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Abstract 

A time synchronization experiment bctween some European laboratories 
using the passive television method applied to the signals broadcasted by 
Eutelsat I -F5 telecommunication satellite was completed in 1990. 

The results obtained in the last period, when also range mea- 

surements from a Telespazio ground station were performed, are analyzed to 

evaluate the accuracy level of the time comparisons corrected for the effect of 

the satellite movement with position data obtaincd either from the Furopean 

Space Agency (ESA) or from orbit determination with range data entered into 
GEODYN program of NASA/GSFC. 

1 - Introduction - 

A time synchronization experiment between the time scalps of eight 
European laboratories using the passive television method (11 applied to the RAl 
IJno signals transmitted at 11.01 G H z  by Eutelsat I-F'5 (ECS-5 in the sequel) 

telecommunication satellite placed in a geostationary orbit at lo0 East 

longitude, was completed in P'ebruary 1990. 
The aim of this experiment, developed in the framc of Eurornet 

Project P88/1611, was to investigate in the capabilities of these techniques in 
order to establish a synchronization system covering several countries in 
Europe, yielding good precision in time and frequency calibratian with 

reLatively low cost equipment 12,3 1 . 
The laboratories involved in the last period o f  the experiment are 

reported below together with their receiving stations coordinates: 
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Laboratory 

AOS - Astronomical Latitude Observatory 
BOROWIEC, POLAND 

ASMW - Amt fur Standardisierung, Meawesen 
und Warenprufung - BERLIN, GERMANY 

FUC - Telespazio S.p.A. 
FUCTNO, ITALY 

IEN - Istituto ELettrotecnico Nazionale 
TORINO, ITALY 

STA - Swedish Telecommunication 
Administration - STOCKHOLM, SWEDEN 

TP - Ustav Radiotechniky a Elektroniky 
PRAHA, CZECHOSLOVAKIA 

TUG - Technische Universitat 
GRAZ, AUSTRIA 

VSL - Van Swinden Laboratorium 
DELFT, THE NETHERLANDS 

Latitude Longitude Height 

(m 

The receiving stations used, with the exception of the Telespazio - 1 

Fucino ground station, were made of commercial TV satellite receivers and 

antennas with diameters varying from 0.9 to 3 m. t 

The daily measurement schedule followed in each laboratory 

consisted, up to January 1990, in two sets of 25 time interval measurements, 

twelve hours apart, between the local UTC and the trailing edge of the first 

field synchronizing pulse of the video signal. Since January 1990, when the I 
t 

range measurements from the Telespazio ground station were also performed, the I 

measurement schedule was updated to have more synchronization results. 
In Fig. 1 are reported the comparison results between UTC(1EN) and 

I 

i 

the time scales of TUG, STA and TP obtained via ECS 5 for the period November 
1989 - February 1990 corrected for the satellite position data supplied by the 

1 
European Space Agency (ESA). In the figure are also reported the differences 
every ten days computed from RLPM Circulars T, in the case of TP, or the daily 

4 
differences computed via GPS common-view in the case of STA and VSL. 

As reported in previous works on this subject 12,3 1 , it can be seen 
1 

that a precision of some hundreds of nanoseconds can be achieved by correcting i 

for the satellite position parameters supplied by the control station with an 
I 

uncertainty of some kilometers. 
The peak-to-peak fluctuations of the synchronization results are 

t 

also strictly dependent on the baselines between the laboratories involved that 
varied from some hundreds of kilometers up to 1700 kilometers in the IEN/STA 



l i n k .  The d i f f e r e n c e s  between t h e  s y n c h r o n i z a t i o n  r e s u l t s ,  o b t a i n e d  wi th  ECS 5 
and the  s y n c h r o n i z a t i o n  s y s  terns a l r e a d y  e s t a b l i s h e d ,  a r e  mainly due t o  an  

i n s u f ' f i c i c n t  e v a l u a t i o n  o f  t h c  d i f f e r e n t i a l  d e l a y  of each p a i r  of receiving 

equipment.  Th i s  i s  more e v i d e n t  i n  t h e  c a s e  o f  I J T C ( 1 E N )  - IJTC(TP) where t h e  

u n c e r t a i n t y  r e a c h e s  1 . 5  u s ,  due a l s o  t o  t h e  synchron iza t i -on  l i n k  used t o  r e l a t e  

TP t o  UTC ( l o n g  d i s t a n c e  t e r r e s t r i a l  t e l e v i s i o n  l i n k ) .  
S i n c e  November 1989,  t h e  d a i l y  measuremcnt s c h e d u l e  was changed t o  

v e r i f y  i f  t h e  d i u r n a l  e f f e c t s  due t o  t h e  sa te l . l . i . t e  movement, s t i l l .  presen-L i n  
t h e  s y n c h r o n i z a t i o n  r e s u l t s ,  cou1.d be reduced computing t h e  t ime  d i f f e r e n c e s  a t  

h a l f - s i d e r a l  day i n t e r v a l s ,  b u t  no a p p r e c i a b l e  improvement: was o b t a i n e d  w i t h  

t h i s  p rocedure .  

