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Alislract. 
Presently, the three priniary techniques for achieving 

nanosecond time transfer are Common-View GPS. Two-way 
Satellite 'Time Transfer and tlie Laser Ranging Technique of the 
LASSO Experiment. Coninion-View GPS offers an econoniiyl 
way to achieve near-nanosecond time transfer accuracy using 
signals fmni the satellites 1101 affected by Selective Availability. 
Two-way Satellite Time Transfers are capable of 100 ps 
precision and can be calibratcd to the nanosecond level Io remove 
systematic emors. The laser ranging techtiiquc promises to be he 
most intrinsically accurate technique because systeinatic delays 
can be accurately measured by means of terrestrial target and 
differential delays between s13tioiis can be measured by a 
transportable c;ilibration staiion. 

Trough the cooperative efforts of several ii1terr;ational 
laboratories. all the ihree nletlicds were iiiipleinented at two 
stations within Europe, CERGA and 'TUG. At each of these two 
stations. a coninion reference clock to all three systems allows the 
direct intercomparison of these three state-of-tlie-art techniques. 
This paper will discuss the operations at these two iralions, 
present the available data and an intercoiiiparison of it. 

f n ! r o c i u c ~ ~  

The loan of an US portable Two-way Satellite Time 
Transfer stxion to a Buropeari laboratory wm discussed for tlie 
first time during a meeting licid iii Dclft (Iloll:ind) in June 1989. 
After [lie administrative problems had bcen solved. and fin 
authorization to transmit a radio signal from Priince has been 
obtained, i t  was finally decided to set this station up at 
Observatoire de l a  C6te d'Azur (OCA. Grasse, France). Them 
was a unique chance to coriipwe the three state of the ar! 
tecliniqiies connected to the snnie remote atomic clocks: 
Common-view GPS, Two-way Time Transfer (MITKEX) and 
t l ie Laser Ranging Technique of the LASSO experitnelit. The 
only other European station equiped for these three techniques 
was Observatory Lustbiiliel (Graz. Austria). The joint expetiinenl 
started June 22 1990. 

This paper is !he following of the paper presented 81 [lie 
last PTI'! meeting [ I ] .  It etiipiiasizes the MITREX tcchnique and 
results between OCA and GRAZ. MI'I'KEX dnla are cornpared 
with data obtained froiii orhcr techniques. 

1 .General rciiiarks on Two-wav l'iriie 

I .  I .  Two-wnv time transfer technicwe, 
Two-way satellite tinie transfer uses a telecommunication 

satellite ior the coiiipirison of the clocks. Ground stations able to 
tr:tnstiiit ana  receive radio signals are needed nex tlie clocks to be 
compared. Preliiiiinary experiments have showed it has 
nanosecond level capabilities. 

The technique is describcd on figure I .  The two stations 
transmit simultaneously a coded signal which is referred to their 
clock I Ilz signals. Viis 1 I Iz signal starts a time interval counter 
(TIC). The satellite transponder receives the transmitted signals. 
and ietraiisiiiits hein to the opyosite station. Each station receives 
the coded signal from [lie othcr otie. from which the clock signal 
is extracted to s t ~ p  tlie TIC. 

'Ilie clock offset I I i \  - 1Ig is given by [ 2 ] :  

1 IA - f l B  = 112 I(A) - !(D) + (DTA - DRA) - ( I h B  - DRB) + (DAS 
- &,A) - (DBS * DSB) + DASB - DBSAj + c 

where 
] (A)  arid I(B) are the results of the 1'1C nieasureiiients, 
D.rA arid DRA are Uplink and Downlink delays in ground 
station A, 
Dl-g and DRB are Uplink and Downlink delays in ground 
station U, 
D,\s aid Ds,\ are propagation delays betwecii ground 
stntioii A and s:itellite, 
Dns aid D ~ B  are prqxigation delays between ground 
station I3 and satellite, 
DASB aiid DBSA are delays in the satellite transponder. 
C is an additionnal delay due to the earth rotation (S:igiiac 
effect). 
TIC of picosecond precision (20 ps i n  tlie case of !his 

experiment) are needed. l l ie  ionosplieric del:iys are negligible 
for ns clock coniparisons. if  tlie frequencies of the signals 
carriers are high eiiocigh [3]. In  tlie case of an experiment with 
Eutelsat. tlie carrier frequencies are in tlie Ku-band (1  I - 14 
Gllz), so the propag;ition delays cancel (Ititelsat uses Ku-band or 
C-band). The Sagnac effect can be calculated with a sufficient 
accuracy, even without knowing [lie exiict position of tlie salellile 
nor tlie ground stiltions I2 j. 

