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1.—- Introduct%gg

Thao synchronize ol the telcovision passi-=

ve melhod uE:.i.ﬂ[J__; the ground TV notworks, nas boon experienced curing Lthe last

twenby years by mosi of the laporaterles ilnvelved i wime and [requency melrolo-

gy. 1t iz known that, within lhe view of a common 1TV transmittor, Lhis zsinpie

and inexpensive method can vic a Siming precisior of aboul 10 ns (15). Over

extended geographical areas, wheve aifferenl Trar interconnected by mi-

crowave links have Lo by at leasl one oraer

o - .
P71 duc mainly to the

sonoodelay wvariations between  tho

measuring sitoes. Nowaday probiemns

by using the TV method wllh tre Tolocormurnl -

cation satelllbes that covors near’y oomiinericl g-oses wiih alllerent TV pro-

grAams .

uslng this kind

irenTs notwoeern Lime

Some aynchrontzation oxoer

of lechnigue were already perlorred 1in courTTies | 2,3,4, ,61, bul no

attempt has been made ho olaborate Tho nolhod, DOm0 chnically and organizati-

onally, to a degree that it could serve on a routine sasls ©o varlous users.
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This paper will give a status report about a synchronization exper—
iment, which started in July 1988 and is still continuing, between some Eurorean
laboratories, aiming to estlablish a system bascd on the reception of television
signals from a geostationary satellite which would allow for high precision time

and frequency comparisons at moderate costs all over Kurope.

2.— Estimation of Timing Accuracy

The use of Lthe Lelevision signals broadcasted hy a geostationary
satellite for the synchronization of clocks has some advantages but also onc ma-
Jjor drawback. [f it ig evident in fact thal the measurcments are performed on
signals coming from a unique source and that the propagation effectg on their
carricr frequency (11 GHz) are negligible, the key question that has to be sol-
voed 1s how to determine the satellite igtantaneous position to evaluate the
differential delays with sufficient accuracy. Obviously, the differential delay
error will be equal to the timing error. The problem iz thal the satellite in
the geostationary orbit iz not [ixed with respect Lo its observers; duc to the
natural forces it 1is in a permanenlt. motion maintained within a so called
"parking bhox" by occasional corrective manoeuvres inilialed by +Lhe control
tracking center on the Earth. Generally the satellite position may not deviate
by more than 0.1° from its nominal position, bolh in longitude and latitude |7].
Though small the deviation seems, il may sLill causce unacceptable changes of the
differential delay depending, for a given satellile, on the position of the
obgervers.

The geoslalionary satellites chosen for this synchronization exper-
iment belong to the family of European Communication Satellites (KCS) of the
Furopean Space Agency (KSA). In the [ollowings we will deal in particular with
ECS 5 satellite, that is positioned at 10 degrees Fasl Lo estimate the time
synchronization error tLhat one can expecl over Lhe Furopean continent if the
satellite coordinates are affected by unpredictable variations. The zone covered
by the ECS satellites iz shown in IFig. 1 where is outlined also Lhe area served
by the spotbeam west that has been used in our experiment.

Let us consider two receiving sites A and B and a geostationary
gatellite S, whose positions relaltive to a rotating equatorial geocenlric

reference frame can be expressed with the following vectors:

r =r (8 ,x,r )

A A A A A

ro= ) (1)
o =nr 3] ,)\ , I 1
" T TRV R B
_é = é’: s A, )

( 505 5
where: SA RS is the geodetic labtilude
XA,B’S i the longidue referred to Greenwich

PA B S is the distance from the center of the Farth
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The diffoerentia’ propagation delay of the signals transmitted by Loe

satellite and received at stalions A and B, can be oxpressed as:

- - > 1
= 5

. 2 T 5o
N "

where p and poarc the dlistances o Lhe rooclvl tations Mrom the satellito

ng
m} . N
and ¢ 1s the mean value of Lhe spced of Tight along propagation path.

