also rcsirlt Irom othcr f.lctors, such as ionosplicric storms, solar tlarcs, rrlag- 
netic storriis. ;~nd  sporaclic fi-layi:r rellrction. Ni~ulc;~r  c.xplosioris a t  altitudes between 15 
:ind 60 kilo~iictcrs have bt.cl~ reportcci as causing 111; l~l:.tckoiits I'or pcriods of sevt.ral ruin- 
utes within u fcw Iiiindred kilornutcrs of tlic detonation site. 

Intcrfirencc problcrn5 cat1 be att~tckcci at tllc reccivcr tnost ccononi~cally by using ;I Jrrcc- 
tioi~al sn tenl la  that favol-s the prufcrrcd sigrials azi111~ltl1 and angle of arrival. Add~ t ion ,~ l  
precautions inay bc taken by s h e d  illit~g ~ ~ ~ v ; ~ s u r c t ~ i e t l  ts for a tltl~c: when thc undcsrred sigi~,~ls 
are know11 t o  fade out.  

Diversity receivcr sys tc~ns  havc long been irscci to combat thc cl'fects of fadiiig in Ilit. field 
of radio coriirni~nicatiu~~s. Such systems take ddvantagc o f  the fact that if two or more 
revrivers arc scparutcd hy space, by frcquency, by antcrina polartzatiun, or  by anglc of  
arrival. the t'atiing often occLrrs indcpcntienlly at cach reccrver. Although diversity receivt.rs 
are available for HF ch;ulncls, tlie tcchniqilc h3s not bcen widcly exploited for frcquency- 
tiinc applications. Pcrhaps the added cost has bccrr a deterrent. 

NOISE 

Additive noise lias reaclled scrroils proportions throughout the HF spectrum. Atmospheric 
noise is generally Iiigli during tllc spring arrd sumrncr rnonllis; but man-niade noise may pre- 
Jontinatc a t  any t~rnc ,  especially In urban areas. As irioru radio statrons increase their 
effective radiated powcr i n  an effort to overcome clcctrornagnctlc noise lcvels, thc tnter- 
ferencc probletii is contpoullded. Stgnal-averaging is all effective means of extracting ttme 
qignals or  other pcriodiu wavcs 11-otn random noise. 

For  our prcscnt purpose? randor-n noisc is considcrcd t o  bc that J'orin of noisc for w h ~ c h  the 
:werage amplitude at ally particular frcqucncy is 7ero. Now let us assume a uniform periodic 
event, such as a time tick, that occur\ in thc prescncc o f  random noise. If the satnr point 
on the periodic pulse 1s cxain~nud every time the prllsc recurs, an average voltage could be 
associated wit11 that point. This follows f'rorn our assumption that the true signal amplitude 
a t  the point is constant whereas 11ltim;itely the random noisc voltage a t  that point rnust 
averagc out  to zcro. Tlit' time requir~t i  for tlic averagc signal voltage to enicrge depends upon 
tht: cxtcnt and nature of t l ~ r  noise. 

A s~p~al-avcrager cxar-nlnes nurncrous ~)oirits on  tlic periodic wave and stores tllc inst,intant.- 
ous voltage of c,lcti point in a memory bank. Rnch tirne thc wave recurs the sarnc point\ arc 
exainincd 'ind the ~cspec t~vt :  vv1t;lgt's ail: stored 111 thc qame rxictnory elements. Eventually 
each rnemory elcrncnt will contain tlic nvcrage voltage frorr~ its asso~ia tcd  point on the 
waveform. At some prcscrrbed ~ n o m e n t  tlic rneinory cle~nents  are strobcd secluentially and 
the stored voltagcs displayccl on an osc~lloscope. The r e d t  IS a reconstruct~on of the 



average wavcfornl wi tho i~ t  the distr~~c'ting noisc. The wavcforrn is composcd of many dis- 
cretc voltagc levels read ou t  fro111 rile rnr1tlory hank. • 
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