2 - R a n g e  m e a s u r e m e n t s  

From January  30 t o  February  20 ,  1990,  r ange  measurements were 

performed e v e r y  hour  a t  t h e  Telespazio-Fucino g r o u n d s t a t i o n  where t h e  R A I  Uno 

s i g n a l s  a r e  t r a n s m i t t e d  t o  ECS 5. A por tab . l e  cesium c l o c k  was a.l.so i r i s t a l l e d  a t  

Vuci-no a s  a  l o c a l  r e f e r e n c e  t o  perform every  hour  s y n c h r o n i z a t i o n  measurements 

w i t h  t h e  o t h e r  t ime  s c a l e s .  

The equipment se t -up  i s  shown i n  F i g .  2 ;  each measurement sequence 

s t a r t e d  w i t h  t h e  t ime  d i f f e r e n c e  between t h e  l o c a l  1 PPS r e f e r e n c e  UTC(FUC) and 

t h e  f i r s t  s e l e c t e d  TV synchroniz i .ng p u l s e  r e c e i v e d  from t h e  satellite and was 

fol lowed by a  r ange  measurement beg inn ing  a f t e r  a 300 m s  d e l a y  f o r  

i n s t r u m e n t a t i o n  r e a s o n s .  Th i s  measurement was s topped  by a  TV p u l s e  from ECS 5 

a f t e r  n e a r l y  250 m s  ( F i g .  3 ) .  The measurement r e s o l u t i o n  was 0 .5  n s .  The range  

v a l u e s  measured a t  Fucino have been r e p o r t e d  i n  F i g .  4 t o g e t h e r  w i t h  t h e  range  

computed f o r  F'ucino from ECS-5 o r b i t a l  pa ramete r s  suppJ.ied by ESA-Hedu c o n t r o l  

s t a t i o n .  Thc d i f f e r e n c e s  between t h e  two s e t s  o f  r ange  d a t a  a r e  r e p o r t e d  i n  F i g .  

5 where a  maximum d i f f e r e n c e  o f  abou t  1 krn can  be obse rved .  T h i s  i s  mainly due 

t o  t h e  u n c e r t a i n t y  o f  t h e  E S A  pa ramete r s  and,  -to a l e s s e r  e x t e n t ,  i n  hav ing  

d i s r e g a r d e d  t h e  s a t e l l i t e  t r a n s p o n d e r  d e l a y .  The t y p i c a l  s t a n d a r d  d e v i a t i o n  o f  a 
s e t  o f  25 range  measurements,  u s i n g  t h e  s y n c h r o n i z i n g  p u l s e s ,  was 1 mete r .  

I n  F i g .  6 a re  r e p o r t e d  the  s y n c h r o n i z a t i o n  r e s u l t s  between U T C ( 1 E N )  

and UTC(FUC) f o r  February  1990 and,  w i t h  c r o s s e s ,  t h e  average  o f  a  p a i r  o f  

a d j a c e n t  s y n c h r o n i z a t i o n  d a t a  a t  a  h a l f - s i d e r a l  day i n t e r v a l .  A c o n s i d e r a b l e  

r e d u c t i o n  o f  t h e  d a i l y  f l u c t u a t i o n s  is  o b t a i n e d  b u t  a  long-term e x c u r s i o n  of +1 
- 

u s  i s  s t i l l  p r e s e n t .  Looking a t  ECS l o n g i t u d e  d a t a  f o r  t h e  same p e r i o d  ( F i g .  71, 
w i t h  t h e  same a v e r a g i n g  p r o c e s s  a p p l i e d ,  i t  can be not i .ced t h a t  t h e  e x c u r s i o n  

s e e n  b e f o r e  matches ve ry  w e l l  t h e  l o n g i t u d e - d r i f t  o f  t h e  s a t e l l i t e .  These 

s y n c h r o n i z a t i o n  r e s u l t s  have been t h e r e f o r e  c o r r e c t e d  o n l y  f o r  t h e  e f f e c t  of t h e  

mean l o n g i t u d e  v a r i a t i o n  o b t a i n e d  from ESA p o s i t i o n  d a t a  and f o r  t h e  

d i f f e r e n t i a l  d e l a y  of t h e  two s t a t i o n s  ( F i g .  8). I n  t h e  same g raph  i s  r e p o r t e d  

w i t h  a  dashed l i n e  t h e  mean r a t e  o f  t h e  cesium c l o c k  a t  Fucino d u r i n g  t h e  



experiment versus UTC(1EN) that was of +96 ns/d; the mean rate evaluated by 
means of ECS-5 has been found equal to +92 ns/d. The residual daily fluctuation 
of the order of 200 nanoseconds peak-to-peak, is of the same order of that 
obtained averaging synchronization data at 12 hour interval. 

