
Lecture Notes in 
Earth Sciences 

Edited by Somdev Bhattacharji, Gerald M. Friedman, 
Horst J. Neugebauer and Adolf Seilacher 

19 

E. Groten R. Strau6 (Eds.) 

GPS-Techniques 
Applied to Geodesy 
and Surveying 
Proceedings of the International GPS-Workshop 
Darmstadt, April 10 to 13, 1988 

Springer-Verlag 
Berlin Heidelberg NewYork London Paris Tokyo 



Editors 

Prof. Dr. Erwm Groten 
Technlsche Hochschule, Institut fur Physlkalische Geodasle 
Petersenstr. 13, D-6100 Darmstadt, FRG 

Dr. Ing. Robert StrauB 
Hess~sches Landesvermessungsamt 
Schaperstra6e 16, D-6200 Wiesbaden 1, FRG 

Workshop sponsored by 

International Association of Geodesy 
Stiftung Volkswagenwerk 
Hessischer Minister fLir Wissenschaft und Kunst 
Technlsche Hochschule Darmstadt 

ISBN 3-540-50267-X Sprlnger-Verlag Berlin Heidelberg New York 
ISBN 0-387-50267-X Springer-Verlag New York Berlin Heidelberg 

This work ~s subject to copyright All rights are reserved, whether the whole or part of the matenal 
is concerned, specifically the rights of translation, reprinting, re-use of fllustratlone, recitation, 
broadcasting, reproduction on microfilms or in other ways, and storage in data banks Duplication 
of th~s pubhcatlon or parts thereof is only permitted under the provrslons of the German Copyright 
Law of September 9, 1965, in its version of June 24, 1985, and a copyrtght fee must always be 
paid Violations fall under the prosecution act of the German Copyright Law 

© Spnnger-Verlag Berhn He,delberg 1988 
Printed in Germany 

Printing and binding Druckhaus Beltz, Hemsbach/Bergstr 
2132/3140-543210 - Printed on acid-free paper 



Prof. Karl Rinner 
dedicated on the occasion of his 

76 birthday. 
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Opening Address 





Opening address 

by E. Groten 

Local Organizing Committee 

On behalf of the Local Organizing Committee, I welcome you all to the 
first International Workshop on GPS-techniques in surveying and 
geodesy held at this university. This workshop is designed to bring 
together experts from various countries and also scientists who carry 
out, analyze and interpret such measurements with those who work on 
instrumental and theoretical problems. The workshop focuses hereby on 
high-precision applications with emphasis on monitoring time-dependent 
phenomena such as those relevant to geodynamics as well as men-made 
constructions as those in civil engineering and similar fields. It is 
astonishing to see how, in spite of all earlier satellite work over 
the last two decades, GPS-methods became so fast a relevant new 
technology, in its proper sense, in modern geodesy and surveying 
besides VLBI and Satellite Laser Ranging (SLR). With the recent 
development of new dual-frequency receivers the role of GPS-procedures 
in monitoring large-scale phenomena over big distances will still ex- 
pand; and the application of kinematical GPS-approaches is of utmost 
interest in solving high-precision problems. It is indeed fascinating 
to realize how GPS-methods have become in such a short time a 
surprisingly efficient and effective, this means : fast, precise and 
easy to apply, tool which is able to replace already now, after a few 
years of existence and with an incomplete set of a few out of the 18 
satellites (of the final stage), at least partially some expensive, 
slow and cumbersome classical surveying methods. 

On the other hand, it cannot be overemphasized that GPS-procedures are 
still at their beginning and the full spectrum of their capabilities 
still has to be explored. In Europe, for example, where excellent 
classical surveying systems do exist the situation is quite different 
from the situation in other countries such as Canada or the USA. Even 
within Europe the application types of GPS-methods will vary; for 
example, in Norway the situation is quite different from central 
European countries. 

It is often forgotten, that together with GPS we will have to 
introduce new concepts and a new thinking in combination with other 
modern satellite procedures. GPS itself can resolve only a small part 
of the problems to be solved by modern geodesy but it will open the 
way to a great variety of new applications and capabilities. Modern 



global tectonics is just one of the new disciplines of high interest 
and great practical impact. I could continue in citing other similarly 
important new fields. GPS is, however, of special importance because 
it replaces old technologies and fills gaps where modern and efficient 
tools are most needed. 

Consequently, also the optimal combination of GPS-methods with new 
auxiliary and also classical high-precision techniques is of great 
importance, mainly under the european conditions outlined above. 
Moreover, the real-time or almost-real-time use of GPS in combination 
with photogrammetry, inertial geodesy, gravity gradiometry or even 
classical surveying is of substantial interest. 

It is indeed important to realize the new concepts in modern satellite 
and space methods and I, therefore, spoke above of a new "technology" 
which should be optimally developed as there is a worldwide need of 
such capabilities and tools. 

In view of the few active NAVSTAR-satellites in sky in 1988 this is 
perhaps not the best year for GPS-applications but the right time for 
a review of the experience gained until now and using it as a base for 
the planning of the future. 

This meeting is designed as a typical workshop with about 48 
presentations and only a small informal opening session, a few social 
events in order to enable the participants to exchange ideas even in 
the evening and practical demonstrations and measurements. Thus, we 
face a heavy program. 

I express my sincere thanks to the sponsoring organizations, who made 
this meeting of scientists from 18 countries possible. I am 
particularly thankful to the president of the host university, Prof. 
H. Boehme, that he found time to welcome you here. I also appreciate 
that lAG is represented here by its i st Vice-president Prof. W. Torge. 
Furthermore, I am indebted to the Hessisches Landesvermessungsamt for 
the efficient technical support in view of the field demonstration. 

Moreover, I welcome the representatives of the industry who help to 
make this a real application-oriented but truly scientific workshop 
with a lot of practical demonstrations. 

Finally, I welcome especially the colleagues from developing countries 
such as Brazil, China, etc. I am also happy that many young scientists 
are here. 

We have here speakers from 14 nations and an audience consisting of 
about 20 nations. As we are still at the beginning of a new era in 
modern geodesy it is so important to lead these new efforts into the 
right direction in order to make them as efficient as possible. We 
focus here on a particularly sensitive and crucial part of this 
approach. I wish a good, fruitful and enjoyable meeting to all of you! 



Welcome Addresses 





Ladies and Gentlemen, 

it is a great pleasure for me to welcome you here on behalf of the 
Technisehe Hochschule Darmstadt. We are proud to be host to the 
International Workshop on Global Positioning System Techniques in 
Geodesy, and I express my warmest thanks to my colleague, Professor 
Groten, and his collaborators for preparing, organizing and leading 
this important meeting. Under the protection of the International 
Association for Geodesy you will discuss during the next few days 
quite new possibilities of measurement-methods by satellite and their 
applications which promise your science interesting and various as- 
pects for the future. I hope that this workshop will be very 
successful and increase the scientific understanding. 

You have come to Darmstadt from many nations all over the world, and 
with a few words I~II try to introduce you our town. Surrounded by the 
recreational areas of the Odenwald and the BergstraKe, the Taunus and 
Spessart, Darmstadt is favoured not only by nature, having a mild 
climate and fertile countryside, but is also particularly conveniently 
placed for travel, being in the centre of the Federal Republic, 
between the industrial regions of the R~ein-Main and Mannheim- 
Ludwigshafen, with easy access to the cities of Wiesbaden, Mainz and 
Frankfurt. The town, with 135.000 occupants, compact and friendly, 
promotes itself with the ambitious slogan, "the arts live in 
Darmstadt". Its air of culture as well as its predominantly white 
collar nature are a legacy from its past as a grand ducal residence. 
There is much which bears witness to this: the Art Nouveau ensemble at 
Mathildenh6he; the Rosenh6he artists' quarter, home of painters, 
sculptors and writers; the high-quality collections and museums; the 
educational system, highly developed at all levels, and the Land 
Theatre, whose prestige extends far beyond the city limits, and which 
is regarded as a springboard to the very top. 

However, science is also well represented in Darmstadt. The Technische 
Hochschule Darmstadt counts more than 16.000 students and about 1.500 
scientists. Besides the THD two Technical Colleges are well-respected 
=entres of education. Darmstadt is home to the technical facilities of 
the Post Office. The accelerator of the Society for Heavy-ion Research 

situated in the woods outside the city - is the workplace for many 
scientists from near and far. Finally, on a truly international note, 
there is the Europeans Space Operations Centre likewise in 
Darmstadt. At ESOC the take offs of the European carrier rockets and 
the functioning of geostationary satellites are monitored. Among other 
things, ESOC provides German television companies with satellite 
photographs of the weather. 

Research and Development are however not a concern only of scientific 
bodies, but also of industry. Darmstadt is the site of some 
particularly future-orientated branches of industry. The chemical 
industry occupies first place with several multinational companies. 
Reputedly the specialized engineering firms can produce here free of 
competition. A great deal of innovative force is behind the young 
enterprises working in the fields of telecommunications and computer 
science. After 1945 the graphic trades (publishing, printing, paper 
processing) settled in Darmstadt. Naturally there is a great deal of 
very varied contact between the University and local business and 
industry, to their mutual benefit, 
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Ravaged in the war - in a single night of bombing in September 1944, 
the whole of the city centre was laid to waste Darmstadt is once 
more a lively, cosmopolitan community with an air of innovation. 
Progressiveness is the factor uniting the city's "great sons", 
predecessors to which the city readily refers, even if they did not 
have it easy here in their own time: Justus Liebig, the founder of 
agricultural chemistry and reformer of scientific education; Georg 
Christoph Lichtenberg, the physicist and aphorist; and Georg BOchner, 
the doctor, poet and revolutionary. They all straddled the border 
between the exact sciences and the fine arts, and set standards to 
which the University also feels a commitment: the endeavour - to be 
taken up time and again - to reconcile englneering and the humanities, 
the union of technology and society. 

I hope you will like your visit in Darmstadt and its Technische 
Hochschule. 

Prof. Dr, H. B6hme 

President of the Technische Hochschule Darmstadt 



MORE TNAN FIVE YEARS OF GPS-EXPERIMENTS - RETHINKING OF GEODESY 

by 

Wolfgang Torge 



Dear Colleagues, 

since GPS i n s t a l l a t i o n  started 15 years ago, and with geodetic GPS- 
experiments performed over more than 5 years, we a l l  are aware of the 
p o s s i b i l i t i e s  which t h i s  space based pos i t ion ing system of fers to geo- 
desy, and we foresee - at least p a r t i a l l y  - the changes which c lass i -  
cal geodetic dogmas va l id  for  more than 100 years, are going to expe- 
r ience. The geodetic community has ear ly  recognized the challenge of 
th i s  new technique, as documented by numerous research a c t i v i t i e s  and 
GPS related s c i e n t i f i c  meetinqs, a t t rac t inq  Qeodesists from research 
and appl icat ion or ientated i n s t i t u t i o n s ,  as we see here. 

I t  is a great pleasure for  me, to sketch in th i s  in t roduct ion the 
impetus of GPS to geodesy, and to indicate some of the problems which 
you w i l l  discuss la te r  in more de ta i l .  But before, I should l i ke ,  as 
the f i r s t  Vicepresident of the In ternat ional  Associat ion of Geodesy, 
to de l iver  you the greetings and best wishes for  a successful meeting, 
from the IAG President and IAG Bureau. As the Chairman of the German 
Geodetic Commission at the Bavarian Academy of Sciences, I add the 
welcome greetings of that  representat ive body of geodesy in the Federal 
Republic of Germany. We are thankful to Professor Groten for  his i n i -  
t i a t i v e  to organize th i s  workshop in our country, where in tens ive GPS 
research is under way since some years, and we are happy about t h i s  
pos i t i ve  response, from inside our country and from abroad. 

Now, le t  me t r y  to indicate how the potent ia l  p o s s i b i l i t i e s  of GPS- 
techniques are going to change geodesy, although we ce r ta i n l y  do not 
yet know the f i na l  resu l t  of the present ly occuring c o l l i s i o n  between 
c lass ica l  and modern concepts. 

Since the f i r s t  establishment of c lass ica l  control  networks for  posi-  
t ion and height,  about 100 years ago, the p r e - s a t e l l i t e  era which 
lasted approximately un t i l  the 1960s , was characterized by 

- employment of time-consuming t e r r e s t r i a l  observation techniques, 
with days to weeks per f i r s t  order t r igonometr ic point  determination, 
and 5 to 10 km f i r s t  order l eve l l i ng  progress per day, d i rec t  l ine  
of s ight  between neighbouring stat ions being necessary, 

- changing o r ien ta t ion  provided by the local plumb l ine  d i rec t i on ,  
corresponding to the use of numerous local astronomical system~, 

- separation of pos i t ion and height control  systems, with geometric 
( e l l i p s o i d )  resp. physical (geoid) reference surfaces, thus in a 
clever manner minimizing the ef fect  of the g rav i t y  f i e l d  on the 
derived parameters, as a f i r s t  order approximation al lowing to 
neglect them, 

r e l a t i ve  accuracies re fe r r ing  to the s ta t ion distance of + 10 -5 for  
pos i t ions,  only in local h igh-prec is ion networks observed'-with 
e lec t ro -op t i ca l  distance measurement equipment + 10"6has been rea- 
ched, whi le + I0-6to + 10 -7 for  heights could b~ obtained by 
f i r s t  order Teve l l ing~ 

- global o r ien ta t ion  through astronomic methods for  pos i t ion networks, 
and through oceanographic information for  height networks, wi th 

IO 



discrepancies up to ± 10 -4 in pos i t ion resp. ± 10 -7 in height with 
respect to a common global system, 

- monitoring time var ia t ions  of the o r ien ta t ion  of a global reference 
system with a re la t i ve  accuracy of ± 10 -6 , by an astronomic control  
system. 

With these features,  pos i t ion and height control  networks met, for  
more than 100 years, the needs of administ rat ion and development in 
countr ies being at the t r a n s i t i o n  from rura l  to i ndus t r i a l  soc ie t ies ,  
and even served most of the requirements in more i ndus t r i a l i zed  re- 
gions. A number of severe drawbacks became obvious with the rapid 
changes which human society experienced af ter  the 1950s. 

These drawbacks of the c lass ica l  geodetic control  are: 

the extremely slow progress at the establishment of control  networks, 
espec ia l ly  i f  a dense s ta t ion d i s t r i b u t i o n  (e.g. I to 5 km) is 
demanded, 

- the complex error accumulation at larger networks, leading to changes 
in network scale and o r ien ta t ion ,  and to unpredictable network d i -  
s to r t i ons ,  and causing severe problems at subsequent surveys in 
h igh ly  developped and densely populated areas, 

- the weak t ies  of the nat ional pos i t ion control  systems to a common 
global reference, with discrepancies no longer acceptable for  modern 
navigat ion,  

the i n a b i l i t y  to invest igate  recent crustal  movements at global and 
regional scales, being the st rongly  required geodetic cont r ibu t ion  
to geodynamics research, and needed for monitoring movements in 
connection with seismic and volcanic events, as well as those pro- 
duced by man-made environment changes. 

The fo l lowing pre-GPS s a t e l l i t e  era from approximately 1960 to 1980 
already brought pa r t i a l  improvements to t h i s  s i t ua t i on ,  f i r s t  through 
opt ica l  and then - more e f fec t i ve  - through Doppler s a t e l l i t e  posi-  
t ion ing  methods. Main charac te r i s t i cs  have been 

- the more rapid point  determination, taking few days per s ta t ion at 
high accuracy demands, with no need for  v i s i b i l i t y  between s ta t ions ,  

- the common or ien ta t ion  in a global reference system with ± 10 -6 
to 10 -7 , 

- absolute point  determination accuracies of I to 5 meters, and re l a t i ve  
accuracies of some ± 10 -6 for  distances from 100 to 500 km. 