To compute the variation of the differential propagation delay T ,
betwcen the two stabtions, that affect the synchronization results, wo 111ve

considered the satellite movements botbhh Irn longitude 4A and latitude 49

o

. . . . S . B
neglecling any change in its range. This assumplion is Justified as o first

approximation because in our case, as can boe verlfied in the followings, the
variation in range 1s nearly one [10Th compared with ithe variations 1o latitude
and lTongitude. o

Differentiating the torm (D; -

croug AD nnc AA, assuming

that the variations of (p + o J due to the o motlion arc n &JngbT with
respect to those of the term (CA —-r ) and, being Lhe latitude of fthe salellite
6 very close to O degrecs, we can write Che approximale exprossion:

=
e

25r A
Ao —p ) - [:u"e gin(h -\ ) Ax_—sine A6 ]
O -y . . Pl 'y -
A B Parop s A S ATs
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/\ D J el el Pyl
Solving this cquation for different "B" siztes in Lurope aftoer
fived station A at IEN — Torino, several values of 20 ﬂ(?p _ pﬂ)/c havo
o . . . ;“ . . A oD .
found assuming the worst case of 0.1° of variation Loih in latituce {AG
longitude (AX ) of ECS 5. In Fig. ? are reported the contours of the Time GrrOrs

= - . i3 . . -
Lthat can affect the synchronizatlion valuces as obtained [rom cqualion (o

3.— Experiment Description

To test Lhe potentiality of a gsynchronizalion system based on a
geostationary satellite using the passive Lelevision method, Tfour Ruropearn
laboratories began on July 1988 an cxperiment that s s%ill In progress and were
joined later on by other three in Lthe framc of a Euromet projeclh. The
participating laboratorics al November 1989 are the Torlowing oncs:

- Astronomical Latltude Observatory (A0S) - Borowieg, Poland

- Amt fir Standardisierung, Messwesen und Warenprulung (ASMW) =~ PBerlin, Den.
Rep. of Germany

— Istitute Elettrotecnico Nazionale (TEN) - Torine, Italy

- Ustav Radicotechniky a Hlektroniky (ﬁRE) - Praha, Czechoslovakia

AT

— Swedish Telecommunications Administration (874) - Stockholm, Sweden

- Technische Universitat (LUG) — Craz, Austria
— Van Swinden Laboralorium {(VS].; — Delft, Netherlands
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In Table 1 arc reported Lhe baselines boetween the laboratories

involved in the experiment.

Table 1 - Baselines between the laboratories

L EN____.._ | I
AOS 1064
ASMW 937 236
STA 1726 769 797
URL 765 301 266 1033
TUG 649 590 614 1356 348
V5L 813 869 634 635 736 525
IEN l AGB ASMW STA URE TUG V&L

FECS szatellites of Futelzal and In particular, since mid-Uctober
1988, ECS5-H placed in a gcostationary orbilb at 10° Fast longitude, were chosen
for the experiment.

Among the tLelevision channels available from thesc satellites, RAT
UNO program broadcasted at 11.009 Gz in horizeontal polarization by a 20 W
tranasponder has been usecd. At each sile was arranged a measurcment selup of the
kind shown in Fig. 3. Some Lechnical details about the receiving stations are

reported in Table 2 togpether with Lhe anlennas coordinabes.

Table 2 — Ground stations specifications

I | i
{ t DARAMRTER |
} Laborat c7r‘y| . . E
| I | \ | l ] | I
| | Latitude |  Longitude | leight | Antenna ¢ | ILNA | IF DWT | Time ref.

] l I | | | I | !
| ‘ . _ ..

