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ABSTRACT 

Instead ol' a hydrogen maser, a carefully selcclcd Crystal oscillator which is 
phase locked lo a Ccsium (Cs) frequcncy slandard for time range of morc lhan 100 seconds 
is adoplcd to the limc and frequency standard of a geodetic VLBI experirncnl. The 
domcstic VLBI expcrimcnl wilh 55km baseline using the Crystal oscillator at one end was 
madc in Japan and the oblaincd crror of the baseline vcctor componenls were 4cm, and that 
of lhc bascline length was 3cm. This systcm may be opcralcd after only 2 hours warm up. 
Thcsc rcsults coincides wilh t hosc ol' convcntional geodetic Lascr ranging and VLBI using 
a hydrogcn maser within the formal error. A VLBI expcriment with over 1000km 
baselines wcrc carricd out successfully from Oclobcr 1988, and over 1 1 OOOkm baseline 
bctwccn Japan and Antarctica was carried out succcssfully in January 1990. 

Very long Basclinc Intcrl'cromclry (VLBI) is one of the mosl accurate modern positioning 
tcchniqucs. Although it was initially developed by astronomcrs as a tool to improve thc angular 
resolution o f  radio telescopes, it was realized lhal il would also be an ideal geodetic instrument. In 
usual VLBI experiments rnadc h r  geodctic purpose, cach antenna receives signals from a radio 
source for a hundred seconds or rnore in one observation. This observation is repeated changing 
betweeri dozen or  more radio sources during a nominal 24-hour session. A single experiment 
therefore consists of a hundred or more observations. The frequency standard ol' VLBI must be 
slahlc ovcr a long time rangc (morc lhan 100scc) as wcll as a short range (less than 100sec). Short 
limc rangc stability is csscnlial for maintaining lhc cohcrcncc and long time stability is necessary for 
regulating thc time oi'ohservations. The hydrogen maser oscillator satislics these requirements and 
this is a rcason for its usc Ibr VLBI. Howcvcr, rcscnl tcchnology has improve the stability of 
Crystal oscillator (AT-cut rcsonatnr 01' lhc BVA style). The possibility of Crystal oscillator as a 
frcqucncy standard 01 VLBI will now bc discussed. A hydrogen maser Srequency standard with 

slability better than 1 0- 14 has been playing an important role in the VLBI experiments. Maintaining 
lhc cohcrcncc ol'lhc receiving signal ol'each station is one of thc most importan1 l'aclors in VLBI data 

acquisition. Whilc the stability of the atmosphere which causes phase scintillation, is about 1 0- l3  
as measured by VLBI. The atmospheric scintillation degrades the coherence of VLBI data, which is 
independent 01' lhc phasc lluclualion of hydrogen maser. Research work in the Crystal oscillators 



has made remarkable progress in reccnt years, and the stability of thc selected Crystal oscillators 

rc;lchcs (TY(TC I OOSCC) = 3x 10- 13,  il value comparable to thc stability of the atmosphere. Therefore 
thc polcnlial lijr obtaining a good fringc by using the Crystal oscillator instead of the hydrogen maser 
exists. Thc main purpose of the new t'rcquency rcSerence systcm development was to contract a 
highly tl*ansportable time and frequency standard far VLBI, and in our casc we adopted a Crystal 
oscillalor li\r VLBI frequency rcfcrence. Thc Crystal oscillator has advantages for space technology 
application (Spacc VLBI ctc.), and transportable VLBI because it satisfies the requirements of small 
sizc. light weight, and ascismatic structure. 

A new frequency systcm which constructed a Crystal oscillator whose phase is locked to 
lhal  o I' a C:esiumSreq ucncy standard (Cryslal-Cesium sys tern) has bcen developed for time ranges of 
over 100 seconds, as the stability of Cesium frequency standard is better than that of a Crystal 
oscillator For long term rangcs. First of all, Lero and short baseline intcri'erometer experiments were 
carried out 10 assess lhc performance of the Crystal-Cesium system and to find the optimum data 
analysis method for using Crystal-Cesium system. Secondly, the S5km baseline (a reference 
basclinc in Japan, which has bccn measured 5 times by VLBI and other mcthods) VLBI cxperiment 
was made in order to provide a comparison with conventional results and to determine optimum 
intcgration time L'or this systcrn. As a result of these experiments, the basclinc vector was obtained 
with an crrnr ol'4.3cm o n  cach component, and 3.4cm on ils length. 