For short distance clocks comparisons, [lie same 
transponder is used by both signals, so the delays in tlie satellile 

and 
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transponder cancel. Fur long distance, tlieic could he a systematic 
offset if two different tr:uisponders, or two different caiyiers, are 
used on board !he sareliite. 

Accuracy also depends on the ~ i i e ; i ~ ~ r e i i i c ~ i t ~  of internal 
delays in  tlie ground stations. Two diifercrit techniques could be 
used for that. First one is giobnl calibration of both stations with 
the use of a third one [21. This portable st;itioii C is used first in  
parallel with the station A, with tlie same reference clock, and the 
delay (A - C) is obtained. Then the portable station C is used the 
same way in station E, providing (B - C) delay. It is then easy to 
get tlie global delay c;ilibration <A - B), b u t  only for a given date. 
The second technique is an absolute calibration of the delays in  
the complete ground station [4]. Both techniques are riot very 
simple 10 use. Until1 now, we don't know about the long tertii 
stability of tiie internal delays of ground stations. 

1.2. MITREX modem. 
The modems used on the link between Grasse and Graz 

are of the MITREX 25000 type [SI, conceived by Prof. Hart1 
(University of Stuttgart). This device is the only one available for 
nanosecond Two-way Time Transfer. I t  needs tlie 1 pps (pulse 
per second) and 5 or 10 MHz clock frequencies as input. A 1 pps 
signal is generated in  the modem, which is transformed by 
spread-spectrum techniques into a binary sequence (2.5 MIIz 
chip rate), and coded as a pseudo-random noise signal up to 8 
orthogonal codes. It is then put on a 70 MHz carrier, which is 
usual for !inks with tcleconiiiiunication satellite terniin:ils. On tlie 
receive channel, the pseudo-random noise coded signal from tlie 
remote station is correlated with the proper code to rebuild a 1 
pps signal to compare with h e  signal coming from tlie clock. 

2. The th ree tech nicloes bet\ wen OC L?d.nd 
G K A Z ,  

2.1. 1,ASSO technioue. 
The technique has been described in a previous paper [ I ] .  

There has been no more LASSO results since the common 
sessions obtained in  November YO. 

2.2. GPS technkiue. 
The Common-View GPS time transfer is a well known 

technique [ h ] .  Therefore only the specifications of the 
OCNGRAZ GFS time coniparisons will be briefly discussed 
here. 

The receivers are both of the classical NBS type (one 
channel, C/A code, L! carrier, cnlculiited ionospheric delays), 
except that the software uscd at OCA was partly of a different 
type than in GRAZ concerning tiie use of Bloc I1 satellites. This 
is no longer the case since last December. Both stations are 
following die BIPhl Common-View schedule implemented every 
six months, but during the first part of tlie experiment only the 
Bloc I satellites have been used, to avoid iiny inflceuce of the 
Selective Availability (SA). The Time section of tiic BII'M lias 
calculated a specific schedule for tlie OCUGRI-YZ link, in order to 
get a minimum of one track every hnl f  hou:. In this way, t l ie 
involved GPS receivers cover the Two-way and the LASSO 
sessions. The schedtile was implemented on hlJD 48244, 
December 19. Since then, all available satellites (including Bloc I1 
without SA) have been used. 

The coor:linates of both antennas are very well known. 
They have been calculated by BIPR.1 from laser gecdetic poults 
not :'x from receiver's antennas. This mc:m that the coordin:~tes' 
unaccurncy for the OCZ4/GF.r4Z l ink  is lcss rhnn 10 cni. and that 
its irifluence on ;he accur:icy of the time ccimparisons is 
negligible. 