Consequently, c lass ica l  control  networks could now be cont ro l led  at 
distances larger than 100 km, and transformed to a global reference 
system. With absolute point  pos i t ion ing accuracy, control  point  re- 
quirements for  topographic mapping could be f u l f i l l e d  now. But pro- 
bably most important was that  threedimensional s a t e l l i t e  technology 
forced geodesy to a threedimensional way of th ink ing ,  and correspon- 
ding modell ing of geodetic observations and parameters. 
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After that t rans i t ion  epoch from classical to space techniques, space 
geodesy era started about 1980, covering now local, regional, and 
global scales. For most users of geodetic products, GPS-results are 
of special in terest ,  as for local and regional problems with distances 
between I and some 100 km, th is  technique now offers rapid solutions 
with accuracies su f f i c ien t  for most purposes. The main character ist ics 
of th is  space geodesy era may be described as fol lows: 

monitoring the motions of the global geodetic reference frame in 
space and of large-scale tectonic plate movements through advanced 
space techniques, with approximately ± 10 -8 to 10 -9 (Sate l l i te  
Laser Ranging, Very Long Base-Line Interferometry) re la t ive  accu- 
racy, but with s t i l l  large investments in hardware and operational 
costs, 

three-dimensional posi t ioning through GPS-methods, del iver ing wi th in 
short time (few minutes to hours) re la t ive  accuracies of ± 10 -o to 
10 -7 for distances from 10 km to some 100 km, and with cm-accuracy 
at I to 10 km distances, 

- employment of GPS-techniques in the kinematic mode, giving re la t ive  
navigation accuracies of ± I m in posi t ion, and ± 0.1 m/s in velo- 
c i t y .  

As one example of the high ef f ic iency of GPS-methods, I mention the 
European north-south-GPS-traverse, w h i c h ~ b e e n  proposed for regional 
geoid control few years ago by a IAG-Special Study Group chaired by 
Professor Bi rard i .  The central and northern part of th is  traverse, 
between Austr ia and northern Norway, has been observed in 1986/1987, 
under d i rect ion of our I ns t i t u te ,  and in cooperation with Geodetic 
agencies and ins t i tu tes  of Austr ia,  Denmark, Norway, Sweden, and 
the Federal Republic of Germany. Using two or more TI-4100receivers, 
and simultaneously observing adjacent (appr. 50 km stat ion distance) 
and overlapping connections, the evaluation was performed with the 
Hannover-software. Preliminary height results have been compared with 
the normal heights obtained from the Unified European Levell ing Net- 
work, and the gravimetric geoid heights of our EGG1-solution. For the 
3600 km long traverse part, the r.m.s, discrepancy was only ± 0.67 m, 
which reduced after a t i l t  (-0~13 corresponding to -0.6 m/1000 km) 
to ± 0.27 m, thus revealing a high accuracy of GPS heights and of the 
European geoid. 

We have to state some consequences of th is  recent developments: 

- highly e f f i c i en t  space techniques now have reached and, at regional 
and global scales, far exceeded the accuracies of classical geode- 
t i c  methods, 

- geodetic control systems established through space methods are a 
p r io r i  three-dimensional, with global geocentric or ientat ion,  and 
may be subdivided into a global reference network monitoring time 
var iat ions of global character, and regional/global networks, even- 
tua l l y  composed of a base network (GPS reference stat ions) and 
densi f icat ion nets, 
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- with navigation potential offered by GPS,kinematic survey methods 
of operational or experimental stage may get a substantial support, 
with eventual drast ic change of methods; th is  refers to i ne r t i a l  
surveying (posi t ion updating and grav i ty  vector separation), photo- 
grammetry (or ienta t ion) ,  and airborne gravimetry and grav i ty  gradio- 
metry (or ientat ion,  E~tv~s-correction, separation of grav i ty  and 
disturbing accelerations), 

geodetic contr ibut ions to geodynamics research become more e f f i -  
c ient now, as high resolution data aquis i t ion in space and time 
is possible, with the chance of eventual continuous monitoring the 
earth surface, at least in areas where large movements occur. 

But, before handling the new tools with maximum ef f ic iency,  taking 
the boundary conditions of ex is t ing survey systems into account, a 
lot  of problems s t i l l  has to be solved. Let me mention some of them, 
which are related to GPS: 

optimal GPS-network design, with optimization strategies for obser- 
vation time per s tat ion,  sa te l l i t e  constel lat ion,  and network con- 
f igurat ion including the question of optimum stat ion distance and 
overlapping connections, and use of one- and two-frequency-receivers, 

optimum combination with ex is t ing classical control networks, and 
available t e r res t r i a l  survey methods, as electronic distance mea- 
surements, leve l l ing,  and ine r t ia l  surveying, or eventual super- 
seding of them, 

software improvements for functional and stochastic models, in 
order to get re l iab le  results at least at the ' tm"- level ,  and 
r e a l i s t i c  accuracy estimates, including the cyc le-s l ip  problem, 
closely connected to s i te  selection, 

impl icat ion for the classical philosophy of "geometric" posit ion 
and "physical" height control systems, including the question of 
s i te  coincidence of the control points, and high-precision geoid 
determination, 

addit ional measures as improved orb i t  determination at regional 
geodynamics invest igat ions including invest igat ions about the 
long-time s t a b i l i t y  of the GPS-system, 

- impl icat ion for kinematic survey methods, which eventually in 
fur ther future may enable these methods also to monitor time 
var iat ions of the earth surface and grav i ty  f i e ld .  

Many of these problems w i l l  be discussed here, and I hope that at 
least for some problem areas, the outcome of th is  workshop w i l l  set 
one step fur ther to new concepts in operational geodesy. I wish you 
f r u i t f u l  discussions and fu l l  success for the workshop. 
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Welcome 

Robert StrauB 

President of the "Arbe i tskre is  Tr iangulat ion of the 
"Arbeitsgemeinschaft der Vermessungsverwaltungen der 
L~nder der Bundesrepublik Deutschland" 

Ladies and gentlemen, 
dear colleagues, 

I t  is a great pleasure to me to welcome you on behalf of a l l  those 
colleagues, who are responsible for  the control network of the Federal 
Republic of Germany. You cer ta in ly  w i l l  know, that  there is no central 
administrat ion,  which is responsible for  the surveys in our country. 
Instead of that  we have a working group which is cal led " t r iangu la t ion"  
and which was establ ished in 1949 by the gouvernments of the federal 
states. I t  is the task of th is  working group to achieve standard regu- 
lat ions for  keeping the f i e l d  of t r igonometr ic points in a s imi lar  
type in a l l  the federal states. The last  resu l t  of our cooperation is 
a rough dra f t  fo r  appl icat ions of GPS in the control network of the 
Federal Republic of Germany. You can read i t  in number 2 1988 of the 
Ze i t sch r i f t  f~r  Vermessungswesen. For that  reason I dropped my repor t ,  
which I prepared for  th i s  workshop. The essent ial  goal of our d ra f t  is 
to prevent the establishment of addi t ional  new reference systems by 
pr ivate users of GPS. We suppose that th i s  is possible by the establ ish-  
ment of a GPS-basenetwork and the determination of precise transforma- 
t ion parameters between the reference system of the GPS, the World 
Geodetic System 1984 and the o f f i c i a l  reference system, represented by 
our f i r s t  order network. We th ink that  a world-wide or at least an 
european cooperation is necessary. That is why we are very interested 
to discuss problems l ike o rb i t  determination or threedimensional refe-  
rence systems. The program of th is  workshop shows that  these are not 
only problems to be solved. We should take time by the forelock un t i l  
the 18. s a t e l l i t e  s tar ts  developlng theory and gathering pract ica l  
experience. There i s t  not a shadow of a doubt that  then GPS-applica- 
t ions w i l l  spread out. The working group I am representing here then 
no longer w i l l  be diveded into two parts,  some already using GPS and 
others being eaten up with envy. 

I wish three days of e f fec t ive  work, good resu l ts ,  a pleasant stay to 
a l l  par t ic ipants  and the expected success to Professor Groten. 
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GEODETIC APPLICATIONS WITH GPS IN NORWAY 
AS PART OF A GLOBAL COOPERATION 

by 

K. Aksnes, P. H. Andersen, S. Hauge 

and 

B. Engen 

Abstract 

The Norwegian Defence Research Establishment (NDRE) and 
the Norwegian Mapping Authority (NMA) have undertaken a 
joint project in satellite geodesy in cooperation with 
several geodetic groups in Europe and the U.S. Simul- 
taneous GPS tracking is now being routinely performed with 
TI-4100 receivers located in Troms~ and at Onsala, 
Wettzell and five North-American VLBI stations. In Norway, 
NMA is in charge of data collection and is operating 
GPS reference stations in Troms~ and at Onsala. An orbit 
computation service is also being planned. NDRE is 
responsible for development, testing, and special 
applications of the GPS data analysis tools. At the 
core of these applications is a computer program,GEOSAT, 
for high-precision calculation of orbits and associated 
geodetic parameters, based on a variety of satellite 
tracking data. Results are presented from use of this 
program on a TI-4100 data set acquired at three VLBI 
stations in the U.S., 3-7 June 1986. 
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i. Introduction 

Even during its current experimental phase, the Navstar 
Global Positioning System (GPS) has already become an 
important tool for ship navigation and marine charting 
with the ice-going vessel R/V Lance of the Norwegian 
Hydrographic Service. GPS is also rapidly replacing other 
methods used by private surveying companies for precise 
offshore positioning of oil rigs and of vessels engaged in 
towing, pipe-laying or oil exploration on the Norwegian 
continental shelf. 

The usefulness of GPS was rather dramatically highlighted 
a few years ago when sea level measurements indicated that 
the oil rig Ekofisk in the North Sea was sinking at a rate 
of several decimeters per year. By means of differential 
GPS, it was found that this subsidence amounted to about 
40 cm per year relative to a nearby oil rig which was 
believed to be stable. It would have been much more 
desirable to refer the Ekofisk motion to the Norwegian 
mainland some 300 km away, but to achieve a relative 
positioning accuracy of, say, 3 cm over this baseline 
length would have required a 0.I ppm performance. This can 
only be done based on very precise Navstar satellite 
ephemerides. This and other high precision positioning 
needs of vital importance to the offshore oil industry 
incited an early interest in GPS tracking and orbit 
improvement in Norway. 

But Norway also has a need for GPS to solve a much more 
fundamental problem; namely the establishment of an 
improved national first order geodetic network and its 
representations in local, regional, and global datums, 
respectively NGO-48, ED-50, and WGS-84. NGO-48 and ED-50 
are based on essentially the same first order points in 
Norway determined astronomically and by triangulation. 
NGO-48 suffers from scaling errors up to 40 ppm, but ED-50 
is more uniform. Maps and coordinates for offshore 
navigation and positioning are based on ED-50. Under the 
auspices of the RETRIG subcommission of IAG, improvements 
have been made in the ED-50 system by means of tri- 
lateration and satellite techniques. However, the time 
now seems ripe to switch to an entirely new European Datum 
based on VLBI, SLR, and GPS techniques (Landau and 
Hein 1986, Boucher and Altamimi 1986). 

In Norway the most stringent demands for accurate geodetic 
reference systems come from oceanographers interested in 
tracking currents, eddies and storm surges by means of 
altimetry in satellites. This requires very precise 
knowledge of the marine geoid, which is also of interest 
to oil prospecting because of the relationships between 
the shape of the geoid, gravity anomalies, and oil bearing 
structures below the oceans. 
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2. National Cooperation and Goals 

The main responsibility for establishing and maintaining 
geodetic reference systems and for charting and map 
production on Norwegian territory and in territorial 
waters lies with the Norwegian Mapping Authority (NMA). 
This includes both civilian and military applications. 
NMA has recently acquired five TI-4100 receivers and has 
partime access to two more. With this equipment NMA is now 
engaged in an international measurement campaign to be 
described later. 

The Norwegian Defence Research Establishment (NDRE) is 
responsible for developing and testing algorithms and 
software for high precision analysis of GPS data. 
Initially most data processing will be done at NDRE, but 
routine data processing will later be taken over by NMA. 
At the NDRE Mathematics Section, a computer program 
(GEOSAT) for precise analysis and simulation of satellite 
tracking data has been under development for several years 
(Andersen 1986). A brief description of the GEOSAT program 
along with some test results are given later. 

NDRE is heading a joint Norwegian geodetic experiment 
aimed at using laser, PRARE and altimetry data on ESA's 
ERS-I satellite for point positioning and orbit and geoid 
determination. GPS measurements are an important pre- 
launch part of this experiment. The joint GPS and ERS-I 
goals include 

differential GPS positioning relative to VLBI sites of 
designated GPS and ERS-I reference stations in Troms~, 
Stavanger, Jan Mayen, and Svalbard 

orbit calculations for GPS and ERS-I and precise 
positioning of secondary geodetic points by means of 
differential GPS and PRARE measurements relative to the 
reference stations 

calulation of precise geoid, datum parameters and 
transformations between local (NGO-48), regional 
(ED-50), and global (WGS-84) reference systems 

3. International GPS Tracking 

Since December 1987, two of NMA's TI-4100 receivers 
together with six such receivers owned by other nations 
have been in permanent operation at the following seven 
VLBI sites plus Troms~ Satellite Station: 
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Westford, Massachusetts 
Richmond, Florida 
Austin, Texas 
Mojave, California 
Yellowknife, Canada 
Onsala, Sweden 
Wettzell, W. Germany 
Troms~, Norway 

Additional VLBI sites on Hawaii and in Japan, Australia, 
S. Africa, Spain and China will or may take part during 
October 30 to November 19, 1988 in a campaign (Mader 1988) 
referred to as the first GPS Global Orbit Tracking 
Experiment (GOTEX-I). During this campaign there will be 
locally organized regional campaigns in secondary 
reference networks. The main goals of the campaign are : 

- the evaluation of the primary Mark III VLBI network for 
the determination of GPS orbits 

- the comparison of regionally determined orbits to these 
global orbits 

the first epoch measurements of new primary fiducial 
sites and the establishment of secondary reference 
networks 

- a more accurate relationship between the WGS-84 and the 
VLBI systems. 

In March 1988 representatives from the geodetic com- 
munities in Norway, Greece, and Spain met in Norway 
and issued a Memorandum of Understanding (MOU) concerning 
a European Tracking Experiment (EUTREX) with GPS 
receivers in Troms~ and at the Dionysos SLR station 
and the Madrid VLBI station. During an initial experiment 
in the second half of 1988, NMA will station three of its 
TI-4100 receivers at these three sites. The MOU also 
invites participation from other nations. At the time when 
the MOU was issued we were unaware of the GOTEX-I campaign 
which, however, fits nicely in with our initial 
experiment. NDRE's GEOSAT software will be used for data 
analysis. 

4. The GEOSAT software system 

The GEOSAT system has been described elsewhere 
(Andersen 1986) and we shall therefore mention only 
a few of the main features. GEOSAT is implemented on a 
Norwegian manufactured computer, ND-570, and it consists 
of approximately 70000 FORTRAN statements. 

The system can be applied in three different modes : 
estimation, simulation (in which synthetic observations 
are generated) or for error analysis. The GEOSAT system 
includes what we believe are the best available mathe- 
mathical models (generalizations of the MERIT standard) 
formulated in a general relativistic PPN-framework. 
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The system is a multi-station and multi-satellite tool 
which can handle several types of modern tracking data. 
including laser and microwave range, doppler, phase and 
altimetry, in a simultaneous manner. Single. double and 
triple differences can be generated for most of these 
measurement types. In the future also satellite gradio- 
metry and possibly surface gravimetry will be implemented. 

The estimation scheme is a three-level partitioned 
Bayesian weighted least squares method in which the model 
parameters can be treated as either "solve-for" or 
"consider" global parameters (fixed values for the whole 
dataset), arc parameters (fixed values for a part of the 
dataset) or local parameters (fixed values for each 
observation set). 

Among the parameters that can be treated as either solve- 
for or consider parameters are orbital elements, surface 
scaling parameters for radiation pressure modelling. 
polynomial coefficients and trigonometric amplitude 
and phase for modelling empirical accelerations, gravity 
parameters, station and satellite oscillator parameters. 
earth rotation parameters, phase biases and rates. 
tropospheric scaling, baseline vectors, absolute coordi- 
nates and tidal parameters. 