2. Potential of the Crystal oscillator as the VLBI frequency standard 

Thc stability of I'rcqucncy standard in a short time period is an important factor in maintaining 
thc coherencc of rcccived signals in VLBI experirncnts. However VLBI observation from the 
ground always sufkr Proni the atmospheric scintillation cfI'cct, resulting in a loss of coherence. 
Therefore thc stability 01' the atmosphere determine thc limit of requirement for that of frequency 

standard in ;I short time rangc. The stability 01 atmosphere was measurcd to about 1x 1 0-l3 at 
100sec by domestic VLBI (Fig. I ) ,  this rcsult being almost samc as those of Rogers and our 

rncasuremcnls (Table I). The stability ol hydrogen maser is 1x10-14 at 100 set and it is stable 
enough compared with the atmosphere, while recent technology progress has provided a stability of 

3x 10-1 for Crystal oscillators, which is almost the samc as thc atmosphere's stability. A Crystal 
oscillator is strongly proposcd as a L'requency standard for VLBI in a short time range. 

Thc requircmcnts for the VLBI frequency standard are as follows; 
( 1 )  To keep ~ h c  signal coherence during inlcgration time. 
(2) Phase variancc o f  thc clock instability should be better than accuracy of the 

tneasurcmcnt. 
'Thc cohcrence loss LC due to thc instability of frequency standard in 100scc integration time is 

estimated by Eq.1. 



whcrc k: loss of  coherence 
wo: angular freq~ency~ol' local oscillator 

(8080MHz in X band) [radlsec] 

up: Allan variancc ol'white phase noisc at  1 sec 

(1x10 -13)2 : hydrogen maser at Kashima 

txP: Allan variance of white frcquency noisc at 1 sec 

(7x 10- 1412 : hydrogen mascr at Kashima 

cTy2:~onstant Allan variance 01' flicker Srcquency noise 

(5.5x10-15)2 : hydrogen maser at Kashima 

(3x10-13 )2 : seleclcd Crystal 
T: Inlegration lime [sec] 

'I'he stability of thc hydrogen rnascr at Kashima is shown in Fig.2. According to Eq.1, the 
calculalcd losses Sor hydrogcn maser and Crystal oscillator a1 an integration time 01 IO0sec arc 

1 . 2 1 ~  10-4 and 0.041 rcspectively, and cornparcd with thc loss due to 1 bit sampling (Loss=0.36) at 
ciala acquisition they arc small enough lo be ignored. Long term stability of the frequency standard is 
necessary lijr rcgi~lating lhc results o f  cach observation when analyzing them. Though thc long term 
stability of the Crystal oscillator is not acceptable for VI,BI, the high performance Cesium frcquency 

standard has :i supcrior stability in a long term ( csy(r> 100) < = 3 ~ 1 0 - ~ ~ ) .  But i l  only Cesium is used 
in VLBI experiments, it is impossiblt: to keep Ihc coherence of the X band signal, as thc slability of 

Ccsium is worse lhan (y= 10-12 in short term during signal integration. Hence a frequency 

standard, which has thc stability of thc Crystal in a shnrl time rangc and that ol' Ccsium in a long 
timc rangc, is needod lo satisljl ihc roquirernenls ol' VLBI and can be realized by using a Crystal 
oscillator with ils phase lockcd lo the Cesium Ircquency standard in a long timc range. 

'I'hc requircd stability o f  [his cquipmenl is lhc shaded arca in Fig. 3. Stahillty 
mcasurcments with Zcro Baselinc Inlcrferometry and the short hascline VLBI expcrirnent werc 
made. 

3. The stability measurement with Zero Baseline Interferometry 

Stabilily was tneasured with Zero Baselinc Inlcrl'erometry (ZBI) (Fig.4). This mcthod 
used lhc K-3 VLBI systcm which was developed a1 CRL. System noisc of this rnelhod is very low 
and this measurerncnl is realistic method l'or VLBT experimcnls, because the pcrforrnance of the 
oscillator is mcasurcd in thc sarnc: configuration. In VLBI, the geodetic rcscrence point is thc 
intersection point of axes ol' Azimuth(&) and lhat of Elevation(El), and is a stationary point. In ZBI 
rncthod, both receiving systcrns arc mounted on a samc antenna. In this case, the baseline length is 
Lcro, because the gcodctic rclkrencc point is common Ior both systcrns. 