2.3. I'wo-way MITRE- 

OCA 

2.3.1. OCA earth rtacion. 
The transmit and receive terminal ~t CCA is of the VSAT 

Very Small Aperture Tennind). The dizmeter of the antenna 
m. 11s approximate position is: 06' 55' N, 43" 4' E. The 
earth station is described in  figure 2, including, tlie link 

between the atomic clock giving UTC to tlie GPS receiver. The 
main telecGmiriiiiiication cliaracteristics of this station are G/T = 
21 dB/K and E!RP = 49.2 6i3W , wlieii the power is set to 
achieve a C/Nc (Carrier to Noise) of 55 dU/Hz (clear sky 
conditionsj. 

23.2. GRAZ earili  statio:^. 
The GRAZ earth statioii is described uii figitre 3. Tlie 

sreerable antenna of the earth station, dedicated to satellite 
teiecoinmunica?ion experiments, has a diameter of 3 m. The 

characteristics are G/f = 24 dB/K and, according to Eutelsat l ink 
budget calculations, EIKF = 52 dl3W tu obtain a C/N0 of 55 
dBHz ( tnaxiinun EIRP of this station is 7 2  dBW). T h e  
configuration of the different devices is slightly different from 
that of tlie OCA hllTREX eanh station. One CM see that there is a 
synchronization device providing the I0 b1Hz frequency IO the  
Modem. 

The approximate position of the eanh station is 15" 30' E, 
47' 04' N. 

On January 14 1991 (MJD 48270). a change of the 
reference clock was necessary at GRAZ station. The running 
clock was a €IF' option 04, the new one is a normal tube clock. 

2.3.3. Eutelsat satellite. 
The SMS (Satellite Multi-Service) transponder 14 of the 

satellite Eutelsat I-F2 was used during the first part of the 
experiment. A change of satellite (switch of SMS service between 
ILF2 arid new satellite I-F4) occured October 16, because 1-F2 
was too high regarding the nominal posirion, and was too old for 
repositionning. The nominal position of both satellites was 7" 
East k 0.1'. No operation on the ground stations has been 
needed. The common transmission (Txj and reception (Rx) 
canier fi-equencies of both stations were: 

F T ~  = 14022.000 h4Ilz 
F R ~  = 12522.oW MtIz 

The choice of the channels on the satellite transponder was 
limited because of the inability of fine adjustments to the 
frequency of the VSAT station. Tl ie on-board oscillator of the 
satellite lias proven to be very stabie during our experiment, 
w!iich was very important for tlie use of a VSAT station 171. But 
this oscillator was steered by a Eutelsat giou~id station. This will 
no more be the case in tlie next future with the Eutelsat 11 
generation which will have a free on-board oscillator [ X I .  

2.3.4. Procedure. 
The regular ,MITREX clocks comparisons started the 

2211d of June 1990. Thev were inteimmted from October 12 unt i l  
November 9, because there was soriik water in the filter of the 
receiving part of the OCA antenna. It  will probably stop at the 
end of Much 199 1. 

We have used a regular tracking schedule o13 sessions a 
week (Monday, Wednesday, and Fiiday). Each of these satellite 
sessions started at 12:OO UTC, and ended at 12:30 UTC. The 
IVIITREX nieasurcmeiit sessions were 2 min long [Y], one point 
every second, except at tlie start of the experiment where 4 min 
sessions were scheduled. This has been organized to be sure io 
get a 2 niin long usable session. After a while, the MITREX 
clocks comparison proved to be working well and only 2 min 
sessions have been scheduled. At t l ie end of August, the three 
sessions of one week were sclieduled to last 20 min. A look at 
tlie results (see next chapter) proves that tlie choice of 2 niin long 
se:;sions was enough for tlie OCAIGRAZ MITREX link. 

During the f i s t  part of tlie experinient, before interruption 
at OCA, two MlTREX sessions 'were sciieduled at 12:15 and 
1220  UTC, with tlie OCA 1 pps reference used to start tlie TIC. 
After die irxcrmption at OCA. a third MITREX sessiun has been 
added at 11-27 UTC, wi th  a 1 pps reference issued by the 
Modem, called 1 pps Tx. 