4.1 The Dataset 

The GPS dataset consisted of pseudorange and phase measure- 
ments on both L1 and L2 from three TI-4100 receivers located 
in Westford. Richmond and Fort Davis during five days in 
June 1986. The receivers were equipped with Hydrogen-Maser 
oscillators. The available dataset is presented in Table 4.1. 
Note that the D-passes (day) usually involve only one or 
two satellites during a short time period. 

J 
PASS 6 

154N * 
154D 
155N * 
155D 
156N i* 
156D 
157N * 
157D 
158N * 
158D 

i001 
8 9 ii 12 13 

, , , , , 

, , , , , 

, . , , , 

, . , , , 

, . , , , 

1002 
6 8 9 II 12 13 

, , , , , , 

, , , , , , 

, , , , , , 

, , , , , w 

, , . , , * 

1003 TEST 
6 8 9 Ii 12 13 A B C 

* * * * * A B 
* A C 

* * * * * * A C 
* A B 

* * * * * * A B 
* A C 

* * * * * * A C 
* A B 

* * * * * * A B 
* A C 

Table 4.1 The dataset 
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Since GEOSAT is a general-purpose software system not 
restricted to any specific satellite system, the 
TI-measurements were preprocessed by a program called 
PREPARE. This program re-formats the data and calculates 
station oscillator polynomials and, optionally, also 
preliminary station coordinates using pseudorange. 
PREPARE also corrects the phase measurements for 
cycle-slips, and it can generate normal points at the 
frequency chosen by the program operator. Normal points 
were generated every i0 minutes in this investigation. 

For the purpose of getting some realistic knowledge about 
the accuracy of the calculated orbits, we performed three 
separate tests denoted A, B and C (see Table 4.1). Note that 
test A contains all data and that the datasets of B and C 
are independent. Furthermore, note that test B contains three 
N-passes (night) and C only two N-passes during a period of 
five days. Only SV9 and SVI2 are present in the D-passes. 

4.2 Data Processing Strategy 

There are several problems connected with the reduction of GPS 
measurements. Multipath is reported by many authors to be a 
significant problem (Evans 1986) for pseudorange measurements 
obtained with the standard TI-antenna. The RMS due to multipath 
on pseudorange is reported to be around 1.3 m or worse. We have 
used normal points every I0 minutes to try to smooth high- 
frequency multipath effects. So far, this procedure does not 
seem to give any major improvement, so we think that the 
dominant multipath effects must be of lower frequency. Papers 
presented at a GPS workshop at JPL in March 1988 seem to 
be consistent with this hypothesis. 

Another very serious problem is that the TI-receivers 
sometimes lose lock on the satellite signal and this causes 
cycle-slips. Most of these cycle-slips are corrected in 
PREPARE to an accuracy which is always better than five 
cycles, and usually better than two cycles. The cycle- 
slips are detected by comparison of the pseudorange rate 
of change with the corresponding phase rates. Also single 
differences between stations are used in this process. 
The corrections are obtained by polynomial prediction and 
interpolation. The cycle corrections are usually checked on 
a graphical display, and in a very few cases it is necessary 
to do some manual editing. If necessary, it is possible to 
correct for earlier erroneous cycle-slip corrections in each 
iteration in GEOSAT. In the last few iterations, the model 
parameters are well determined and the conditions for 
sucessful cycle-slip correction are the very best. 

In the first few iterations of GEOSAT, only pseudoranges 
are used to calculate orbital elements, radiation 
pressure parameters, ionospheric corrections, satellite 
oscillator polynomial coefficients (i. order polynomial) 
and station oscillator polynomial coefficients (2. order 
polynomial) using known reference stations. Then pseudorange 
and phase on both L1 and L2 are processed simultaneously to 
solve also for phase biases and improved ionospheric 
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corrections. This procedure seems to reduce the RMS due to 
ionospheric errors by a factor of two. 

The arc length was five days and the oscillator parameters 
for both stations and satellites were updated on every pass. 
Only raw measurements were applied with no differencing. 

In this investigation we applied models for the earth gravity 
field (8 x 8, part of the WGS84 standard) and the MERIT models 
for ocean and solid earth tides. The station coordinates were 
supplied by NGS in the WGS72 system. We transformed the 
coordinates to WGS84 by adding a 4.5 m correction in the 
z-direction. Due to this procedure, the coordinates might be 
in error by several decimeters with respect to WGS84. 

4.3 Results 

We have determined the orbits for test sets A, B and C. The 
calculated orbits were stored on files and compared globally. 
Table 4.2 columns A-B, A-C and B-C shows the RMS of the 
corresponding orbit differences. Comparing A-C and B-C, we see 
that the numbers are quite similar. The A-B column shows small 
numbers and since test set A is expected to give the best 
results, we conclude that test C gives good orbits only for SVll 
and SVI3. Even though set B contains approximately 50 % of the 
data from set A, we believe that both A and B give orbits better 
than i0 meters (i o). We also see that the formal errors from 
the A, B and C tests are very realistic when compared with the 
"actual" orbit error. This leads us to conclude that the orbit 
errors for solution A might be in the range 2- 5 meters for 
all satellites, except possibly SV6 and SV8 for which there 
is only a small number of measurements. 

6 
8 
9 

ii 
12 
13 

SV 

Table 4.2 

FOR~L ORBIT ERROR (M) ACTUAL ORBIT ERROR (M) 

A B-C 

4 . 9 9  
9 . 7 7  
2 . 6 7  
2 . 7 2  
2 . 6 1  
3 . 3 5  

B C 

5.86 85.94 
13.03 3 7 . 9 7  
3.46 4.67 
3.30 12.99 
4.16 3.71 
4.10 8.11 

Orbital results 

A-B I A-C 

11.58 99.55 
5.96 29.65 
3.06 12.04 
5.44 3.51 
4.95 25.77 
4.43 4.49 

98.18 
29.50 
13.98 
7.97 

27.78 
8.01 

The a priori standard deviation of all the measurements 
were assumed to be 1 meter when used to calculate the formal 
errors. 

Figures 4.1 - 4.3 show the orbit differences for test A and 
B in the radial, along-track, and cross-track directions. Note 
the short-period differences with a period of 12 hours and 
also the secular drift both in the along-track and in the 
radial directions. The "hairy" high-frequency oscillations 
starting at I00000 seconds are due to roundoff in the 
output of GEOSAT. 
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Figure 4.1 
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Figure 4.4 
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Figure 4.5 
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Typical undifferenced residuals are shown in Figures 4.4-4.6 
for the L1 phase. 

After the orbits were obtained, the coordinates of Richmond 
were fixed (thereby defining the terrestrial system), and 
the coordinates of the other two stations were solved for 
together with all the other parameters. This is the way the 
fiducial technique works. The results are shown in Table 4.3. 
The B/C column shows the mean values of test B and C, and we 
see that the mean values are very close to the values 
calculated for test A. Furthermore, the formal standard 
deviation compares quite favourably with the empirical 
repetition accuracy in the range 16-24 cm. Note that this is 
absolute positioning with only one reference station. Wendel 
et al (1986) have calculated absolute station positions for 
sites involved in the Spring 1985 GPS precision baseline 
test. They obtained the following average errors : 1.07 m 
east, 0.96 m north and 2.06 m vertical. Since our dataset is 
very small, we want to emphasize that the results presented 
here are preliminary, but they indicate that GEOSAT will be 
able to produce very good results with GPS data. 

STATION TEST SOLUTION (M) ERROR (M) 

X Y Z FOR EMP 

WESTFORD A 
WESTFORD B 
WESTFORD C 
WESTFORD B/C 
FT DAVIS A 
FT DAVIS B 
FT DAVIS C i 
FT DAVIS B/C! 

Table 4.3 

1492398.35 
1492398.28 
1492398.46 
1492398.37 

-1324206.15! 
-1324206.01 
-1324206.23! 
-1324206.12 

-4457293.19 
-4457292.99 
-4457293.38 
-4457293.19 
-5332058.60i 
- 5 3 3 2 0 5 8 . 5 0  
- 5 3 3 2 0 5 8 . 5 6  
- 5 3 3 2 0 5 8 . 5 3  

4296818.17 
4296818.03 
4296818.24 
4296818.14 
3232043.60 
3232043.59 
3 2 3 2 0 4 3 . 3 8  
3 2 3 2 0 4 3 . 4 9  

Absolute positioning results 

4.4 Future Improvements 

0.18 
0.24 
0.26 

0.24 
0.23 
0.30 
0.36 

i0.16 

In order to take full advantage of the high accuracy 
of the phase measurements, the time must be modeled 
to an accuracy of about 30 ps. As an alternative, the 
oscillator effects can be dramatically reduced using 
differencing techniques. Clock modelling to the required 
accuracy is very difficult even for Hydrogen-Masers. Thus 
the next obvious step is to use doubly differenced phase 
measurements in the last few iterations. In addition, 
software must be developed for taking advantage of the 
integer nature of the doubly differenced biases. JPL and 
other institutions have demonstrated that improvement by a 
factor 1.4 to 4 in relative positioning can be achieved 
with properly fixed integer biases. A corresponding 
improvement can be expected in the calculated orbits. 

Some of the errors inherent in the results presented are due 
to inconsistencies in the applied reference system. A new set 
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of coordinates with an internal consistency of about i0 cm has 
already been implemented (Murray and King 1988) together 
with a new gravity field GEM-T1 (Marsh et al 1988) and 
improved models for ocean and solid earth tides. The ROCK 4 
radiation pressure model has been acquired but it is 
not implemented yet. It might also be necessary to include 
models for earth albedo and thermal radiation pressure in 
order to be able to model the orbits to a few decimeter 
level. 

When data from a globally distributed network become available, 
it will be possible to solve for variations in the earth 
rotation and polar motion (ERP). ERP-values and nutation 
corrections determined from VLBI can be applied as an 
alternative. 

5. Conclusions 

GPS tracking and data analysis are well underway both on a 
national and international scale. It is hoped that the 
European Tracking Experiment 1988 (EUTREX-88) and the 
first GPS Global Orbit Tracking Experiment (GOTEX-I) in 
the second half of 1988 will evolve into permanent 
cooperative programs for inter-European and international 
GPS tracking, orbit determination, and reference system 
improvement. In Europe, the Bernese software (Gurtner et 
al 1985) is already well proven for this computational 
task and the GEOSAT software (Andersen 1986) is also very 
promising. Independent but coordinated GPS data analysis 
with these two software systems should be encouraged. 
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GPS GEODESY WITH CENTIMETER ACCURACY 

by 

G. Blewitt, W. G. Melbourne, W. I. Bertiger, T. H. Dixon, P. M. Kroger, 
S. M. Lichten, T. K. Meehan, R. E. Neilan, L. L. Skrumeda, 

C. L. Thornton, S. C. Wu, and L. E. Young 

Abstract 

Centimeter-level accuracy is crucial for Global Positioning System (GPS) baseline mea- 
surements to be useful for many geophysical applications. This implies that baseline 
vector accuracy must be of the order of a few parts in l0 s of baseline length for regional 
geodesy. The latest techniques developed at JPL for analyzing GPS data have indeed 
resulted in centimeter-level agreement with solutions determined by Very Long Baseline 
Interferometry (VLBI) in California, for baseline lengths of up to 1000km. 

The techniques we have found most promising for high accuracy geodesy are: (1) carrier 
phase ambiguity resolution, (2) multi-day orbit determination, (3) stochastic estimation of 
the zenith tropospheric delay, and (4) simultaneous use of carrier phase and pseudorange. 
The order of importance depends upon the scale of the network, and the approaches are 
often synergistic. For example, ambiguity resolution can depend upon the ability of the 
other techniques to improve precision. 

The future of GPS looks bright if one considers that these results have been acheived 
despite a partial GPS constellation, no global tracking network, and pseudorange data 
plagued by multipath. A full GPS constellation and a global tracking network will not 
be realized until the 1990's, but steps are being made in the right direction. A new re- 
ceiver/antenna prototype at JPL is showing promise of producing pseudorange observables 
accurate to 5 cm. Two of these receivers participated in the January 1988 CASA UNO 
experiment, which was managed by JPL in cooperation with about 30 other institutions. 
The purpose of this experiment was to accurately measure geodetically interesting base- 
lines in South and Central America. Precise orbit determination for this experiment was 
enabled by tracking the GPS satellites from Australia, New Zealand, Hawaii, American 
Samoa, North America, and Europe. Results from this experiment should give valuable 
information on the potentiM of GPS. 
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1. Introduct ion 

The Global Positioning System (GPS) data  analysis team at the Jet Propulsion Laboratory 
(JPL) has recently estimated geodetic baselines which agree with Very Long Baseline 
Interferometry (VLBI) solutions at  the level of 2 parts  in l0  s (2 cm per 1000 km of baseline 
length). Moreover, it  has since been learned that  there is a scaling difference between the 
GPS and VLBI solutions which arises from the use of inconsistent VLBI-inferred fiducial 
coordinates. It is expected that  GPS and VLBI baselines will agree at the level of 1 par t  in 
108 when this inconsistency is corrected. These results reflect the effectiveness of recently 
developed estimation techniques, which include new approaches to carrier phase ambiguity 
resolution, multi-day GPS orbit  determination, stochastic troposphere estimation, and the 
use of simultaneous group and phase delay. 

The goal of achieving centimeter-level geodesy has thus been realized for regional-sized 
GPS networks with good fiducial control. For networks of dimensions greater than 
1000km, centimeter-level GPS accuracy should be achievable anywhere on the globe con- 
sidering forseeable upgrades in hardware, software, experimental design, and tracking 
networks. 

2. State of the A~'t Techniques 

2.1 Carrier Phase Ambiguity Resolution 

The GPS carrier phase delay da ta  are biased by an integer number of wavelengths. Re- 
solving these biases is the well-known problem of "ambiguity resolution." Covariance 
studies show that  if the biases are not resolved and are simply estimated as real-valued 
parameters,  there is about a factor of 3-5 degradation in baseline precision [Melbourne, 
1985]. 

Previous ambiguity resolution techniques have been limited by the ability to model the 
ionospheric delay. Our method uses the valuable information inherent in the simultane- 
ous measurements of the pseudorange and carrier phase observables [Melbourne, 1985; 
Wubbena, 1985]. We start  by using a time-average of a linear combination of the pseudo- 
range da ta  (P1 and 2'2) and carrier phase da ta  (Lx and L~) to first determine the integer 
offsets, nzx, between the two carrier channels: 

- ~  = ( - 1  - -~) 
fi& = Ll(Cm) L2(cm) Pl(cm) P2(cm) (1) 

19.029 24.421 1 5 3 . 3 5  196.80 

where nz~ can be inferred from the real-valued estimate, ~x. Using currently available 
TI-4100 receivers, it appears that  half an hour is sufficient time to average down the 
pseudorange noise to a level at which these "widelane" biases are resolvable. With  future 
high precision pseudorange receivers and antennas, widelane resolution should be possible 
in less than a minute. 

We then proceed to form the ionosphere-free linear combination of the phase data:  

Lo = L1 + ~ (L1 - L2) 
Lo(cm) = p + 48.444nz~ + 10.695nc + ( 2 )  

where a - 1.5457, p is the non-dispersive delay, and v is the da ta  noise. Each phase 
connected da ta  arc is now biased by n c ,  an integer number of 10.695cm wavelengths. 

In order to resolve these "narrowlane" biases, we estimate them simultaneously with p, 
which is modeled in terms of station coordinates, satellite ephemerides, clocks, and tro- 
pospheric delays. An algorithm based on the square-root information formalism (SRIF) 
is then applied which sequentially adjusts the biases to the nearest integer value in such 
a way that  the global solution is updated at each step. In this way, ambiguity resolution 
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over longer baselines can be achieved by using the information contained in resolving the 
biases on the shorter baselines. 

Based on our experience [Blewitt et al., 1987] and that  of others [Councelman, 1987; Dong 
and Bock, 1988], a well designed GPS network should contain several shorter length base- 
lines (100-200km) if ambiguity resolution is to be acheived over longer baselines. We have 
demonstrated ambiguity resolution on baselines up to 2000km in length [Blewitt, 1988]. 
Network design to ensure ambiguity resolution should be an important  consideration when 
planning GPS experiments. 