Thc common noise generated by Noise Diode is injeclcd to both X band Sceder systems. 
Thc rcl'ercncc signal is supplied to onc syslcrn by a hydrogcn maser and to lhc other by the test 



rrcquency syslcm(DUT : Devicc Undcr tcst). A cross correlation was made between the two 
systcms in real time by using lhc K-3 VLBI corrclation processor. Thcn the resulting stability was 
equivalent to both refcrcnces. In this casc, Ihc DUT's are a Cesium, a Crystal and the Crystal- 
Ccsium system. This method is a modified DMTD (Double Mixer Time Difference) mcthod. The 
results arc shown in Fig.5, which shows the detected fringe phasc in the X band, It is possiblc lo 
l?nd 0 ~ 1 1  lhc long term charactcristics in stability of thc li-cqucncy standard. The result of using 
Cryslwl oscillator (Fig.5a) shows random walk ovcr lhc long term caused by the cxternal 
lempcralurc changc. When using Ccsium frequency standard (Fig. Sb), the fringe phase is stablc in 
thc long term. And in casc of using a Crystal-Cesium system frequency standard (Fig.Sc), the fringe 
phasc: is as stable as when using only a Ccsium li*equency standard. Fig.6 shows the observed delay 
in X band. This detected fringe phasc is thc respective instrumental delay of two systems. It is 
possible to find out the capability Sor kccping coherence. When using Crystal oscillator (Fig.6a), it 
is possiblc to get a good fringe, and the dctcrmined delay is stable. When a Cesium frequency 
standard is used (Fig.&), thc dclcrmincd delay changed as much as 100 nsec, and thus it is 
impossible tn kccp the coherence in the X band. This mcans the Cesium frequency standard is not 
suitablc t o r  thc Srcqucncy standard of VLBI in the X band. The results from the Crystal-Cesium 
systcni (Fig.hc) have the same characteristics as lhosc horn whcn only the Crystal oscillator was 
used. 

Fig.7 shows that the coherence depends on integration time, and it is calculated directly from 
thc correlated data. It is possible to tell coherence from this Figure. 

Fig.8 shows the stability of the Crystal-Cesium system, which is measured by the detected 
Iringc. 

Thcsc rcsulls show that lhc Cryslal oscillalor has a good short term stability but it is infcrior 
to the Cesium frequency standard in the long term, while a Cesium standard has a excellent long 
term stability hut i t  is unusable for X band VLBI experiments. The Crystal-Cesium system is very 
closc lo mccling rcquircmcnls. 

4. Estimation of the optimum integration time for the Crystal-Cesium system 

The SNR of VLBI is calculated by Eq.2. 

whcrc Sc : correlalcd l'lux oPsource k : Boltzrnan constanl 
D : diameter of tht: antenna '7 : antenna efficiency 
Ts : system tcmpcralure B : band width 
T : integration limc 

p=(2/n)*O.6*SQRT(3/4) 
: .................. Fringe stopping loss 

: ........................ Scintillation loss 
: ........................ .... 1 bil sampling loss 



The cohcrcncc loss is expressed by Eq. 1. There is an optimum integration timc which 
gives thc maximum SNR:'coherencc, and an estimate of this suitable intcgration time is shown in 
w 

Fig.9. Fig.9 (a) shows the estimalcd SNR"coherencc wcrc a fixed Cesium stability (q(l)=3x10- 
12)) iincl v;iriablc: Crystal stability arc uscd. Fig. Y(b) shows the opposite situation (fixed Crystal 

stability and variablc Cesium slability), where fixed Crystal stability is oy(l)=4x10-13. The 
op1imun-i intcgration limc dcpencls on thc slability of the Crystal oscillator and that of the Cesium 
I.rcquency standard. When using high performance commercial Cesium, the SNR*coherence has a 
rnaximirm value at about 1 20 sec integration lime. As in this casc the clock error is less than 0.05 
nscc, ii  can be said lhal the optimum inlcgration time is 120scc lor this system. It is possible to use 
thc  data with SNR betlcr than 7 li)r VLBI data analysis. In other words, the Crystal-Cesium system, 
which can get S N R  oS bcttcr Ihan 7 in 120 scc integration limc can be used with the VLBI antenna 
pair. 