9, I l e s o l h  

Tlie whole cariipaign of PVIITREX and GPS measurements 
can be seen on figurc 4.  The long term drift of the clocks 
difiermce ( 1  18 iis/day) Iias heen removed. When considering the 
events that occured during this pcriod of time, it  has been decided 
to split the results in three dilferent p;ii-rs: 

Before OCA M!TREX iriteniiission (June 22 to 

After OCA ii~temiission (November 9 to January 
Octokr  lC!j. 

14). 
Pon ill. After change of the reference clock at GRAZ 
(until February 2). 
No calibration 113s been made on the two-way MII'REX 

!ink between OCA arid GRAZ. 
T!ie distance between OCA nrid GRAZ is about 800 km. 

The GPS precision between these two stations is usually around 
2 11s. The GI's accuracy is estimated to be iiiore or less 2.5 11s 

I61. 
The precision obtained for LASSO sessions in November 

I990 is around I n s .  There has been no calibration for the 
LASSO experinieiit. &cause there has been only a few measured 
LASSO points attached rogedier no 1.ASSO result can be seen on 
the coni~iion rssults diagram (figure 4). See [ I  j for more details. 
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3.1. Two-wav Precisicn, 

a window of i 5 ns was done. Very f ew points have beeii 
dropped. 

The plot of the precision values of the 12:15 UTC and 
12:20 U?‘C sessions can be seen o n  figure 5 for the PaLI of the 
experiment. The nieaii values of the precisions obtained are: 

<sigmal2:15>=<sigina12:20>= 0.83 ns. 
Nearly all points are belcw 1 ns, except for one noticeable point 
named A. Raw data of ihe MITREX session for point A are on 
figure 6. One can see that something occured right i n  the center 

For ilie precision plots, selection of ra\v data points within 

of the session. 
For a;;d of the experimeat, figure 7 shows the 

nrecision of the values. for the 12: 15 U’I‘C, the 12:20 UI’C and 
;he 12:27 UTC sessions. One can sce the influence of the 
presence of an unknown clean carrier (mrasured at 12523.667 
MHz) in die MITREX bandwidth on Decernkr 10: precision dam 
are degraded up until nearly 1.5 ns. 

The ppsrx remained very stable compared to the OCA 
ppsRer, and its inflierice can be seen on this figure. For wta of 
the experiment, die mean wiues of the precision were: 
isignia12:15>=<sigmnt2:10>= 0.85 ns, <sigmal?:27>= 0.78 lis. 

of the precision data seem to be 
greatly degraded. Because o f  [!le strong relationship ‘Jetween the 
two MITREX stations in thc measured data, i t  is not easy to 
separate effects coiniiig from one location or the other. These 
points represent MITREX sessions that arc globaly degraded, 
giving some sigmn values over 1.4 ns. It could come froin 
MITREX iinks that were €or same reason bad during these 
sessions. 

Some points of 

Mean values of the precision f o r m  are: 
csigmal2:15>= 0.90 ns, <sigmal.~:20>= 1.01 ns, 

<sigmal2:2p= 0.G ns 
What appears to be a small global degradation, could 

come from the change of ihe GRAZ clxk.  

3.2. Accuracy. 
Figure 3 shows the plors of three 20 toin sessions on 

MJD 48123 - 125 - 127. When looking carefully nt  the data, one 
can see how MiTREX comparisons foilow the 120 iis/day offset, 
giving an offset of nearly 1.7 ns/2Onin, &e to the iong temi diift 
of the clocks. For 2 min sessions, this offset is around 170 ps, 
and so reinaim negligibie compared to the noise of the MITREX 
link. 