2.2 Multi-Day Arc GPS Orbit Determination 

The GIPSY software used at JPL for GPS data  processing uses a pseudo-epoch state pro- 
cess noise filter to estimate all geodetic and orbital  parameters simultaneously [Bierman, 
1977; Thornton and Bierman, 1980]. Spacecraft motion is modeled in geocentric J2000 
coordinates with a numerical integration of the variational equations and equations of 
motion. The GEM-L2 geopotential harmonic expansion (complete to degree and order 8 
for GPS models) and effects from solar, lunar, and planet point masses are modeled. The 
ROCK4 solar radiation pressure model is used. General relativistic corrections for clock 
models and gravitational bending are included, and with this degree of model sophistica- 
tion, satellite motions can be realistically and accurately estimated and propagated over 
arcs of two weeks or more. 

The GPS filtering strategy for multi-day arc orbit  determination has evolved at JPL in 
the past two years based on experience with the da ta  taken during the 1985 and 1986 
GPS experiments in North America [Lichten and Border, 1987]. Three solar pressure 
coefficients (including the Y-bias parameter) are estimated as constant parameters along 
with the orbital  states. 

Preliminary solutions indicate that  with arcs of longer than two weeks results improve 
when the solar pressure coefficients are estimated stochastically. We believe that  this 
may be evidence for unmodeled forces on the GPS satellites and this possibility is being 
intensively studied at this time. 

2.3 Stochastic Troposphere Estimation 

Water vapor radiometers (WVR's)  can be used to calibrate GPS data  for the wet tropo- 
spheric delay under certain meteorological conditions (e.g., when it is not raining) [Elgered 
et al., 1987; Tralli et al., 1988]. However, these conditions are not always available, and 
WVR's  are bulky, expensive, and few in number. Consequently, most GPS da ta  do not 
have the luxury of accurate tropospheric calibrations. Standard models using surface me- 
teorological da ta  are of limited value, and can be in error by more than ten centimeters. 

At JPL, the tropospheric zenith delay can be estimated at every station. For stations 
with WVR calibrations, a t ightly constrained constant calibration bias is estimated from 
the GPS data; typical corrections are 1-3 cm at zenith. We have found that  estimating 
the tropospheric delays using a random walk stochastic model be very successful when 
WVR's  are not available. The stochastic model is tuned so that  the tropospheric delay 
can wander ~ 4 cm over an 8-hour daily tracking session. From one day to the next, the 
troposphere zenith delay is reset to be independent from the previous day's  value. 

Daily repeatabil i ty for baselines and mapped orbit solutions are consistently improved 
by factors of up to 2 as compared to simply estimating a constant residual zenith de- 
lay [Lichten and Border, 1987; Traili et al., 1988]. We are currently investigating the 
application of stochastic troposphere estimation in Central America and the Caribbean. 

2.4 Simultaneous Group and Phase Delay 

Although the pseudorange group delay da ta  type is typically two orders of magnitude 
noisier than phase delay, it provides an unambiguous differential range measurement. If 
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NOVEMBER 1985 MULTI-DAY ARCS 

ARC 1 ARC 2 

13 14 I5 t6 17 18 19 20 21 22 23 24 
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~ RBITS PREDIcTED~ ~] L. 
]NTO NEXT ARC J -I i~ 

I RMS DIFFERENCE 1 
BETWEEN ARC 1 
,AND ARC 2 ORBITS 

Figure 1. Definition of orbit  repeatabil i ty for November 1985 multi-day 
arc test. Orbit  solutions from arc 1 are mapped forward, and the RMS 
difference is taken at beginning of arc 2. 

we assume that  the pseudorange and carrier phase da ta  are sampled simultaneously (to 
within 1 #sec), the pseudorange strengthens the carrier phase solution in two ways: (1) it 
allows for precise estimates of receiver synchronization offsets; (2) it constrains the carrier 
phase bias estimates. 

Baseline accuracy is improved by about a factor of 2 with meter-level pseudorange from 
current TI-4100 receivers [Lichten and Border, 1987; Tralli and Dixon, 1988]. This factor 
will improve with the advent of high precision pseudorange receivers and  antennas. Also, 
the phase biases are est imated more accurately, thus enabling ambiguity resolution with 
greater confidence. Covariance studies performed at  JPL show that  if carrier phase is 
combined with high precision pseudorange (< 10 cm for 6 minute points), it is nearly as 
effective as using carrier phase with the ambiguities resolved [Lichten and Border, 1987]. 
This may be important  for longer baselines where ambiguity resolution is difficult. 

3. GPS Accuracy 

3.1 Daily Repeatabil i ty 

One measure of system performance is repeatabili ty of solutions. Strictly, only a lower 
bound on accuracy can be inferred from repeatabili ty; however it is useful to compare 
baseline precision with that  expected from formal errors. Moreover, GPS accuracy cannot 
be directly assessed on baselines which have not been previously estimated using VLBI, 
or satellite laser ranging. 

We have analyzed da ta  from 18 sites in the western U.S.A. which were occupied for up 
to 4 days in June 1986 [Blewitt et al., 1987; Skrumeda et al., 1987]. Station locations 
and satellite orbits were estimated independently for each day. Using combined carrier 
phase and pseudorange data,  we stochastically estimated the residual zenith tropospheric 
delay and resolved 94% of the carrier phase ambiguities in the network. This resulted in 
subcentimeter baseline repeatabili ty in the horizontal plane for all baselines up to 600 km 
in length. Repeatabil i ty is improved by a factor of 3 when compared to solutions without 
ambiguity resolution. In the vertical direction, repeatabil i ty is at the 3 cm level. 

Multi-day orbit  determination has proved to be important  for improving the precision of 
longer baselines [Bertiger and Lichten, 1987]. Well-tracked GPS orbits show sub-meter re- 
peatabi l i ty  when compared to orbits determined from separate, independent measurement 
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GPS 8 ORBIT 1-DAY PREDICTION USING 
INDEPENDENT 1-WEEK ARC SOLUTIONS 

FROM NOVEMBER 1985 
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Figure 2. Orbit repeatabil i ty of GPS 8 for three estimation strategies. 
The best strategy uses combined carrier phase with pseudorange, and 
stochastic troposphere estimation. 

JUNE 1986 GPS EXPERIMENT: COLLOCATION WITH VLBI 
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Figure 3. Network configuration of June 1986 GPS experiment for sites 
collocated with VLBI. The fiducial network was held fixed at the VLBI- 
inferred coordinates, and the other station locations were estimated using 
ambiguity resolution. 
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Figure 4. Example of daily GPS baseline solutions from the June 1986 
test superimposed on a history of VLBI solutions for Monument Peak to 
Yuma (208 km). 
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sets [Lichten and Border, 1987]. Orbit repeatabili ty is explained in Figure 1. Figure 2 
shows the effect of various strategies on orbit repeatability. Using multi-day arcs for GPS 
orbits, stochastic troposphere estimation, and combined carrier phase and pseudorange, 
the daily repeatabil i ty is better  than 3 cm in all components for baselines up to 2000 km 
in length (better than 2 parts in 10s). 

We are currently implementing carrier phase ambiguity resolution for solutions with si- 
multaneously estimated multi-day arcs and station locations. Using all the inherent in- 
formation in the system to accomplish this task is not trivial due to the large number of 
bias parameters (several hundred) which must be adjusted. 

3.2 Comparison with VLBI 

A comparison of GPS with both mobile and fixed VLBI baselines in the western U.S.A. 
[Skrumeda et al., 1987] shows a root-mean square (RMS) difference of 2 cm for the hori- 
zontal components of 15 baselines up to 1086km in length (Hatcreek, California to Yuma, 
Arizona). The network configuration is shown in Figure 3. Taking the mean over all 
baselines, the RMS difference between GPS and VLBI coordinates is 1.4 cm (east), 1.6 
cm (north), 3.6 cm (vertical), and 1.2 cm (length). This agreement includes a factor of 
2 improvement by ambiguity resolution. In Figure 4, we show representative examples of 
GPS baseline solutions along with the time-series of VLBI solutions. 

The GPS length solutions are systematically longer than VLBI by an average of 0.8 cm. 
Although less well determined, the longer baselines in the range 1000-2000km from Fort 
Davis, Texas, to stations in California, also show a systematic offset. Figure 5 shows 
(GPS-VLBI) baseline length solutions. It appears that  there is a scaling difference at the 
level of about 1 to 2 parts in l0 s. We believe that  these scaling differences arise from 
the use of coordinates at the fiducial sites (Ft. Davis, Richmond, Haystack) which were 
derived from an outdated VLBI analysis. This inconsistency is understood and will be 
corrected in future analyses. 
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Figure 5. GPS-VLBI length comparison for single-day arc, bias-fixed so- 
lutions. Also shown is a multi-day arc solution for comparison. A scaling 
difference of 1-2 parts in l0 s can be accounted for by the use of inconsistent 
fiduciM coordinates. 

For centimeter-level long baseline accuracy, multi-day GPS orbit determination is currently 
required. The comparison of GPS with VLBI is currently limited by the uncertainties in 
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the VLBI-inferred fiducial baselines used to define the GPS reference frame. Nevertheless, 
baselines of 2000 km determined with these orbits agree with VLBI at the level of 0.3-5 
cm in all vector components. The 1933 km GPS baseline between Hatcreek, California, to 
Fort Davis, Texas, agreed with VLBI to better than better than 2.6cm for all components 
using data taken in November 1985 (see Figure 5). This solution was a result of a 6 day 
arc fit to the GPS orbits. 

4. Future Prospects 

4.1 JPL Receiver/Antenn~ Development 

A GPS receiver has been developed for NASA at JPL expressly for making high quality 
geodetic measurements [Meehan et al., 1987a]. The ROGUE GPS receiver is based on 
a digital design that leads to very high accuracy phase and pseudorange measurements. 
The error contribution from the receiver itself is submillimeter for the carrier phasedata ,  
and is at the centimeter level for 2 minute P-code pseudorange. 

In practice, however, pseudorange measurements are greatly degraded by multipath sig- 
nals at the antenna [Meehan et al., 1987b]. This leads to a situation where centimeter level 
pseudorange error contributions from system noise and other receiver errors are overshad- 
owed by multipath error contributions of up to a meter. Earlier studies of multipath effects 
done at JPL and elsewhere determined that, for a given multipath environment, certain 
antenna/backplane configurations could significantly reduce the errors due to multipath. 
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Figure 6. A sample of single-band pseudorange noise from data taken at 
Owens Valley by the ROGUE receiver with a choke-ring backplane. Long- 
term multipath signatures are below the 5 cm level. 
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Field tests have shown that one such configuration, developed at JPL by D.J. Spitzmesser, 
can reduce long term multipath errors on pseudorange to about 5 cm. This configura- 
tion uses a drooped cross-dipole antenna to receive the L1 and L2 satellite signals and 
a conducting %hoke-ring" backplane. Two prototype antenna/backplane combinations 
were used in conjunction with ROGUE receivers at the Mojave and Owens Valley Radio 
Observatory sites in California during the recent CASA UNO experiment. Figure 6 shows 
a sample of the pseudorange noise for data taken at Owens Valley. A linear combination 
of the data, which removes all signatures except for multipath and noise, is plotted with 
time. These preliminary results are encouraging, and more tests are in progress. 

4.2 Global Tracking: The "CASA UNO" Experiment 

The ~CASA UNO" experiment provided three weeks of GPS data for an initial epoch 
measurement of a geodetic network in Central and South America managed by JPL, the 
CASA UNO experiment involved participants from about 30 institutions worldwide. In 
all, 24 sites in Central and South America were occupied by 16 receivers. An additional 
13 receivers in the U.S.A. occupied 20 sites during the experiment. To provide effective 
fiducial control for such an extended network, a near-global tracking network of 12 re- 
ceivers, most of which were collocated with VLBI sites (Figure 7). The locations of the 
non-collocated sites will be estimated simultaneously with the GPS orbit parameters. Co- 
variance studies show that the consequences of not collocating all tracking sites with VLBI 
are insignificant due to the strong GPS data strength [Freymueller and Golombek, 1987]. 
In all, about 600 station-days of data are now being reduced. 
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Figure 7. This near-global tracking network of 12 receivers acquired 3 
weeks of GPS data during the CASA UNO experiment, January 1988. 

The experiment provides a unique opportunity to investigate the benefits of global track- 
ing using real data. So far, fiducial networks have been limited to sizes of the order of 
3000km. Results from CASA UNO will provide a valuable benchmark to calibrate co- 
variance studies, so that we can reliably predict the performance of future global tracking 
systems. 

Investigations are being undertaken to study the best estimation strategy applicable to 
global networks. Preliminary studies into the potential of GPS to determine earth orien- 
tation and the geocenter will be pursued with this data set. 
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5. Conclusions 

GPS-based geodesy has reached the point where centimeter-level accuracy for regional 
baselines (< 1000km) can be done routinely in areas of good fiducial control. Accuracies 
of 2 parts in 10 s have been demonstrated for baselines up to 2000 km in length. This level 
of accuracy requires careful modeling of the GPS observables, resolution of carrier phase 
ambiguities, multi-day arc orbit determination, and stochastic estimation techniques. 

Accuracies of 1 part in 108 of baseline length should become routine worldwide in the 
1990's, as various aspects of GPS-based systems are improved. Important developments 
are precise pseudorange, receiver/antenna designs, global tracking networks, experiment 
design to enable ambiguity resolution, and the continual improvement of estimation strate- 
gies. 

Acknowledgements 

This work described in this paper was carried out at the Jet Propulsion Laboratory, 
California Institute of Technology, under contract with the National Aeronautics and Space 
Administration. The GPS data analysis was conducted at the Jet Propulsion Laboratory 
using the GIPSY analysis software. We thank the many people who have made key 
contributions to the GIPSY software and analysis effort, especially John M. Davidson, 
Ojars Sovers, James S. Border, Scott A. Stephens, and the late Gerald J. Bierman. 

References 

Bertiger, W.I. and S.M. Lichten (1987): Demonstration of 5 to 20 parts per billion repeata- 
bility for a continental baseline estimated with multi-day GPS orbits, EOS Trans. Am. 
Geo. U., Vol. 68, No. 44, p. 1238 

Bierman, G.J. (1977): Factorization Methods for Discrete Sequential Estimation, Aca- 
demic Press, Orlando, Florida 

Blewitt, G. et al. (1987): Improved GPS network solutions using bias-optimizing tech- 
niques, EOS Trans. Am. Geo. U., Vol. 68, No. 44, p. 1236 

Blewitt, G. (1988): Successful GPS carrier phase ambiguity resolution for baselines up to 
2000 km in length, EOS Trans. Am. Geo. U., Vol. 69, No. 16, p. 325 

Dong, D. and Y. Bock (1988): GPS network analysis: Ambiguity resolution, EOS Trans. 
Am. Geo. U., Vol. 69, No. 16, p. 325 

Counselman III, C.C. (1987): Resolving carrier phase ambiguity in GPS orbit determina- 
tion EOS Trans. Am. Geo. U., Vol. 68, No. 44, p. 1238 

Tralli D.M. and T.H. Dixon (1988): A few parts in 108 geodetic baseline repeatability 
in the Gulf of California using the Global Positioning System, Geophysical Research 
Letters, Vol. 15, pp. 353-356. 

Elgered G. et al. (1987): On the Weather Dependence of Baseline-Lengths Estimated by 
Very-Long-Baseline Interferometry, EOS Trans. Am. Geo. U., VoI. 68, No. 44, p. 
1239 

Freymueller J.T. and M.P. Golombek (1987): Effect of Fiducial Network Geometry on 
GPS Baseline Accuracy in South America, EOS Trans. Am. Geo. U., Vol. 68, No. 
44, p. 1237 

Lichten, S.M. and J.S. Border (1987): Strategies for high-precision global positioning 
system orbit determination, Journal of Geophysical Research, Vol. 92, No. B12, pp. 
12751-12762 

Meehan T.K. et al. (1987a): ROGUE: A new high accuracy, digital GPS receiver, Pro- 
ceedings of the IUGG Conference, Vancouver, August 1987. 