5. The 5Skm baseline experiment 

An experiment with the 55km baseline, which is regarded as a reference VLBI baseline in 
Japan, was made irnrnedialcly al'ter JEG-5(Sifth Geodetic VLBI experiment between Tsukuha GSI : 
Geographical Survey Institute, and Kashima CRL using hydrogen masers a1 both stations) and the 
schedule of JEG-5 was repealed, in order to avoid problems arising from the change of the 
propagation media error. A Crystal, a Cesium hequency standard and a PLL circuit were 
transporlcd from Kashima to Tsukuha 2 hours beforc the start of the experiment. The 26m Az-El 
type Radio telescope at CRL Kashima and Ihc 5m Ax-El type Radio lclescope at GSI Tsukuba were 
uscd. Both Radio lclcscopes arc equipped with the K-3 VLBI systcm. A hydrogen maser 
frequency standard is used as the reference signal at Kashima station and the Cryslal-Cesium system 
is uscd at Tsukuba slation, Olher parts of the systcm were thc same as thc JEG-5 experiment. Thc 
cxperimcnt was donc for 24 hours, and Ihc cross correlation was made in Kashima. The results are 
shown in Table.2. In order lo comparc the accuracy dependence for  the integration time, the rcsults 
lijr the I'ollowing thrcc cases wcrc analy~cd.  

case 1 : Same inlcgration lime as JEG-5 
(80 to  300sec intcgration timc which depends on the source flux) 

case I1 : Inlegration time fixcd for 120sec. 
case TI1 : Integration time fixed for 6Osec. 

I Thc most accurate rcsuli is obtained with a 12Osec integration timc (case 11). In casc 1, 
somc correlaled peak (fringe phase) on delay rate is detectable, and shows that thc rate changed 

I 
within the integration tirnc. In casc 111, it is impossiblc to get SNR better than 7 at the weak radio 
sources. The difference hctween ~ h c  result with the hydrogen maser(JEG-5) and that of the Crystal- 
Cesium system (casc 11) is less that 4.3cm in baseline vector and 3.4cm in bascline length. 

b 



6. Application of the CI-ystal-Cesium system to the 1000km+ baseline VLBI 
experiments 

The over 1000km hasclinc VLBI cxpcriments were made from October 1988. The first 
cxpcrimcnl t~etwccn Kashirna and Wakkanai, thc northernmost part of Japan. In this experiment, 
thc highly transportablc VLBI station which consists of a 3m antenna, the antenna control unit, the 
K-4 VLBI system and thc Crystal-Ccsium system, was operated in Wakkanai. This system is the 
smallcs~ VLBI data accluisition system in ihc world. Generally thc measured accuracy of VLBI 
worsens as antenna size dccrcased, but this system has overcome the problem through thc wide 
handwidth rccciving. 'Thc receiving bandwidth (273MHz cffectivc band width) is twice as wide as 
thc normal X band bandwidth (128MH~)  in CDP experiment. The K-4 VLBI system is a data 
;~cquisilion systcm which was developed al CRI, for application in transportable VLBI station. The 
direction of the baseline vector was approximately North-South. Good fringes and thc good results 
werc obtained from this system. The basclinc vector was obtained with errors of 5.lcm in the X, 
3.8cm in the Y, h.2cm in the % components, and the an error of 1.5cm in its length on VLBI 
ccnordinalc. 'The crrors 01' 1.4cm in the North-South component, 1.Ocm in the East-West component 
(horizontal cornponcnls) and 8.7~111 in verlical component werc obtained. The results show that 
scnsitivily in horizontal components is good, making analysis of platc motion possible, and also 
shows lhc effectivcncss of the Crystal-Ccsium syslcm for VLBI frequency standard even for VLBI 
experiments wi th baselines over 1 000k-m. 

In January 1990, the Antarclica VLBI was carried out. Thc equipmcnts werc same as the 
Wakkanai VLBI cxperimcnt clinlinalc the antenna system. The Crystal-Cesium system was operated 
in Antarclica, and wc can gel thc good geodetic results. The baselinc vector was obtained with crrors 
within 20cm. 