The bias of about 0.6 us between the two curves is due to the fact 
that it was not possible to evaluate separately the receiving and transmitting 
delay of the Fuclno groundstation and that the delay of the Test Loop 
Translator, used for the measurement of the total delay, is not known. 

The total deLay of the Fucino transmitting and receiving station, 
measured during the experiment, was found equal to 3.918 us with an uncertainty 
of + 7 ns. - 

The delay of the IEN station, measured by means of a satellite 
simulator, as described in (31,  was found equal to 0.851 us with an uncertainty 
of - + 15 ns. The long-term stability of this delay has also been investigated for 
six months after having stabilized the temperature inside the satellite 
simulator within + 1 K. - 

The measurement results, reported in Fig. 9 together with the 
outdoors temperature, show a correlation between the temperature and the delay 
variation. 

3 - Orbit determination of ECS 5 

The precise orbit determination of ECS 5 geostationary satellite has 
been performed at Telespazio using the range measurements collected in the 
period January 30 - February 20 1990 and discussed in the previous section. 
The travel times of TV synchronization signal, from Fucino ground station to ECS 
5 satellite and back, have been preprocessed, converted into one way range 
measurements and formatted into a suitable format for GEODYN program to compute 
satellite orbit. 

GEODYN is a NASA/GSFC program routinely used at Telespazio to 
analyze laser ranging data to LAGEOS and other geodetic satellites for precise 
orbit determination and geodetic parameter estimates. This program represents 
the state-of-the-art in modelling forces acting on satellites and has the 
capability to process various types of observations. 

The model implemented into GEODYN to analyze the data is summarized 
in table 1. In our model we took into account the gravity of the Earth, with its 
spherycal harmonics for some low degree and order terms, together with the 
gravitational forces due to the Sun and the Moon. Furtherly, we took into 
account perturbation due to the solar radiation pressure. 

Due to the limited tracking geometry, we were not able to estimate 
the full state vector of the satellite. In fact ranging measurements from one 
station only do not allow the estimate of the eccentricity and the inclination 
of the satellite 141, for this reason we fixed these elements at the a priori 
values provided by ESA. 



Table 1 - GRODYN setup for the ECS 5 orbit determinatian 

ECS 5 CONSTANTS 
Satellite Mass 

Satellite Area 

Nominal Reflectance Coefficient 

KINEMATICAL MOUEL 

Precessiorl 
Nutatkon 

Lunar and Planetary Ephemeris 

Ref-erence System 
Earth Semi Major Axis 
Flattening 

DYNAMICAL MODEL 
Gravity field 

IAU 19'76 

IAU 1980 
JPLDE118 

19SO.T) 
6378144.11 m 
1/298.255 

Gravity from Sun and Moon applied 

METHOD OF ANALYSIS 
Single-arc with variable length 

COMMON PARAMETERS ESTIMATED IN THE SOLUTION 
No common parameters estimated in the solution 

ARC PARAMETERS ESTIMATE13 IN THE SOLUY'ION 
- Four Keplerian elements, Eccentricity and Inclination fixed at the 
a priori values 

- Solar radiation coefficient 

The entire data set has been divided into two subsets which were 

analyzed separately. The first subset lasts from the 29th of January to the 7th 

of February a-t 00:OO UTC, while the second one lasts from the 7th of February at 
12:30 UTC to the end of the data collection. The analysis of the entire data set 

was not possible because some manoeuvres have been made on the satellite. 

Further-1.y in the morning of ,the 7th of February some improvements in the data 
acquisition system were applied. 

Some results from data analysis are summarized in table 2, whcre in 
the first column DA'L'A1 refers to the first data subset and DATA2 to the second. 

Table 2 - Results of ECS 5 orbit determination 

N. of Accepted Mean of RMS of IZMS of 

obs. obs. orbit resid. orbit resid. po1y.-resid. 

(m) (m 1 (m) 

DATA I 4000 

DATA 2 6275 



The second column gives the total number of observations relevant to the two 
data sets, while the third refers to the observations not edited after fitting 
the range data with the estimated orbit of the satellite. The fourth and the 

fifth columns give respectively the average and the RMS of the orbit residuals. 