39 



Meehan T.K. et al. (1987b): GPS multipath reduction using absorbing backplanes, EOS 
Trans. Am. Geo. U., Vol. 68, No. 44, p. 1238 

Melbourne, W.M. (1985): The case for ranging in GPS based systems, Proceedings of the 
First Symposium on Precise Positioning with the Global Positioning System, Posi- 
tioning with GPS-1985, Ed. C.C. Goad, Rockvitle, Maryland, pub. U.S. Department 
of Commerce, NOAA 

Skrumeda, L.S. et aL (1987): Baseline results from the June 1986 Southern California 
and Caribbean GPS Experiments, EOS Trans. Am. Geo. U., Vol. 68, No. 44, p. 
1236 

Thornton, C.L., and G.J.Bierman (1980): UDU r covariance factorization for Kalman 
filtering, Control and Dynamic Systems, Advances in Theory and Application, Ed. 
C.T. Leondes, Academic Press, Vol. 16, pp. 177-248 

Tralli, D.M. et al. (1988), The effect of wet tropospheric path delays on estimation of 
geodetic baselines in the Gulf of California using the Global Positioning System, 
accepted for publication in Journal of GeophysicM Research 

Wubbena, G. (1985): Software developments for geodetic positioning with GPS using TI- 
4100 code and carrier measurements, Proceedings of the First Symposium on Precise 
Positioning with the Global Positioning System, Positioning with GPS-1985, Ed. 
C.C. Goad, Rockville, Maryland, pub. U.S. Department of Commerce, NOAA 

40 



RELATIVISTIC EFFECTS IN GPS 

by 

S. Y. Zhu' , E. Groten 

Abstract 

Relativistic effects in GPS are twofold: first is the effect on orbit 
and signal propagation, second is that on the clock. The first part 
has an effect of up to 0.001 ppm in positioning. The second part 
affects the clock frequency on the order of 10 -I° , but only the 
periodic fluctuation in it is of interest. This term is completely 
canceled out by between-station differences, hence it is harmless for 
relative positioning, but it directly affects the clock 
synchronization and causes substantial error in single point 
positioning. By adopting a Keplerian orbit, most of this fluctuation 
can be corrected. The ammount of non-Keplerian part is estimated to be 
less than 0.6 ns (18 cm). 
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i. Introduction 

GPS is applied in geodetic positioning and in time transfer. 
Relativistic effects on both of them are discussed here, with emphasis 
on positioning. 

There are two kinds of positioning by GPS, point positioning and 
relative positioning. The accuracy of the first is worse than 1 ppm, 
that of the latter is much higher. Recently, Bertiger and Lichten 
(1987) have demonstrated 5 x I0 -g repeatability for a continental 
baseline which was estimated using multi-day GPS orbits. Interstingly 
and fortunately, the magnitudes of relativistic effects are in 
agreement with the relevant accuracy; the relativistic effects on 
point positioning are pretty large (-I ppm), those in relative 
positioning are much smaller (~10-g). This correspondance between 
positioning accuracies and magnitudes of effects can be thought of as 
a major feature of relativistic effects in GPS positioning. 

The earth's gravitation exerts direct relativistic effects on the 
orbital motions of satellites (relativistic perturbation) and on phase 
measurements (propagation correction); these effects are treated in 
section 2. The satellites carry high accuracy clocks on orbit; due to 
the gravitation of the earth and orbit motion of satellites the clocks 
will give time which is different from time given by the same kind of 
clocks at rest at the earth's surface. Its impact on time transfer and 
positioning is the topic of section 3. 

Only the main results and relevant explanations are presented in this 
paper; all derivations are omitted. The results are based on general 
relativity. The treatment is carried out in the terrestrial (earth's 
center) system, see Zhu et al. (1987). The Schwarzschild metric of the 
earth is good enough for such considerations. Neglecting the effects 
of quadrupole of the earth's potential and the effects of the sun and 
other solar system bodies only causes errors in positioning of lO-Sppm 
(or less) and errors in frequency of 10 -14 (or less). 

2. Relativistic dynamic effect and propagation correction 

The relativistic perturbation reads (Zhu et al., 1987) : 

6f = GE ~ [(4GE/r)-~a]/c2r3+4GE(~.~)~/c2r3, (1) 

where ~ is the geocentric vector of the satellite. ~ is its 
velocity. 8~ is about 0.5 x i0 -s the Newtonian acceleration and 
amounts to 0.3 x I0 -g m/sec z for the Navstar satellite. Table 1 
compares this effect with other Newtonian perturbations, the latters 
are taken from (Rizos and Stolz, 1985). From that table one sees that 
the relativistic perturbation is nearly as important as that of the 
earth's tidal potential or that of albedo pressure. 
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Table i Effect of Perturbing Forces on GPS Satellites 

Source 

Earth's non-sphericity : 

(a) C20 
(b) other harmonics 

Point-mass effects of 
sun and moon 

Earth's tidal potential : 
(a) earth tides 
(b) ocean tides 

Solar radiation pressure 

Albedo pressure 

Relativistic effect 

Acceleration 
(m/see 2 ) 

5 x I0 -s 
3x 10 -7 

5 x 10 -5 

i x I0 -g 
I x I0 -g 

i x 10 -7 

I x I0 -g 

0.3 x 10 -6 

Taking phase measurements as an example, the relativistic propagation 
correction is (cf. Holdridge, 1967). 

6t = (2GE/c 3) in [(r + R + p)/(r + R - p)]. (2) 

in which r and R are geocentric distances of satellite and station, 
respectively, p is the range distance. The corresponding correction 
for range measurement is c6t. For single phase measurement, the 
maximum value for c$t is 19 mm. 

This propagation correction depends on the geometry between station, 
satellite and geocenter. The combination of observations (differences) 
could hardly be of any help to reduce this error in a relative sense. 
Table 2 gives the order of magnitude of this error. 

Table 2 Relativistic propagation error 

Types of observation max absolute error max. relative error 
(mm) (ppm) 

single observation 19 10 -3 

differences between: 
satellites 7* 10 -3 
stations 7* 10 .3 

- epoches ** 10 -3 

* with baseline length -7000 km 
** depends on the time interval of the two adjacent epoches 

Both dynamic and propagation effects cause errors up to 0.001 ppm in 
positioning. These errors can not be eliminated (from relative point 
of view) by any kind of differences. To ensure ultimate 0.01 ppm 
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accuracy, they should better be taken into account, although for most 
present applications they can be ignored. 

3. Effects on clock frequency 

If the transmitting satellite clock frequency is ft when received at 
the station receiver it is shifted into fr; after t~e usually Doppler 
shift has been accounted for, the relation between ft and fr becomes 
[cf. Table I-i of (Spilker, 1980); note that some printing errors in 
this reference should be corrected] : 

fr/ft = l-(4t+-vt2/2 " 4o + (4o- 4r " -v2/2))/c2 (B) 

where 4t = GE/r, ~r = GE/R, Xt = ~ is the velocity of satellite. Nr 
is the velocity of the station (due to the earth rotation). ~o is the 
value of (4r + X~/2) on the geoid. It is introduced since the 
International Atomic Time (TAI) is defined on the geoid. The last part 
in eq. (3) is the frequency offset of the station clock with respect 
to TAI, which is constant at each station and could be easily 
corrected. (4t + X~/2)/c 2 contains a constant part (-2.5 x 10 -I° ) 
and a periodic fluctuation, the latter is mostly due to the non-zero 
eccentricity. (~o/J)-<(4t + v~/2)/c2> .... t. is about 4.465 x i0 -I0 , 
which can be calculated from the semi-major axis of the orbit and has 
already been removed by offsetting the GPS clock frequency prior to 
launch. A residual constant offset due to an off nominal semi-major 
axis of the actual orbit can be corrected as constant time and 
frequency offset. 0nly the periodic part is problematic; which could 
be as large as 46 ns for eccentricity e = 0.002; the corresponding 
range error is about 14 m. This effect must be taken into account. 

Currently this periodic effect is calculated by considering the orbit 
as Keplerian cf. (Van Dierendonck et al., 1980; Jorgensen, 1986; 
Ashby, 1987). The result is 

Atsv = -4.4428 x i0 -I0 (see/Jmeter) eJA (sin E(t)- sinE(toe)) (4) 

where A is the semi-major axis, E(t) is the eccentric anomaly at time 
t. E(toc) is the value at a certain initial epoch toc. The sinE(toe) 
term is a constant bias which can be corrected by a given time and 
frequency offset of the satellite clock with respect to GPS time. The 
only correction in the user's equipment is 

At~sv=-4.4428 x 10-1°(sec/Jmeter)eJAsinE(t) &-2290esinE(ns) (5) 

The actual orbit is certainly not Keplerian. However, generally 
speaking perturbations of GPS orbits are small. But one should be 
aware that perturbations such as Cz0 in Table i may cause secular 
changes in ~, ~ and M, hence actual E(t) E(to) may significantly 
differ from its Keplerian value after a long time span. If we express 
the actual Atsv as 

Atsv (actual) = Atsv (Keplerian) + Atsv (perturbation) (6) 

then the amount of Atsv (perturbation) depends on the time span of (t- 
toc ) . toc is an epoch of time at which the time and frequency offsets 
of the satellite clock relative to GPS time are redetermined. If the 
offset is redetermined every two weeks, then the largest value of (t- 
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too) is 604800 sec (Van Dierendonck et al., 1980). For e = 0.02 the 
perturbation Dtsv is estimated as 1.2 ns (this equals 36 cm in range 
measurement), which is negligible in comparison to the current 
accuracy of point positioning. 

For relative positioning Dtsv is completely canceled out in the 
between-station differences and it is therefore harmless. 

This periodic fluctuation not only causes a time offset Dtsv , which 
affects the range measurements but also frequency offsets which affect 
the range rate measurements. From eq. (4) the average value of 4Df/f4 
is 2.1 x i0 -12 and the maximum value of it is 6.7 x I0 -Iz which 
appears at perigee and apogee. Corresponding average and maximum range 
rate effects are 0.6 and 2 mm/sec, respectively, Again it is 
negligible for point positioning, and vanishes in relative 
positioning. Since the in-orbit stability of a satellite clock is 
better than 1 x 10 "13 , this offset might be harmful for future high 
accuracy time and frequency transfer. To estimate and correct it, one 
must use the ephemeris message. 

Table 3 Relativistic effect on clock 

Secular drift : 

- nominal drift 

- residual drift 

-4.45 x I0 -I° , calculated from nominal orbit 
parameters, corrected prior to launch 

<i x I0 -Iz , due to an off nominal semi-major 
axis of the orbit, is a constant time and 
frequency offset, correctable 

Periodic time offset : 

initial value 
(Keplerian) 

time variable 
(Keplerian) 

- Non-Keplerian 

- k sinE (toe), k • 46 ns for e = 0.02, 
constant time offset, correctable 

k sinE (t), can be corrected by using GPS 
Navigation Message (ao, al, a 2 coefficients) 

<1.2 ns (36 cm) for e=O.02 (t-toe) <604800 sec. 

Periodic frequency 
offset 

for e=0.02 ~Df/f~ave=2.1xlO-12 
range rate:0.6mm/sec 
~Df/f~max=6.7xlO -Iz range rate: 2 mm/sec 

4. Scale problem in comparison with other techniques 

When comparing GPS baseline solutions with those of other techniques 
one should be aware of the scale differences caused by the adoption of 
different relativistic models. For instance, LLR and VLBI data are 
usually treated in the solar system barycetric coordinate system, 
while SLR and GPS data are processed in the geocentric system. By 
definition the station coordinates and baselines in the barycetric 
system are different from those in the geocentric system. The 
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difference may amount to 1.5,i0 -8 Some LLR and VLBI data analysing 
centers have already taken this into account, but other centers have 
not yet removed this definition discrepancy. In addition, sometimes 
the orbit of GPS satellite is determined by using the observations on 
a fiducial network which takes VLBI station coordinates as a priori, 
the scale error of these VLBI stations will affect the GPS baseline 
determination. 
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RELATIVISTIC MODEI~ OF PHASE AND DOPPLER OBSERVATIONS 

OF EI.FCq'RObfAGNETIC SIGNALS 

by 

Elke St~cker-Meier 

Abstract 

The paper  d e a l s  w i t h  s p e c i a l  d e f i n i t i o n s  of  phase  and Doppler  o b s e r v a -  
t i o n s  of  e l e c t r o m a g n e t i c  s i g n a l s  and t h e i r  mode l ing  i n  f o u r - d i m e n s i o n a l  
space  t imes  of  g e n e r a l  r e l a t i v i t y  w i t h  an e a r t h  r e l a t e d  m e t r i c .  P a r t i c -  
u l a r  a t t e n t i o n  i s  p a i d  to  phase  measurements  i n  GPS and, in  a d d i t i o n ,  
to p o s s i b l e  c o n t r i b u t i o n s  of  c l o c k  t r a n s p o r t s .  A f t e r  a s h o r t  e x p l a n a -  
t i o n  o f  the  most e s s e n t i a l  fundamenta l s  of  p h y s i c a l  t h e o r i e s  and o b s e r -  
v a t i o n s  w i t h  s t a n d a r d  c l o c k s  s o l u t i o n s  of  the  d i r e c t  and i n v e r s e  g e o d e -  
t i c  p rob lems  i n  media  a r e  t r e a t e d ,  which a r e  d i r e c t l y  or  i n d i r e c t l y  
i m p o r t a n t  f o r  a l l  o b s e r v a t i o n  e q u a t i o n s  c o n c e r n i n g  c o o r d i n a t e  d e t e r m i -  
n a t i o n s .  Then, based  on the t h e o r y  of  e l e c t r o m a g n e t i c  wave p r o p a g a t i o n  
i n  a r e f r a c t i v e  medium the o b s e r v a t i o n  e q u a t i o n s  f o r  phase  measurements  
w i t h  s t a n d a r d  c l o c k s  ( o s c i l l a t o r s )  a r e  d e r i v e d .  F i n a l l y ,  the  o b s e r v a -  
t i o n  e q u a t i o n s  of  c l o c k  t r a n s p o r t s  a l o n g  t e r r e s t r i a l  p a t h s ,  d i r e c t l y  
r e s u l t i n g  from the  fundamental  form of g e n e r a l  r e l a t i v i t y ,  a r e  d i s -  
cus sed .  I t  can  be shown t h a t  t h e i r  a p p l i c a t i o n  y i e l d s  a v a l u a b l e  im- 
provement  i n  the  a c c u r a c y  of  c o o r d i n a t e  d e t e r m i n a t i o n s .  
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1. P r e l i m i n a r y  remarks 

P roduc ing  of  e a r t h  r e l a t e d  o b s e r v a t i o n s  and mapping them i n t o  p h y s i c a l  
models  a r e  the  main t o p i c s  of  geodesy .  Thereby,  the  o b j e c t i v e  f u n c t i o n s  
c o n s i s t  of  c o o r d i n a t e s  o f  p o i n t s  o£ the  e a r t h ' s  s u r f a c e  and p a r a m e t e r s  
f o r  d e s c r i b i n g  i t s  e x t r i n s i c  g r a v i t a t i o n  f i e l d .  Now as  b e f o r e ,  c l a s -  
s i c a l  Newtonian mechanics  based  on t h r e e - d i m e n s i o n a l  E u c l i d e a n  space  
and a b s o l u t e  t ime domina tes  i n  g e o d e t i c  mode l ing .  G e n e r a l l y ,  we l e a v e  
t h i s  p h y s i c a l  concep t  when 

- e l e c t r o m a g n e t i c  s i g n a l s  a r e  used  f o r  o b s e r v a t i o n s ,  ( 1 -1 )  

- t e s t  b o d i e s  a t t a i n  h i g h  r e l a t i v e  v e l o c i t i e s  compared w i t h  (1 -2)  
t he  v e l o c i t y  o f  l i g h t  o r / a n d  

- s t r o n g  g r a v i t a t i o n  f i e l d s  e x i s t .  (1-3)  

Then we have  to  r e p l a c e  Newtonian mechanics  by g e n e r a l  r e l a t i v i t y ,  
which i n v o l v e s  a c o n s i s t e n t  t h e o r y  of  mechanics  and e l e c t r o d y n a m i c s  i n  
f o u r - d i m e n s i o n a l  (p seudo- )  Riemannian space .  O b s e r v a t i o n s  w i t h  s o -  
c a l l e d  s t a n d a r d  c l o c k s  p l a y  an i m p o r t a n t  r o l e  in  g e n e r a l  r e l a t i v i t y •  
They a r e  the  fundamenta l  o b s e r v a b l e s  i n  the  t h e o r y  of  r e l a t i v i t y  and 
can be used  f o r  measu r ing  the  t r a v e l  t ime of  e l e c t r o m a g n e t i c  s i g n a l s  as  
w e l l  as  f o r  phase  and Doppler  o b s e r v a t i o n s •  In a d d i t i o n ,  r i g i d  meas-  
u r i n g  rods ,  which a r e  the  fundamental  o b s e r v a t i o n  i n s t r u m e n t s  of  E__u_u- 
c l i d e a n  ~eometry ,  can s t i l l  be used in  r e l a t i v e  smal l  s p a c e t i m e s .  