‘ ADS [B2916737.0" N [17¢04'23.7" © | 129 m | 2om | 1.4 a8 | 40 MHz | UTC(AOS) |
| ASMW [B2027'14" N |13°37'C1" % | u0om .8 m | 1.4 dB | 30 MHz ] UTC{ASMW)

| LEN [45°00!'%3.6" N |07¢38'20.1" £ ! | im [ 1.9 dB | 40 MHz | UTC(IEN) |
| URE(TP) [%0°07'53" N |1a=27'09" = | : o | 3m | 2d8 | - | urc(re) t
| TUG [47°04701.5" N |15°29'35.5" & | 934 o | 1ism | 1.4 48t 30 Mz | urc(rug) |
I vsL |»1°58'58.9" N [04°22'80.7" £ | 60 m | 3 m | 4.9 dB | 40 Mz | uUTC(VSL)

f STA |»8°08'54.2" N |18°08'13.5%" & | 103 m | - [ [ - | UTC(STA)

| R | _ | l | | I |
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Every day two sets of 20 Tise int

local I PPS refercnce and the trailing edge of

pulse of the HAL UNO video signal were rmeasured
20:15:01 UTC in each laboratory.

In Lwo siles, namely TEN and 105, Time differernces hetween the loosl

1 PP5 and the satellite TV signal wore aisc measured svery ten minules

Novembher 19688 Lo March 19

to get “nformation about The satelld mOVGReTT .

AlT the participatin aboratorics collancrate Lo Lhe Inlernall

Cime  Tink

g
atomic time acale and are linked +to DBIDM ':..lf-_—‘;i;"l;_.?' eillier Lhe GP

- s ¢
i

MG, V3L, 8TAY or the Lelevislion

Satellite position dats lor Novenoe:r

supplliead by Lhe ESA salel’ibe control station

of ECH satellites Tracxirg. These dala have

gatellite movement and to correct the synchronizatilon

Measurement results

The evaluation of Lhe rezuits obtzined v the EOS synchronizalion

exparimnent, has been focused on the poriod for which LSA-Recu orbit:

data were available. Tror these data, tThe wvariatiorns of ECH
longitude and range from Tho origin of Lhe

10

computed and r‘czpor‘teti i Migure 4 where

arocund Lhelr mean valuecs arc within +16

(1at.). Bome discontinuities due Lo orbital manocuvrees can algo be obaserved.

In Vig. 9 are reported Llhe differences botweoen Llhe measuraoments

e YO L

performed cvery ten minutes al IEN and TIG relzatlve bto The beginming of Nove

1988 where the diurnal variations due To the gsatellite movemant are oiearly
wibi: on

it from

recognizable, Each poinl in thisg figurc

constant value subtracted, thoe differcnce of

i

P
IEN - Torine and from TUGZ -~ Gray versus oL, ne rierruptions In Lhe curve are

due to the lack of TV Lransmizssions.

For all the computati med  on the measured data whoso

Lt
o~
T
1
[

-t
T

=
3

results arc reporled in 211 The next gruaphs, The Lincar regression parametors,

VA -

P LLhe

computed at evory laboratory for ocach intorval readings, were

used. This solution was cnosen Lo reduce the amount of information Lo be ex-

changed among the Taboratories. Togelher wiith fthoe Llincur 1T parameters, thoe

astandard deviation of ithe residuals was compuled alter The rejoctiorn of

Fiiltor.,

liers by mesans of o sialistical

Tnn Yig. © have bheoen reported tThe tTime differences betweon

and UMC{TP) oblained from ECS 4 and 208 o (7)) synchronization measurcments Do

The [ollowing ECS gatellifes wore used in

this experimoent:

—
*
—

R B S [y Tt
o mid-0cl, 88 (1098

HCE 4 from mid-5Sep.
ECs 9

—t,

&

om mid-0cil. 88 onward (L0°L)
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mid-September 1988 up to June 1989. Two curves have been traced to distingulsh
the tLwo daily sels of measurements (08:1% and 20:15 UTC). The peak-to-peak vari-
ation of each curve, 1f the mean rate belween the two time scales is removed, is
of the order of b microseconds that is well wilhin the time error estimated
previously and reported in Iig. 2.

The results ol Lhe time comparisons performed belween TEN and the
other metrological laboratories (A0S, ASMW, TP-URE by means of ECS 5 in Novem-
ber-December 1988 together with those corrected for the E3A satellite posilion
data and the BIPM data, [rom Circular-T, havc been plotfed in FFig. 7.