The calibration Ref-1‘2. &i;l are ploted on ligiire 9. This 
is the only easy avzilabie Modern calibration, and its use is 
necessary when Two-way is coiiipxed with orher tecliniques: it 
has to be refxed to t k  s m e  c!; signal. These data have beeit 
measured jus t  before the 13 UTC sessions. They have been 
obtained by using the p p s ~ , <  output of the IvIcdcrii fo Stop thr: 
TIC. ‘The standard deviations of the calibration data ovrr the 
who!e measurcrr.erit period are: 

Sigma xcf.-rx wi\ = 1.9 ns, Sigma 1xc:.-rx GRAZ = 0.4 ns. 
These cslibration data have been used fcr the computation of the 
GPS-MITREX data. 

simple mean over the 2 min sessions has given the hlX’REX 
points. Yoridrak smootl?ing has bsen applied to the GPS data to 
interpolate tlie GPS points to [he 11:iddle of the appr.o?riate Two- 
way sessions. The god of the Vondrnk smoothing i s  to minirniz.: 
the noise coning from the method cfcsmparison, in ordcr to get 
only the noise of the c!ocks. The srnoothed values are 
interpolate6 h r  the daesired tin1 iiig Lagrange’s interpnlation 
formuia. ‘Jciidrak smootb.ing a-  s i low-pass filter. Cor Part 1 
and Part 11 3f the e:cpc:iiiizn:, .I idl-ak cut-of; period of a k u t  
1.5 days has b x n  used. i?fter the manse oi  the GI?AZ clock, a 
Vondrak cur-ciY pel-icd 0f0.5 day has been applied. Tliree points 

, because there were only few GPS tr:ika 
, a n d  the resui;s of ;he smootlring and 
not reliable. The mean values of GPS- 

viations have been cotriputed: 
tis, Std Dev.p,l I = 2.6 lis, 
ns, Slci Ur.v.p,,ll~ = 3.1 IIS, 

= -207.3 ns, Srd Dev.part 111 = 3.6 ns. 

Figure IO shows the i.101 ~i GPS-MITRES data. A 

<GPS-;r;!ifREX>-,,! 
The vaiue of uotinu -200 lis comes from the difference of 

all the delays at both stations, including ihe delays of MITREX 
ground s:ations which have not Seen measured. 

Tiler.: is ail offset of about 5 iis between ihe rilean values 
GPS - MJTREX bcfore and after the interruption at OCA. This 
can not be a consqience  of the change of satellite at this time. 
because deia:is in the transponder of the satellite cancel. The 
transmit and receive elecrronics of :he OCA antenna wcre dried. 
This operation can not explain all the 5 11s offset. i t  could also 
have arisen from a change in the delays nt one (ar Dcth) 

Stauoll(s), either MITREX ground stations, or GPS receivers. 
Another explanation couid be the slow daily variation (4 

m i 4  of the sidereal period of the GPS satellites. At [lie Start of 
the experiment, there was a group of satellites th:it was scheduled 
to be observed around the time of the MITREX ~neasuren~ents 
(figure 11.1). As time went by, the tracks slowly moved away 
(figure 11.2). After OCA intermission, there were no more 
satellites available for GPS nieasuremeiits around the time of the 
IviITREX sessions (figure 11.3). until the new schedule was 
implemented on December 19, for which BIPM has computed a 
specific schedule hetween OCA and GRAZ, including nearly one 
tracking every halF of an hour (figure 11.4). 

c o n c l u s i o n &  
The results obtained with MITREX on a 800 km basis 

with one of the stations being a VSAT are very promising. The 
precision achieved for normal sessions is generaly around 0.8 - 
0.9 ns. Accuracy variations of the difference GPS-MITREX 
reach 10 ns for a 9 months experiment. If tlie 5 ns offset before 
and after the OCA interruption is considered as a change in the 
delays at w e  location, which could be some way measured, then 
the MlTREXiGPS compnrison on the OCA/GRAZ link gives an 
uncertainty of one sigma of around 3 ns, which scarcely exceeds 
the uncertainty of GPS accuracy alone. 

The question of the delay calibration in ground stations, 
and their possible changes with time, remains an essential 
problem to be solved for nanosecond fime transfer with Two-way 
technique. But other points are of particular importance: stability 
of the station frequency distribution, relationships with 
UTC(lab), ai! other delays involved, TIC reliability, trigger 
levels?. . . 

One of the goals of future Two-way experiments should 
be an attempt to look at the influence of mixing several pseudo- 
random noise coded signals into one satellite transponder. To 
share a transponder with other users at the same time, could 
simplify adininistrative problems and reduce prices for 
operadona! reguinr Two-way links. 
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Fiaure 3. GRAZ earth station. 
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