At p r e s e n t ,  the  p r e s u p p o s i t i o n s  of  (1 -1 )  to (1 -3 )  f o r  l e a v i n g  c l a s s i c a l  
p h y s i c s  a r e  e s p e c i a l l y  f u l f i l l e d  in  VLBI and GPS b rough t  about  f i r s t  of  
a l l  by g r e a t  a c c u r a c y  i n  o b s e r v a t i o n s  combined w i t h  ( 1 - 2 ) .  F o r m u l a t i o n s  
o f  o b s e r v a t i o n  e q u a t i o n s  f o r  phase  measurements  based  on g e n e r a l  r e l a -  
t i v i t y  i s  one of  the two o b j e c t i v e s  o f  the  f o l l o w i n g  r e p r e s e n t a t i o n s •  
The o t h e r  c o n c e r n s  w i t h  problems of  t e r r e s t r i a l  c l o c k  t r a n s p o r t  a s  an 
e s s e n t i a l  p r o c e d u r e  f o r  the  s y n c h r o n i z a t i o n  of  s t a n d a r d  c l o c k s  i n  g e n e -  
r a l  r e l a t i v i t y .  

2. Fundamenta ls  of  g e o m e t r i c a l  o p t i c s  in  g e n e r a l  r e l a t i v i t y  

G e o m e t r i c a l  o p t i c s  i s  t h a t  p a r t  of  e l e c t r o d y n a m i c s  d e a l i n g  w i t h  the 
p r o p a g a t i o n  o£ e l e c t r o m a g n e t i c  waves in  the  a p p r o x i m a t i o n  f o r  v e r y  
s h o r t  wave l e n g h t s .  

In g e n e r a l ,  e l e c t r o m a g n e t i c  waves a r e  s o l u t i o n s  of  / d a x w e l l ' s  e q u a t i o n s  
or  the  wave e q u a t i o n  of  e l e c t r o d y n a m i c s .  Let  A be a component of  an 
e l e c t r i c  or  a magne t i c  wave f i e l d ,  t hen  

a ( x  a )  = a m p l i t u d e ,  ~)(x a)  = phase ,  (2-1b)  

x = ( c t  , x 1) = 4 - c o o r d i n a t e s ,  c = v e l o c i t y  of  l i g h t ,  (2 -1c )  

k a = (w/c ,  k i )  = wave 4 - v e c t o r ,  w = a n g u l a r  f r e q u e n c y ;  (2-1d)  

a ,  ~, ~ . . . .  e (0,  1, 2, 3}, i ,  j ,  k . . . .  E {1, 2, 3} (2 -1e )  

i s  t r u e .  The phase  o f  the wave i s  an i n v a r i a n t ,  i . e . ,  i t  i s  i ndependen t  
of  the  r e f e r e n c e  sys tem caused  by the  f a c t  t h a t  i t  r e s u l t s  as  the  i n n e r  

p r o d u c t  of  the  wave 4 - v e c t o r  k a and the  c o o r d i n a t e  d i f f e r e n t i a l s  dx a.  
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The  wave 4 - v e c t o r  i s  n o r m a l  t o  t h e  wave f r o n t  ~ = c o n s t a n t  Which  f o l -  
lows  f r o m  

k a  = k a ( X a )  = Ca ( 2 - 1 f )  

I n  c a s e  o f  g e o m e t r i c a l  o p t i c s  a m p l i t u d e  a n d  wave 4 - v e c t o r  a r e  n e a r l y  
c o n s t a n t .  I n  a medium of  r e f r a c t i v e  i n d e x  n r e l a t i v i s t i c  g e o m e t r i c a l  
o p t i c s  c a n  b e  b a s e d  o n  F e r m a t ' s  p r i n c i p l e :  

~ kadxa = (2-2a) e x t r e m a l  

r a y  

u n d e r  t h e  s i d e - c o n d i t i o n :  

k a k  a = K ~ ( 1 - n  2 )  ( 2 - 2 b )  

K = k ua/c = f r e q u e n c y  i n  t h e  r e s t  f r a m e  o£ t h e  medium , ( 2 - 2 c )  
0 

u a  = u a ( x  ~ )  = 4 - v e l o c i t y  o f  t h e  medium , ( 2 - 2 d )  

n = n ( x a , K o  ) = r e f r a c t i v e  i n d e x  o f  t h e  medium . ( 2 - 2 e )  

The c h a r a c t e r i s t i c  e q u a t i o n s  o f  g e o m e t r i c a l  o p t i c s  d e s c r i b e  t h e  p r o p a -  
g a t i o n  o£ a n  e l e c t r o m a g n e t i c  wave .  They  f o l l o w  f r o m  t h e  E u l e r  e q u a -  
t i o n s  o£ t h e  v a r i a t i o n a l  p r i n c i p l e  ( 2 - 2 a ) ;  s e e  E. ST(JCKER-MEIER: 

= ( k  a - (ua/c)Ko(1-n2-nn'Ko))h , ( 2 - 3 a )  dxa/dq 

=: d k a / d  q - r~kfl(dxX/dq) (2-3b) D k a / d q  

= (-K2nno , a  + ( u ~ ; a k p / C ) K o ( 1 - n 2 - n n ' K o ) ) k  ' 

k =: C / ( n K o ( ( n +  n ' K o ) 2 -  1) 1 / 2 )  , ( 2 - 3 c )  

n '  = On/OK ( 2 - 3 d )  
0 

I f  t h e  r e f r a c t i v e  i n d e x  i s  a f u n c t i o n  o f  f r e q u e n c y  (2-3d), we c a l l  t h e  
medium d i s p e r s i v e ,  q i s  a n  a f f i n e  c o o r d i n a t e ,  d e f i n e d  by  

ga~(dxa/dq)(dx~/dq) = C 2 = c o n s t a n t  . (2-3e) 

The two ordinary di f ferent ia l  equations (2-3a,b) determine not only the 
coordinates but also the wave 4-vector at each point of the ray. One 
equation depends on the other so that i t  is necessary to solve them 
together. I t  is also possible to eliminate the wave 4-vector by d i f fe r -  
entiation of (2-Sa) with respect to q and insertion of (2-3b). Accor- 
dingly the characterist ic equations (2-3a,b) reduce to an ordinary d i f -  
ferential  equation o£ second order: 

D2xa/dq 2 =: d2xa/dq 2 + F~(dxP/dq)(dx~/dq) = (dt/dq) 2 R a , (2-4a) 

u a u a ; p ,  d x a / d q )  . ( 2 - 4 b )  R a = R a ( n ,  n ' ,  n , a ,  , g a ~ '  

R a i s  c a l l e d  d i s t u r b i n g  f u n c t i o n .  I n  vacuum we o b t a i n :  

R a = 0 f o r  n = 1 = c o n s t a n t  , ( 2 - 4 c )  
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so  t h a t  t h e  w o r l d  l i n e s  o f  t h e  s i g n a l s  i n  vacuum a r e  g e o d e s i c  l f i n e s  i n  
t h e  f o u r - d i m e n s i o n a l  R i e m a n n i a n  s p a c e s .  C o n s i d e r i n g  t h e  e q u a t i o n s  
( 2 - 4 a )  we h a v e  t o  e l i m i n a t e  t h e  c o o r d i n a t e  q a n d  t o  w r i t e  t h e  e q u a t i o n s  
a s  f u n c t i o n s  o£ c o o r d i n a t e  t i m e  t :  

d 2 x i / d t  2 = G i + ~ i  , ( 2 - 5 a )  

G i = ( ( 1 / c ) F ~ ( d x i / d t )  - F ~ ) ( d x P / d t ) ( d x ~ / d t )  , ( 2 - 5 b )  

~ i  = R i _ ( 1 / c ) R O ( d x i / d t )  . ( 2 - 5 c )  

The  3 - a c c e l e r a t i o n  o f  t h e  s i g n a l  i s  composed  o f  a g r a v i t a t i o n a l  p a r t  G i 

a n d  a d i s t u r b i n g  p a r t  ~ i .  We f o r m u l a t e  i n i t i a l - v a l u e  a n d  b o u n d a r y - v a l u e  
p r o b l e m s  t o  s o l v e  t h e  d i f f e r e n t i a l  e q u a t i o n s  b y  n u m e r i c a l  i n t e g r a t i o n s  
o r  s e r i e s  e x p a n s i o n s .  I n  c a s e  o f  t h e  p r o p a g a t i o n  o£ e l e c t r o m a g n e t i c  
s i g n a l s  t h r o u g h  t h e  a t m o s p h e r e  t h e  i n i t i a l - v a l u e  a n d  b o u n d a r y - v a l u e  
p r o b l e m s  a r e  c a l l e d  d i r e c t  o r  i n v e r s e  ~ e o d e t i c  p r o b l e m s .  They  a r e  d i -  
r e c t l y  o r  i n d i r e c t l y  i m p o r t a n t  f o r  a l l  o b s e r v a t i o n  e q u a t i o n s  c o n c e r -  
n i n g  c o o r d i n a t e  d e t e r m i n a t i o n s .  W i t h o u t  t h e  e f f e c t s  o£ r e f r a c t i o n  a n d  
g r a v i t a t i o n  e l e c t r o m a g n e t i c  s i g n a l s  p r o p a g a t e  a l o n g  s t r a i g h t  l i n e s .  
W i t h  r e s p e c t  t o  t h e  s t r a i g h t  l i n e s  i n  E u c l i d e a n  s p a c e s  we d e f i n e  t h e  
s o - c a l l e d  r e d u c t i o n  o f  t r a v e l  t i m e  S t :  

6 t  = hE - At  , ( 2 - 6 a )  

At = o b s e r v e d  t r a v e l  t i m e  , ( 2 - 6 b )  

hE = E u c l i d e a n  t r a v e l  t i m e  ( 2 - 6 c )  

= ( h i j ( ( x i ) b -  ( X i ) a ) ( ( x J )  b -  ( X J ) a ) ) l / 2 / c  . 

F o r  a d i s t a n c e  o£ 20000  km we o b t a i n  a r e d u c t i o n  o£ 1 -2  cm a s  a r e s u l t  
o f  t h e  e a r t h  g r a v i t a t i o n a l  f i e l d ,  w h i c h  o u g h t  t o  b e  t a k e n  i n t o  a c c o u n t .  

3 .  O b s e r v a t i o n s  w i t h  s t a n d a r d  c l o c k s  

E v e r y  a r b i t r a r y  c l o c k  U i s  n o t h i n g  e l s e  b u t  a n  o s c i l l a t o r ,  t h a t  i s  a 
11 

p h y s i c a l  s y s t e m ,  w h i c h  c h a n g e s  i t s  p h a s e  p e r i o d i c a l l y :  

n n n n n n n n n n n i l  

qbCT) = q~To) + % ( ~  -70)  = ~ o  ) + 2~N + ~(~1 , ( 3 - 1 a )  

n 

T = o s c i l l a t o r  t i m e  , ( 3 - 1 b )  
n n n 

o = dqb/dT = c o n s t a n t  a n g u l a r  f r e q u e n c y  , ( 3 - 1 c )  
O 

n n 

N = c y c l e  c o u n t  , ~ = f r a c t i o n a l  p h a s e  p a r t  ( 2g  . ( 3 - 1 d )  

As a r u l e  t h e  s o - c a l l e d  s t a n d a r d  c l o c k s  U a r e  t h e  o b s e r v i n g  i n s t r u -  
| | |  

m e n t s  t o  m e a s u r e  t r a v e l  t i m e s ,  p h a s e s  a n d  f r e q u e n c i e s  o f  e l e c t r o m a g -  
n e t i c  s i g n a l s .  S t a n d a r d  c l o c k s  a r e  a b l e  t o  m e a s u r e  p r o p e r  t i m e  d i f f e r -  
e n t i a l s ,  w h i c h  c o r r e s p o n d  t o  t h e  f u n d a m e n t a l  f o rm  o f  g e n e r a l  r e l a t i v i -  

m 
t y  w i t h  t h e  e x c e p t i o n  o f  c o n s t a n t  s c a l e  f a c t o r s  M: 
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m m i+ ( 1 / c 2 ) g i j v i v J ) l / 2  
MdT =: dT = ( g o 0  + ( 2 / C ) g o i V  a t  , ( 3 - 2 a )  

m m 

T = p r o p e r  t i m e  , w = p r o p e r  f r e q u e n c y  . ( 3 - 2 b )  
O 

R e c e n t l y  t h e  b e s t  a p p r o x i m a t i o n s  o f  s t a n d a r d  c l o c k s  a r e  a t o m i c  c l o c k s .  
I n  g e n e r a l  r e l a t i v i t y  i t  i s  o n l y  p o s s i b l e  t o  compare  two c l o c k s ,  w h i c h  
a r e  mov ing  t o g e t h e r  on  one  a n d  t h e  same w o r l d  l i n e .  I n  t h i s  c a s e  t h e  
p h y s i c a l  

h y p o t h e s i s  o f  c o n s i s t e n c y :  ( 3 - 3 )  

two s t a n d a r d  c l o c k s  o f  t h e  same t y p e  h a v e  same s c a l e  f a c t o r s  
1 2 m 

= ~ . . . .  M (3-~) 

a n d  f o r  two s t a n d a r d  c l o c k s  o f  d i f f e r e n t  t y p e s  t h e  r a t i o s  o f  
t h e  s c a l e  f a c t o r s  a r e  c o n s t a n t :  
1 2  2 3  

= constant  , ~ = constant  . . . .  

i s  assumed; see J.L. SYNGE. Arb i t ra ry  clocks 
w h i c h  d e p e n d  on t i m e :  n 

n n n 

M = M(T) . 

The o b s e r v a b l e s  0 f  s t a n d a r d  c l o c k s  U a r e :  
IH 

m 

c y c l e  c o u n t s  N , 
m 

f r a c t i o n a l  p h a s e  p a r t s  ~ < 2v and  
m 

p r o p e r  t i m e  i n t e r v a l s  AT . 