Trom these graphs it can be seen that the peak-to-pcak time excursi-
ons arc reducced to some hundreds of nanoseconds, 1T one corrects for  the
differential propagation delay variations, and that the mean rates of Lhe time
scales compared are in good apgreement with those obtained from BIPM data. As
regards Lo the uncertainty of these comparisons, worst-case residuals at Lhe ni-
crosecond level have beoen found.

As a sample of the dipendence of the peak-to-peak fluctuations from
Lthe baselines between thoe laboratories, in Fig. &-a are reported the differen-
ces bhetween UVC(TP) and UTC(ASMW) having a bascline of 266 km, and in Fig. 8-b
those obtained in the case of UTC(IEN) and UTC(STA) that have a baseline of 1726
km. The time step of Lhe order of 1 us that can be noticed in the graphs of UTC

(ASMW) is probably due to instrumental changes in the ECS measurement system of
this laboratory.

The differences between the aynchronization results obtained with
FCS o and the BIPM data are mainly due to the following facteors: the un-
certainties in the satellite pozsition data supplicd by ESA, of the order of
0.004° in latitude (~3 km in the North-South direction), 0.007° in longitude {~b
km in the Fast-Woest direction), in the receiving antennas coordinales that were
given in different reference systems and the differential delays of the receli-
ving stations which have not heen entirely accounted for.

In the case ol the Lime comparisons betwoeen TEN and TUG, reported in
Fig. 9, the curves obtained [rom EC3 5 (corrected for the satellite position)
and the BIPM data are in closer agreement because the antenna coordinates are
expressed 1In  Lhe same reference system with a  better uncertainty. The
differential preopagation delays corrections, aboul 1 ns in Lhe case of thoe ion-
ospherc and about 5 ng in that of the troposphere, have been neglected., Vi-
ceversa the relalivislic correction due Lo Carth rotation (Sagnac affect), am-
ounting to about 20 ns, has been applied te the LEN/TUC results.

In Fig. 10 are reported the residusls ol UTC{IEN)-UTC(TUG) obtalincd
sublracting the RIS synchronization data (rom the GP3 ones; the mean valuc of
the differences 1s 180 ns and Lhe standard deviation is 44 ns. In this parti-
cular casc, if we compute the error budget duc to the uncertainties of the
satellite position and stations conordinates we obtain as a result about 160 ns.
Considering that in the computation of the synchronization results, the

differontial delay of the eqguipment set up has been taken into account, apart
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from that of the satellite reoceivers, we can eslimabte that the above menbtioned

regiduals are comparable wilh the errvor budget.

5.— Correction of the ECS synchronization results using GPS measurements

To substlitule Lhe EBSA vposillion dala Lo correct Lhe synchronizatlion
results, it has boon studiced and £ od s corrzoction procodure that usces both
the ECS5 and GF3 measuroments porfs in o two stalions.

[f we assume thal Lhe variallon of the cifferential delay belween
two stations duc to the satellite motion follows o sinuscoidal law of period T
equal to a sidereal day, as a Tirst approximation and for short observation
times, the moan valuc of Llhe differcontial delay computed al T/2 intervals 1s
constant. Therefore perlorming LCS synchronizalions ab /2 intervals  and
compuling the mean between two adjacent values 1t 15 possihle To remove the
diurnal variation. Neverthelegs, thisg procedure cannot compoensato for the drift
of Tongitude that yields tooa long ftorm variation in Thoe mean differential delay
which 1o Lel't superimpe oy thie time di 01 netwear The reference clocks.

In  the case ol Lwo raboratories perlorming & GRS Time
comparisons, Lhe difference belween Lhe reference clocks can be sublracled and
the residuals uscd to correet the averaged synchronization data of  the
Taboratories performing only KCS comparisons

This procedure has been Tested Usiﬂg the ECH and GPS data of TEN and
TUG to correct the synchronization results of TEN ve. TP and TEN va. ASMW. The
curves obtained are reported in Fig. 11 where, if orc removes tLho mearn ratos,
peak fluctuations of the order of 0.4 us can ove obscrved and the differonces
belween Lhe Lime scales, compared with those computed by BIPM, car range from

"

0.5 us to L. us. Comparing Lhese resulls with Lhose of Pig. V, 1t ta evident

thalt this approach improves the procision of the ZC5 synchronlzallon reasulils, as

Di b B/ ’
do  the ISA data, but 1z not satisfactory asz rogards Lo Lhe measurement
uncertainty.