Let us note that the orbit fit seems quite good. The RMS, given in the sixth 
column, are referred to the residuals obtained by fitting with a polynomial the 

orbit residuals. Therefore they give an indication of the "single shottt 

measurement noise. The reduction of the noise of the observations after the 

improvement of the data acquisition system is evident. Let us now discuss 

briefly about the errors associated with the estimated orbit. The RMS of orbit 
residuals at the 1 m level does not mean that the state vector of the spacecraft 
is known at the same level of precision. 

The estimated formal errors in the satellite position and velocity 

are given in table 3. The improvement in the DATA 2 estimates is mainly due to 

the more robust statistics of the second data subset. 

Table 3 - Scaled formal errors 

RMS of RMS of 
position velocity 

(m (m/s) 

DATA 1 388 

DATA 2 9 5 

Table 4 shows a comparison between Telespazio and ESA estimates. The 
differences are of the order of few kilometers which is what could be expected 

taking into account the errors associated to the ESA estimates which are of the 
same order of magnitude. 

Significant reduction of the satellite position errors could be 

achieved by improving the statistics and geometry of the observations (e.g. with 
multiple tracking stations, the use of very accurate pointing angle 

observations, longer tracking period etc.). 

Table 4 - ESA vs. Telespazio (TPZ) estimates comparison 

DATA 1 

ESA TPZ TPZ-ESA 



DATA 2 

ESA TPZ TPZ-ESA 

The results so far obtained are very promising. 'They suggest that 
the method of passive TV ranging is a quite good method for geostationary 
satellite tracking with an intrinsic precision better than 1 m. This precision 
is impressive, if compared with that obtained wjth the actuaJ ranging based on 
VHF or S Band tracking, in particular considering thc simplicity and economy of 
the used system. 

4 - U s e  of Telespazio position data to correct the synchronization results 

The position data of ECS 5 obtained from the range measurement with 
the procedure explained above, have been used to correct the syncklronization 
data obtained for the period January 30 - February 20, 1990 for some of the 
laboratories involved, namely 'TUG, STA, VSL,. The results, which are reported in 
Fig. 10, have also been corrected for the differential receiving delays: an 
accurate evaluation was possible in the case of 'TUG, STA and VSL because the GPS 
measur,ements were used to estimate the difference between the time scales and 
consequently to compute the mean differential delay for a satell.i'te position 
given by GEODYN program. The GPS comparisons between the aforementioned 

laboratories have also been reported in Fig. 10. 
In table 5 some figures are given to compare the performances of the 

ECS 5 synchronization system to the GPS common view: 

Table 5 - ECS 5 versus GPS t i m e  scales comparisons - February 1990 

mean rate (GPS) +35 ns/d +15 ns/d +13 ns/d 

mean rate (ECS 5) +48 ns/d +11 ns/d +23 ns/d 

std. dev. of residuals 83 ns 78 ns 100 ns 

n. of samples 9 5 36 3 2 



From the mean rates reported above, it can be seen that frequency 
comparisons with an accuracy of some parts in for observation times of 20 
days have been achieved in this synchronization experiment. 

5 - Conclusions 

The results obtained in the synchronization experiment between some 
European Laboratories, based on the passive television method applied to the 

signals received from Eutelsat I-F5 (ECS 5) geostationary satellite and on range 

measurements from one station, always using TV signals, have shown that: 
- it is possible to determine the satellite position from the range measurements 
with an accuracy of 1 km or better; 

- using these position data to correct the synchronization results, time 
comparisons on long baselines with a precision of 100 ns (1 0 ) can be 

performed; 
-13 

- an accuracy of some parts in 10 in frequency comparisons can be achieved, 
over observation times of 20 days, using the same correction procedure. 
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F i g .  1 - Time  scales comparisons by m e a n s  of ECS 5 satellite. 
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F i g .  2 - Equipment set-up for range measurements a t  Fucino Telespazio 
groundstation. 
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F i g .  4 - ECS 5 range measurements vs- computed 
range data ( E S A )  - February 1990. 
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Fig. 5 - ECS 5 range residuals - February 1990. 



Fig. 6 - IEN-FUC synchronization results - February 1990 (+ averaged values). 

ECS Longitude (ESA) 

Fig. 7 - ECS 5 Longitude from ESA - February 1990 (+ averaged values). 

Fig. 8 - IEN-FUC corrected for the  e f fect  of longitude variations 

(-- mean rate of the Fucino clock). 
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F i g .  9 - Long term delay measurements of the I E N  receiving station. 
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F i g .  10 - ECS 5 synchronization results corrected for 
Telespazio position data. 