Compared t o  t h e  p h a s e s  o£ a n  a r b i t r a r y  c l o c k  
n 

m m m  n m  
phase d i f f e r ences  

we o b t a i n  

= ¢,(T)- 

( 3 - 3 b )  

have scale  f a c t o r s ,  

(3-4) 

(3-5a) 

(3-5b) 

(3-5c) 

( 3 - 5 d )  

4.  P h a s e  and  D o p p l e r  o b s e r v a t i o n s  

P h a s e  d i f f e r e n c e s  a r e  u s e d  i n  NAVSTAR-GPS to  m e a s u r e  e l e c t r o m a g n e t i c  

waves  by means  o£ a l o c a l  s t a n d a r d  o s c i l l a t o r  U m ( 3 - 2 a , b )  i n  t h e  t e r -  

r e s t r i a l  r e c e i v i n g  s t a t i o n  P . The t r a n s m i t t e r  i s  a s t a n d a r d  c l o c k  U 
m n 

i n  t h e  G P S - s a t e l l i t e  P . I t  g e n e r a t e s  t h e  e l e c t r o m a g n e t i c  wave ,  w h i c h  
n 

t r a v e l l e s  t o  t h e  r e c e i v e r  a n d  c o n t r o l s  t h e r e  an  a r b i t r a r y  o s c i l l a t o r  

. The o u t p u t  o£ t h e  G P S - r e c e i v e r  i s  t h e  d i f f e r e n c e  b e t w e e n  t h e  p h a s e s  
n 

o f  U a n d  U : 

m n 

A~mn(tm) = (qb(tm))m - ((~(tm))m + 2~Nmn (4-1a) 
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The 

i n t e g e r  c y c l e  count Nmn (4-1b)  

r e p r e s e n t s  the  number of  f u l l  c y c l e s  in  the o b s e r v e d  phase .  With r e -  
s p e c t  to the  Phase v a r i a t i o n  in  t ime and in  space  we y i e l d  the  o b s e r v a -  
t i o n  e q u a t i o n s  f o r  phase  measurements :  

m n 

A~mn(tm) = ((~(tm))m - ((~(tm))n + 2~Nmn (4-2a) 

+ Oo(htnm + Gmn(tm )+ Rmn(tm)) , 

t ?° 
G C t m )  = d(T(t))- dt 

t 
n 

= g r a v i t a t i o n a l  r e d u c t i o n  , (4 -2b)  

= (1/Wo) kadxa = r e f r a c t i v e  r e d u c t i o n  , ( 4 -2c )  Rm.(tm) 
(X~)m 

= t - t = c o o r d i n a t e  t r a v e l  t ime . (4 -2d)  htnm m n 

The gravitational reduction (4-2b) follows from the difference between 
proper time of the satellite-oscillator and coordinate time used in the 
problem. To see what influence gravitation has, the reduction (4-2b) is 
computed with an earth related metric. It results 1-2 cm due to the 
p o t e n t i a l  d i f f e r e n c e  be tween  s a t e l l i t e  and r e c e i v e r .  With the  o b s e r v a -  
t i o n  e q u a t i o n  (4 -2a )  i t  i s  p o s s i b l e  to  d e t e r m i n e  the  t ime d i f f e r e n c e  
( 4 - 2 d ) .  To c a l c u l a t e  the  

s p a t i a l  c o o r d i n a t e  d i f f e r e n c e s  ( X i ) n -  (Xi)m (4 -2e )  

we have to  s o l v e  a d i r e c t  g e o d e t i c  problem and to  i n t r o d u c e  (4-2d)  as  
i n i  t i a l - v a l u e s .  

Because  o£ i n a c c u r a t e  s a t e l l i t e  o r b i t s  and r e f r a c t i o n  models  we have to  
use  r e l a t i v e  c o o r d i n a t e s .  The o b s e r v a t i o n s  which b e l o n g  to r e l a t i v e  
p o s i t i o n i n g  a r e  the  s . t a t i o n  d i f f e r e n c e s  Dh~a b. They a r e  d e f i n e d  as  the  

d i f f e r e n c e s  be tween  the  phase  measurements  made by the  two r e c e i v e r s  U 
a 

and U b i n  c a s e  o£ s i m u l t a n e o u s l y  e m i t t e d  s i g n a l s :  

Dh~a b =: h~an ( t a )  - h % n ( t b )  . (4 -3a )  

I n s e r t i n g  (4 -2a )  i n t o  (4 -3a)  the  o b s e r v a t i o n  e q u a t i o n  can be e x p r e s s e d  
a s  : 

a b 
Dh~ab= (~(tbI)a- (~)(tbI)b + 27rNab+ ~o((ta- tb)+ hGab+ ARab) (4-3b1 

hGab = g r a v i t a t i o n a l  anomaly , ( 4 -3c )  

ARab = r e f r a c t i v e  anomaly . (4 -3d)  
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h%b 

which are different in both stations. 
yields 

and ARab f o l l o w  f rom t h e  g r a v i t a t i o n a l  and r e f r a c t i v e  e f f e c t s ,  

The o b s e r v a t i o n  e q u a t i o n  ( 4 - 3 b )  

Nab =: Nan - Nbn , t a - t  b , (4-~ta) 

a b 

( ~  t b )  ) a -  (~)( tb)  )b  ' ( 4 - 4 b )  

whe reby  t h e  c o o r d i n a t e  t i m e  d i f f e r e n c e  t a - t  b can  be  t r a n s f o r m e d  i n t o  

t h e  

b a s e l i n e  v e c t o r  ( X i ) b  - ( X i ) a  , ( 4 - 4 c )  

by s o l v i n g  a d i r e c t  g e o d e t i c  p r o b l e m .  ( 4 - 4 b )  d e p e n d s  on t h e  
a b 

c l o c k  o f f s e t  ( q b ( t o ) ) a -  (~>( to) )b  ( 4 - 4 d )  

and t h e  
a b  

c l o c k  s c a l e  r a t e  M/M (z t -4e)  

b e t w e e n  b o t h  r e c e i v e r s ,  t i s  a r e f e r e n c e  t i m e .  I t  i s  shown i n  c h a p t e r  
O 

5,  t h a t  i t  i s  a l s o  p o s s i b l e  t o  d e t e r m i n e  t h e  p h a s e  d i f f e r e n c e  ( 4 - 4 b )  by 
means o£ a c l o c k  t r a n s p o r t .  A t r a n s p o r t  o f  c l o c k s  i s  a good  c o m p l e t i o n  
to  s i m u l t a n e o u s  p h a s e  m e a s u r e m e n t s  and i t  s h o u l d  be  c a r r i e d  o u t  a d d i -  
t i o n a l l y ,  b e c a u s e  t h i s  method  r e d u c e s  t h e  unknowns.  

( 4 - 1 b )  a r e  d e f i n e d  a s  

(4-5~) 

m 

t o  T g i v e s  i n  t h e  l o c a l  

The t i m e  d e r i v a t i v e s  o f  p h a s e  m e a s u r e m e n t s  
D o p p l e r  d i s p l a c e m e n t s  : 

m m n m m 

AC0ran(T ) = w ° - w(T) = (dA~mn/dT)m - 
T 

D i f f e r e n t i a t i n g  e q u a t i o n  ( 4 - 2 a )  w i t h  r e s p e c t  
o b s e r v i n g  s y s t e m  o f  t h e  r e c e i v e r :  

m m n m n 

ACOmn(~- ) ~ ~o ° - ¢Oo(~,q4)( l+(Vn/C)cos  ~ ( 4 - 5 b )  

+ ( l / 2 ) ( V n / C ) 2 ( c o s 2 ¢  - sin2~0) - Wn/C 2 + Rw) 

v = v e l o c i t y  o f  t h e  s a t e l l i t e  , ( 4 - 5 c )  
n 

= a n g l e  b e t w e e n  wave p r o p a g a t i o n  and  d i r e c t i o n  o f  ( 4 - 5 d )  
s a t e l l i t e  m o t i o n  , 

W = p o t e n t i a l  d i f f e r e n c e  b e t w e e n  s a t e l l i t e  and r e c e i v e r  (Lt-Se) 
n 

Ro = r e f r a c t i v e  r e d u c t i o n  . ( 4 - 5 f )  

I n  a d d i t i o n  t o  t h e  l o n g i t u d i n a l  and t r a n s v e r s a l  D o p p l e r  e f f e c t s  t h e  
g r a v i t a t i o n a l  p o t e n t i a l  i n f l u e n c e s  t h e  D o p p l e r  o b s e r v a t i o n s  w i t h  t h e  
o r d e r  o f  30 cm i n  c a s e  o f  m e a s u r e m e n t s  t o  a T R A N S I T - s a t e l l i t e ,  The r e -  
f r a c t i v e  r e d u c t i o n  d e p e n d s  on t h e  d i r e c t i o n  o f  t h e  g r a d i e n t  o f  t h e  r e -  
f r a c t i v e  i n d e x  r e l a t i v e  t o  t h e  v e l o c i t y  o f  t h e  s a t e l l i t e .  
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5. C lock  t r a n s p o r t s  

The t r a n s p o r t  o f  c l o c k s  i s  a t e r r e s t r i a l  method measu r ing  phase  d i f -  
f e r e n c e s  to  s y n c h r o n i z e  e a r t h  r e l a t e d  c l o c k s  w i t h i n  the  scope  of  g e n -  
e r a l  r e l a t i v i t y .  The b a s i s  o (  a c l o c k  t r a n s p o r t  r e a d s  a s  f o l l o w s :  

One s t a n d a r d  c l o c k  i s  p o s i t i o n e d  i n  each  of  two t e r r e s t r i a l  o b s e r v a t i o n  
s t a t i o n s :  

1 
U 1 i n  Pa measu r ing  p r o p e r  t ime r , ( 5 - 1 a )  

2 
U 2 in  Pb ' measu r ing  p r o p e r  t ime T . 

A t h i r d  t r a n s p o r t a b l e  s t a n d a r d  c l o c k  
3 

U 3 in  Pc measur ing  p r o p e r  t ime T , (5 -1b)  

i s  l o c a t e d  in  Pc moving a l o n g  a p a t h  Cab from Pa to  Pb" The o b s e r v a -  

t i o n s  a r e  the  p r o p e r  t imes  of  U3: 

3 3 3 3 
ATab= T b -  T a , T p =  a r b i t r a r y  t imes  f o r  Pc ~ Pp, p C { a , b } ,  ( 5 - 2 a )  

and the  phase  d i f f e r e n c e s  be tween  U 3 and ~ in  Pa and Pb: 

mm 3 m  
h~m 3 = ~)(T) - ~)(T) , m C {1,2} . ( 5 -2b )  

I n t e g r a t i n g  the  fundamenta l  form ( 3 - 2 a )  y i e l d s  t he  o b s e r v a t i o n  e q u a t i o n  
f o r  the  t r a n s p o r t  of  the  c l o c k  U 3 ( 5 - 2 a ) :  

3 3 i b  ( 1 / c 2 ) g i j v i v J ) l / 2 d t ) c  b MArab = ( ( g o o  + (2 /C)go iVi+  ( 5 - 3 a )  

t 
a 

I f  the  g r a v i t a t i o n a l  f i e l d  and the  v e l o c i t y  v i of  U 3 known s u r f  i -  a r e  

c i e n t l y  a c c u r a t e  a l o n g  the  p a t h  Cab i t  i s  p o s s i b l e  to  d e t e r m i n e  the  

c o o r d i n a t e  t ime d i f f e r e n c e :  

Arab = t b - t a ( 5 -3b )  

In  the  e a r t h  r e l a t e d  sys tem S E the  d i f f e r e n c e  be tween  ( 5 - 2 a )  and (5 -3b )  

can  be  s p l i t t e d  i n t o  t h r e e  p a r t s .  K 1 depends  on h e i g h t  h above  a r e f e r -  

ence s t a t i o n  PB' K 2 i s  a function of ve loc i ty  v and K 3 r e s u l t s  from 

C o r i o l i s ' s  a c c e l e r a t i o n :  
3 

Arab - ATab =: K I + K 2 + K 3 , (5-zla) 

3 

K 1 = ( 1 / c  2)  ( ( ( g h ) B -  gh) dT)Cab , ( 5 -4b )  

T a 
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3 

3 
K 2 = ( 1 / 2 )  ( ( v / c )  2 aT)Cab , ( 5 - 4 c )  

T 
a 

3 

T b 

K3 I -( I /c2) (~ E3jkvJxk 3 = dT)Cab , (5-4d) 
T 

a 

g = a b s o l u t e  v a l u e  o£ g r a v i t y  a c c e l e r a t i o n  o£ t he  e a r t h  , ( 5 - 4 e )  

= a b s o l u t e  v a l u e  of  a n g u l a r  v e l o c i t y  of  t he  e a r t h  . ( 5 - 4 f )  

The v a i u e s  ( 5 - 4 b , c , d )  were c a l c u l a t e d  f o r  a t r a n s p o r t  o£ c l o c k s  t h r o u g h  
t he  a r e a  of  t he  E i f e l  w i t h  v~50 km/h. The r e s u l t s  a r e  shown i n  t a b l e  1. 

Compar ing  two s t a n d a r d  c l o c k s  t h e  0 b s e r v a t ! o n  e q u a t i o n s  of  p h a s e  
m e a s u r e m e n t s  ( 5 - 2 b )  r e d u c e  to :  

m m m  3 m  m 3 m 3  m m 
Aqbm3(T ) = qb(To) - qb(To) + (~o ° - (Oo~4/I,i)(T - -to) . 

( 5 - 5 a )  i s  c a l l e d  t h e  c l o c k  e q u a t i o n ,  which  a l l o w s  
c l o c k  o f f s e t s  and  t h e  s c a l e  r a t e s :  

1 1  3 1  1 3  

~ T o )  - ~ - % )  , ~ , 
(5-5b) 

2 2  3 2  2 3  

~ T o ) - ~ T o )  . M / ~ .  

( 5 - 5 ~ )  

to  d e t e r m i n e  t he  

The o b j e c t i v e  of  t h e  c l o c k  s y n c h r o n i s a t i 0 n  of  g e n e r a l  r e l a t i v i t y  i s  to  
compare  c o o r d i n a t e  t i m e s  i n  d i f f e r e n t  p l a c e s .  Wi th  t he  a s s u m p t i o n  

( V i ) a  = ( V i ) b  = 0 , g ~ , o  0 (5-e~) 

( 3 - 1 a )  and  ( 3 - 2 a )  g i v e s  i n  Pa a n d  Pb: 

m m m m m m 1/2  
(~%)(qb(T)  - qb(%a)) = (goo)a ( t  a - t o a )  , 

n n n n n n 1 / 2  

(M/Wo)(~(T) - ~ ) ( . o b ) )  = ( g o o ) b  ( t  b - t ob  ) , 

t op  a r e  t h e  c o o r d i n a t e  t i m e s  b e l o n g i n g  to  Vop. 

t i t y ,  we c a n  d e t e r m i n e  

m 6 {1 ,31 , 
(5-61)) 

n 6 {2 ,3}  . 

I f  t i s  a known q u a n -  
o a  

t ob  = t o a  + Atab ( 5 - 6 c )  

by  means of  ( 5 - 3 b ) .  t a a n d  t b a r e  g i v e n  f u n c t i o n s  o£ t he  o b s e r v e d  

p h a s e s  i n  Pa and  Pb on t h e  b a s i s  of  ( 5 - 6 b )  p r o v i d e d  t h a t  we have  

m m n n m n 

~ % a )  - ¢<Tob) ' ~'M ( 5 - 6 d )  
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a d d i t i o n a l l y  from the  c o m p a : i s i o n  of  the  s t a n d a r d  c l o c k s  ( 5 - 5 b ) .  I t  i s  
a l s o  p o s s i b l e  to  d e s c r i b e  w i t h  (5 -6b )  the  phase  d i f f e r e n c e s  (4 -4b )  a s  
f u n c t i o n s  of  c o o r d i n a t e  t ime .  

p a t h  compo- r e d u c t i o n s  
nen t  f o r  the  p a t h :  

K1 

C I K2 

K3 

K1 

C 2 K2 

K3 

C 1 ~ C 2 C 2 ~ C 1 

n s  n s  

-0.37218 -0.37218 

0.00968 0.00968 

-0.09894 0.09894 

-0.25502 -0.25502 

0.01443 0.01443 

0.08909 -0 .08909  

t o t a l  t - 0 .61294  
r e d u c t i o n s  -0 .59322  

C ~ =  250m 

TABLE 1: c l o c k  t r a n s p o r t s :  C I ~ C  2 = B o n n - T r i e r - K o b l e n z - B o n n ,  

C2~ C 1 = B o n n - K o b l e n z - T r i e r - B o r m  
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THE USE OF GPS AT IGN : GEODESY, GEOPHYSICS, ENGINEERING 

by 

Claude Boucher, Pascal Willis 

Abstract 

The Institut G~ographique National has purchased since 1985 four 
GPS receiver~ (TR5S from SERCEL, 5 channels, single frequency type). 
For research and production purpose, a specific software, called 
GDVS, was then developed. This software is now operational and has 
been used with success to process several GPS campaigns. 