I'urther tests wusing this method will <oncern  thoe usae
aynchronization measurcemonts faker at exacliy hall-sideral day (up o
1989 it has bheen used a half solar day intervail, and Lhe determinalion of
. 3

longitude variation corrcctions by moeans of o polinomial £it over several days

instead of computing Lhe correction for ezer couple of consccutive data.

6.— Delay measurement of the satellite receiving station at LEN

I'n the conputalion of The tTime di 2 belween Lwoe Taboratord
also Lhe dilferential time delay of Lhe statiorns must be taken inte account. I
the gsame transmilling equipment is uscd to poerforn e meagsurement of the delay

at cach station, Lhe systematic uneortainty affecling lhe single test will he




deleted., To this purposc, a microwave bLransmitter, named "satellite simulator',

has becn buill and Lested.

6.1.— Salellite simulalor descriplion

The satellite simulator is a microwave generator (Gunn oscillator),
tuned at £ = 10.945 GHz, with an output signal level of 0O dBm, which can be
frequency modulalted by a standard video signal.

The test setup used to perform the satellite simulator delay
measurement is shown in TFig. 12. A pulse generator with a 5 ns risetime, instead
of a video signal generator, was uscd Lo modulale the satellite simulator. The
simulator output frequency was down converted to about 100 Mz by means of a
microwave generator, used as local oscillator, and a diode mixer.

The measurement was performed evaluating on an oscilloscope the
delay belween the leading edge of Lhe modulalion pulse and the output signal
from the mixer taking as a reflerence the point where an abrupt frequency change
was cvident. 'The simulator delay was estimated to be 10 + 5 ns, the delays

introduced by the coaxial cables on both oscilloscope channels being equivalent.

6.72.- Recciving station delay measurement procedurs

The block diagram of the equipment used is shown in Iig. 13. A horn
antenna, connected to the satellite simulator by means ol a coaxial cable 4 m
leng, is placed in front of Lhe parabolic antenna in such a way that the beam
length, from the transmitting antenna Lo the illuminator, is about 2 m. The
satellite simulator is modulated by a tezt video signal in order’ to measure the
overall delay of the station, pulsc extractor included. The frequency { = 10,940
Cllz was chosen because {ree from any other emission.

To obtain the station delay T , from Lhe illuminator input to the
STOP inpul of the counter, the [ollowing mgasurements were perflormed:
— the total delay TT’ from the START to Lthe STOP inputs;
- the delay 1, from the START to the simulator video input, using a callibrated

cable to co%nect this Tast to the STOP.

The following resulls were obtainad:

TT = 1090 ns, T = 198 ns
T ' = =T = 851 ns
r t g a
where ' = Al ns is the delay of the satellite simulator with the addilion of

the delgys ol a 4 m cable to the horn antenna and a 2 m free-space beam to Lhe
illuminator input. During the measurement of T the trigger level of Lhe counter
STOP input was regulated to a value equal Logbo% of the synchronization pulse
amplitude, the same value ol the pulse extractor threshold. The uncertainty of
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1 LCS satellite coverages.

Fig. 2 —= Map of the timc crror contours (i microseconds).
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QUESTIONS AND ANSWERS
GERNOT WINKLER, USNO: In one of your view graphs you could see a very significant break
in the daily variation to a much more regular performance. Is that due to a station-keeping change in the
satellite, or what happened at that moment?

MR. PETTITI: It was about the satellite position information. Unfortunately, it is not easy to get
information from the tracking station about what is happening. This is why we are trying to eliminate this
input. It was certainly due to something in the satellite control, because in the corrected data there is no
sign of this behavior. It is not, however, easy to determine a priori what they are doing there.
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