7.DISCUSSION & CONCLUSION 

Instead of a hydrogen mascr, a carefully sclected Crystal oscillator which is phase locked to 
;I Cesium frequency standard for time ranges 100 scconds is adoptcd to thc time and frequency 

standard ol  il geodetic VLBI cxperiment. The stability ol' the atmosphere is about 10-13. The 
atmospheric scintillation degradcs the cohcrencc: o f  the VLBI data, which is independent of the phase 
Iluctualion of hydrogen mascr. It is impossible to avoid to this effecl even if a hydrogen maser is 
used. Rcsearch work in the Cryslal oscillators has made remarkable progress in recent years, and 

~ h c  stability ot.sclacied Crystal oscillators reaches 3x10-13, a value comparable to the stability of thc 
atmosphere. Thercliwe the potcnlial Ihr obtaining good fringcs by using thc Crystal oscillator 
instead ol' lhc  hydrogen maser cxists. But the Crystal oscillator is infcrior to a Cesium frequency 
standard in long term stability. A frequency standard, which has the stability of the Crystal in a short 
tirnt: range and that of Cesium in ;I long time range, is needed to satisfy the requirements of VLBI 
and can be rcalized by using a Crystal oscillator with its phase locked to the Cesium lrequency 
standard in a long lime range. The main purposc of the new frequency rcference system 
devclopmcnt was to contract a highly transportable time and frcquency standard for VLBI. The 



Crystal cacillalor has advanlagch Sor spacc: lcchnology application (Space VLBI elc.), and 
transport;~hlc VLBI because it is satisfies the recluirement of small size, light weight, and aseismatic 
structure. 

This syslerrl can he used I'or VIAHI I'rcqucncy slandard, and i t  has advantages Ibr use wilh a 
~ransp(~-tahlt. VLBI system, hut  ils accuracy is worse than that of a hydrogen maser system. 
Allhough amhicnt tcnlpcralurc control was not considered, external temperature control is desirable 
lo kcep the stability of thc Crystal in Flicker in  sing thc Crystal oscillalor, as il has a strong 
dcpmndency on temperature. We cxpect t o  develop the Crystal oscillator which has a stability bcttcr 

than I x 10-I i. 'I'hc cnhcrcncc loss caused by this stability is 0.0045, which is small enough far 
keeping coherence. 

'f'hc: domcslic VLBI cxpcrimcni wilh 55km baseline using the Crystal oscillator at onc cnd was 
made in Japan and the obtained crror ol' lhc basclinc vector components were 4cm, and that of thc 
baseline. length was 3cm. 'I'his syslcm may he operated after only 2 hours warm up. Thcsc results 
coincide with thosc o f  conventional gcodclic Laser ranging and VLBI using a hydrogcn maser wilhin 
lhc li)rmal error. A VLBI experimcnl using this system with over 1000km baseline was carried out 
successfully in Ocl. 1988 and ovcbr 1 1000krn haselinc bctwccn Japan and Antiirctica was carried out 
successfully in Jan. 1990. 
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Fig. I Atmospheric t'luctuation in Allan standard deviation 
This is the result of the domestic VLBI between CRL-NRO (Nobeyama Radio 

Observatory) in Dec. 1984. X-axis shows the integration time and Y-axis shows the stability in 
Allan variancc. 
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Fig. 2 Stability of the hydrogen mascr in Kashirna station 
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Fig. 4 Block diagra11-l ol'lhc stability measurement system 



QUESTIONS AND ANSWERS 

Professor S. Leschiutta, University of Turin: First, what was the type or model of crystal 
oscillator used, and second, what order of servo loop and, if a simple loop, what was the time constant? 

Mr. Hamma: The oscillator was a BVA oscillator from Oscilloquartz. (Editors note: The following 
answer was not available at  the meeting, but was obtained later by private communication.) The loop 
was a quadratic one (second order) with TI .v 100 seconds and rz E 250 seconds. 



30 60 
TlME (min) 

30 60 
TIME (rnin) 

30 60 
TIME (min) 

Fig. 5 Variation ot' the correlated phase 
(in regular order) 
(a) The result oC using a Crystal oscillator only 
(h) The result of using a Cesium standard only 
(c) Thc result of using a Crystal-Cesium system 
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Fig. b Variation o f  the determined delay 
(in regular order) 
(a) Thc result of using a C.rystal oscillator only 
(h) The result of using a Cxsium standard only 
(c) Thc result o f  using a Crystal-Cesium system 
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Fig. 7 Coherence 
(in regular order) 
{a) The result o f  using a Crystal oscillaior only 
(h) The resull of using a Cesium standard only 
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Fig. 9 (a) Estimated SNR':' cohcrcncc (fixed Cesium stability) 
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Fig. 9 (b) Eslimalcd SNR': cohcrencc (fixed Crystal stability) 
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Tiiblc I Atmospheric Iluctuation in Allan standard deviation 
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Tablc 2 Obscrved baseline components in 55km baseline cxperiment 
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