Two major campaigns were performed in 1986 : one between France 
and England and the second one between France and Italy. One of the 
main topic of these campaigns was to connect tide gauges in the 
Channel area or in the Mediterranean Sea area, to a global reference 
frame. 

GPS was also used to provide very shortly local geodetic network 
of a few tens of kilometers for geodetic or geophysical purposes. 
Some examples of such campaigns are the following : Djibouti, 
Pyrenees, Provence,° 

For the future, the IGN intends to continue these uses of GPS and 
also to continue the development of GPS for photogrammetry (airborne 
GPS) and kinematic GPS. 
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i. Introduction 

Since 1985, the French Institut G~ographique National has been involved 
in GPS and its possible applications. GPS receivers have been purchased 
and a specific research software called GDVS (Gdod~sie par mesures de 

Distances et Vaziations de distances sur Satellites) has been developed. 
Several applications of the GPS technology have been investigated for 
science or production purposes. For the Institut G~ographique National, 
being both a geodetic Institute and a mapping Agency, these applica- 
tions are very numerous : geodesy (small size specific geodetic network, 
national geodetic network), geophysics (active zones surveys, volcanoes 
surveys, tide gauges connections) or engineering (photogrammetry with 
airborne GPS receivers). 

We summarize here the latest examples of use of GPS at IGN, giving at 
the same time a large range of possible applications of this highly 
accurate tool for geodesists. It should be noticed that the accuracy of 
GPS strongly depends on the way it is used : absolute or relative posi- 
tioning, using the pseudo-ranges or the carrier beat phases [WELLS 
(1986)J, type of receiver, real time or post-processing solution, 
software capabilities. Table i gives a summary of the possible use of 
GPS and the typical achievable accuracy. 

Type Accuracy 

Navigation 

Differential navigation 

Trajectography 

Geodesy (LI receiver) 

Geodesy (LI/L2 receiver) 

Kinematic 

High accuracy 

20 m 

2m 

0,5 m 

3 ppm 

I ppm 

: 0,Olm 

: 0,02 ppm 

Classes of applications of GPS 

Table i 

The Institut G~ographique National has presently 4 TANS (TRIMBLE) for 
navigation, 4 TR5S (SERCEL) for geodesy (single frequency receivers) 
and plan to purchase in 1988 3 dual frequency receivers (to be deter- 
mined) : 2 for surveying and one for satellite tracking. 
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2. Navigation 

The initial purpose of the development of GPS for the U.S. military 
agencies was to provide at any time and anywhere an absolute position 
(in a precise global reference frame). This application only requires 
low cost GPS receivers that can perform pseudo-range measurements on 
the LI frequency. The Institut G4ographique National possesses four 
receivers of this type : TANS from TRIMBLE. A simple software is 
needed to obtain a real-time position from the pseudo-ranges measure- 
ments. The accuracy of this basic use of GPS is about 20 metres. 
Figure i shows an example of this type of positioning using a TR5S 
(SERCEL) equipment at Hasparren (Netherlands). Every point represents 
an independent position estimated every 0,6 second. This figure shows 
a good consistency of the result (internal precision at a few metres 
level). The dots seem to scatter in two different populations. This 
difference is due to the change of ephemerides. 

In this type of positioning, the quality of the broadcast orbit is 
essential and may be degraded in a near future (block II satellites). 
This real time navigation can be used with profit for the fast deter- 
mination of a large number of points, for instance to locate a 
gravity survey. The I.G.N. is achieving such a large project in Africa 
(Mali : 640 points, Guinea Bissau : 30 points, Guinea Konakry : 737 
points, Togo : 74 points, Benin : 150 points, Ivory Coast : 167 points, 
Central African Republic : 710 points .... ). GPS navigation can also be 
used for very small scale stereopreparation, for example for the SPOT 
images. 

3. Differential navisation 

In the navigation accuracy (20 metres), a large part comes from the 
precision of the orbit. This effect is in fact a regional effect and 
will cause a more or less common bias on the estimated position of the 
receiver in the same area. 

During the campaign presented in figure i, another TR5S receiver was 
present at Saint-Mand~ (France). The results obtained were very similar, 
showing the same skip due to the change of ephemerides. Figure 2 
represents the result of the differential positioning (real-time 
difference of estimated three-dimensional coordinates every 0,6s). In 
this differential positioning, there is no more break if the achievable 
accuracy is at the level of 2 metres. A very important aspect of the 
method is that the receiver observes simultaneously the same configu- 
ration of satellite. Only LI pseudo-range receivers and real-time 
single point processing software are needed ENARD et al. (1987)]. The 
final solution is obtained in a post processing mode by differentiating 
the real time navigation solution. 

When another system is available to transmit information from one 
receiver to another, this relative positioning can also be obtained in 
real time. Two solutions are possible : differentiating the estimated 
position (as described before) or differentiating the raw pseudo- 
ranges. 
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Figure f 

USE OF GPS FOR NAVIGATION 
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Figure 2 
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4. Tra~ectogra~hx 

At this point, the limit of accuracy is due to the noise of the raw 
pseudo-range measurement. When Doppler measurement exists (carrier beat 
phase or Doppler Integrated measurement), it is possible to use these 
measurements to smooth the pseudo-ranges and then decrease the noise 
level of this observable that we could call Doppler Integrated Pseudo- 
Ranges. 

For this application, a LI code and phase multichannel receiver is 
needed, and the data analysis is performed in an off-line mode. Figure 
3 shows an example of this type of positioning applied to an airborne 
receiver. The data were recorded on an aircraft (Caravelle) and were 
processed, using a specific software developed by SERCEL. This figure 
shows the difference between the estimated position (every 0,6 second) 
and the STRADA estimation. Several tests on roads and on aircrafts have 
proved a 0,5 metre achievable accuracy, or better. 

Two major uses of the GPS trajectography are investigated at I.G.N. : 
photogrammetry and roads data base. For photogrammetry, the major goal 
is to use this GPS positioning on a plane able to recover the photo- 
grammetric perspective. Several tests have been realized ER. BROSSIER 
et al. (1986)] : Amiens (1986) with only one receiver, Lunel-Vichy 
(1987) with two receivers. Another interest for our Institute is to be 
able to precisely position a car in order to realize, in a very short 
time, a road data base. Several production GPS campaigns will take 
place in 1988 (metropolitan France, Martinique, Guadeloupe, ...). 

5. Geodes~ with sin$1e frequency receivers 

In order to improve the accuracy from I or several metres to centi- 
metres or millimetres, the GPS carrier beat phase must be used. 
Presently, the I.G.N. possesses 4 single frequency TR5S from SERCEL 
(5 channels, code and phase measurements). To solve ambiguities, it is 
necessary to obtain simultaneous observations for at least one hour 
with 4 or 5 satellites. The processing is not a real-time processing 
and requires a phase capability off-line software. 

The data analysis software used is GDVS using the double difference 
technique. When using single frequency receivers and broadcast orbits, 
the relative positioning accuracies are at the level of 3ppm (part per 
million) for distances ranging to several tens of kilometres. Table 2 
shows typical results obtained by the GDVS software. These data were 
recorded during a geodetic evaluation test realized by SERCEL near 
Nantes (Brittany). Every line corresponds to an independent estimation 
of the baseline (difference of coordinates in the three dimensions) 
obtained from one session of observations (5 GPS satellites during 
I hour). The mean value and the standard deviation were estimated from 
this set of independent estimated differences of coordinates. 

In this case, the agreement (internal consistency) is at a 4 milli- 
metres level (at I~) for a distance of 2,7km. This type of application 
of geodetic GPS has been used in production since 1986 and several 
campaigns already mentioned were carried out. Let us give some examples 
of such realizations. 
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Figure 5 
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TABLE 2 

GDVS results for the baseline SERCM001-AGFA (2.7km) 

SERCEL test campaign (January-February 1988) 

Session Day DX (m) DY (m) DZ (m) D (m) 

28-01-1988 

28-01-1988 

29-01-1988 

29-01-1988 

30-01-1988 

30-01-1988 

31-01-1988 

31-01-1988 

-1385 

-1385 

-1385 

-1385 

-1385 

-1385 

-1385 

-1385 

.034 

029 

027 

022 

026 

021 

024 

.023 

-2011.471 

-2011,466 

-2011.471 

-2011.460 

-2011.470 

-2011.464 

-2011.470 

-2011.463 

1217. 

1217 

1217 

1217 

1217 

1217 

1217 

1217 

832 2729.002 

839 2728,999 

832 2728.998 

846 2728.993 

837 2728.999 

847 2728.997 

837 2728.998 

843 2728.995 

Mean value -1385.026 -2011.467 1217.839 2728.998 

Standard deviation 0.004 0.004 0.005 0.003 

For small scale geodetic networks, this type of use of GPS is specially 
valuable : high accuracy geodetic network at CERN (1985 and 1986), 
TURTMANN (1985), CASSINO (1986), Channel (1986) in cooperation with 
Ordnance Survey, Zottegem (1987) for the Institut G~ographique National 
de Belgique, Channel (1987) in cooperation with Ordnance Survey for 
Trans-Manche Construction. We must also mention that in 1988 the 
national geodetic network will be entirely done with GPS in Martinique 
Island. For geodynamic purposes, several networks were surveyed by 
GPS : Djibouti (1987) ~der the coordina~onof ~elPGP, Pyrenees (1987) 
for GRGS-Toulouse, Provence 1987, as a joint IGN-IPGP project. 

Since the beginning, the Institut G6ographique National has also been 
involved in the connection of tide gauges to a very precise global 
reference frame by GPS [see P. WILLIS, C. BOUCNER (1987)]. Several 
major campaigns were organized : France-Italy (1986), Channel (1986). 
Figure 4 shows the geographic location of the tide gauges and of the 
SLR and VLBI sites in the area of the Channel. This activity will 
continue in the future and there are plans for such campaigns in Spain 
and Portugal in 1988 and in the Pacific zone in 1989. 

6. Gegdesy with dual frequency receivers 

In order to improve the ionospheric correction, it is necessary for 
large distances (greater than several tens of km) to use dual-frequency 
equipment. Presently, the I.G.N. has no receivers of this type. During 
1988, we plan to buy 3 of these receivers (two for surveying and one 
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for satellite tracking. The expected accuracy of the relative posi- 
tioning is presently at the order of I ppm for distances up to one or 
two hundred km. The limiting factor of this precision is the quality 
of the broadcast orbit when using a software package. It must be noted 
that it is possible to improve the single frequency results when they 
are combined with dual frequency measurements. In 1987, the I.G.N. has 
realized, in collaboration wlth Ordnance Survey, a specific geodetic 
network for the future Channel tunnel, using both dual frequency 
(4 TI 4100 from TRI~LE) and single frequency (4 TRIMBLE 4000 S and 
4 TR5S from SERCEL).Figure 5 shows the colocation between single and 
dual frequency instruments. The combination of all the observations, 
and also the previous terrestrial geodetic observations~ allowed us 
to obtain an homogeneous network RTM 87 (R~seau Trans Manche 1987) 
of the quality of i ppm. 

7. Kinematic positioning using the carrier beat phase 

For the surveys described below, it is necessary to record one hour 
(at least) of GPS observations, in order to distinguish (in a least 
squares sense) the signature of the ambiguities with the signature of 
the position parameters. When these ambiguities are known, in a way or 
another, it is possible to use the phase observation in a non-ambiguous 
mode, as it is done with pseudo-range, as long as there is no cycle 

slip in the data. 

Several techniques are possible to estimate the ambiguities : cali- 
brate the ambiguities on a well known baseline, use the switching 
antenna technique ~.W. REMONDI (1986)], for example. The estimated 
accuracy is at the level of 2 eentimetres for baselines smaller than 
a few kilometres EG. MADER (1986)]. This kinematic GPS using the phase 
must be distinguished from the trajectography (paragraph 4) when the 
observable is the smoothed pseudo-range and not the carrier beat 
phase. Some preliminary tests were performed at I.G.N. using the GDVS 
results and will be presented soon. In 1988, the I.G.N. plans to 
realize estimation tests for this method on a near production basis. 
This technique can be of great use for photogrammetry in providing 
a large number of control points at I centimetre level for large 
scale aerotriangulation. 

8. Hi sh accurac~ 

Finally, the millimetric precision of the GPS measurement can be used, 
when using dual-frequency receivers and a specific software including 
orbit determination. This concept of "fiducial network", developed by 
J.M. DAVIDSON (1986), has proved to give excellent results by several 
authors EY. BOCK et al. (1986)]. Presently, when an orbit determi- 
nation is realized (using as fiducial points the VLBI and/or the SLR 
sites), it is possible to achieve accuracies of 2 x 10 -8 in relative 
positioning for baselines of a hundred km to a few thousands km. The 
I.G.N. has not yet obtained this capability but is willing to improve 
its experience on the orbit determination problems in a near future. 
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9. Conclusions 

Since 1985, the Institut G~ographique National (France) has been invol- 
ved in the GPS. Several receivers were bought and plans for a new 
equipment exist. A specific software (GDVS) has been developed. A large 
range of applications of the Global Positioning System have been 
tested or developed and actually demonstrated on the field for science 
or production purposes. Some investigations must be continued, 
specially for high accuracy GPS and for orbit determination. 

The Global Positioning System will probably obtain a very large number 
of different users interested in one or several aspects of the above 
described applications of GPS. 
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GPS APPL I CAT t ONS OF CTS 

by 

Barbara Kolaczek 

Abstract 

An outline o~ present conventional terrestrial systems and posibility of 
applications o~ GPS to the CTS improvement are presented. 
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I n t r o d u c t i o n  

GPS a c h i e v i n g  a h i g h  accu racy  in d e t e r m i n a t i o n s  o f  r e l a t i v e  s t a t i o n  
p o s i t i o n s  and base l e n g t h s  have been s u c c e s f u t l y  a p p l i e d  to  r e g i o n a l  
E a r t h  c r u s t  m o t i o n s  bu t  i t  has n o t  been a p p l i e d  y e t  t o  r e f e r e n c e  CTS 
d e t e r m i n a t i o n s .  Some s u g g e s t i o n  o f  GPS a p p l i c a t i o n s  t o  t he  improvement  
o f  t he  BTS is  p r e s e n t e d  here .  

The p rob lem o f  d e f i n i t i o n  and p r a c t i c a l  r e a l i z a t i o n  o f  t h e  
t e r r e s t r i a l  and c e l e s t i a l  c o o r d i n a t e  sys tems was a lways  t he  b a s i c  
p rob lem in  g e o d e t i c  and a s t r o n o m i c  i n v e s t i g a t i o n s ,  t t  became c r u c i a l  
when the  new o b s e r v a t i o n a l  t e c h n i q u e s ,  such as VLBI ,  l u n a r  and s a t e l l i t e  
l a s e r  r a n g i n g  and GPS a c h i e v e d  a c c u r a c i e s  o f  t he  o r d e r  o f  I mas and 
o f  a few c e n t i m e t e r s  in d e t e r m i n a t i o n s  o f  r a d i o s o u r c e  p o s i t i o n s ,  o f  
l e n g t h s  and d i r e c t i o n s  o f  t e r r e s t r i a l  bases and o f  s t a t i o n  p o s i t i o n s ,  
r e s p e c t i v e l y .  A t  t h i s  l e v e l  o f  accu racy  s t a t i o n  p o s i t i o n s  can no l o n g e r  
be assumed m o t i o n l e s s  in  r e l a t i o n  to  each o t h e r  due t o  t he  E a r t h  c r u s t  
m o t i o n s .  Anyhow t h e r e  seems to  be a g e n e r a l  agreement  t h a t  t he  bes t  way 
o f  t he  p r a c t i c a l  r e a l i z a t i o n  o f  a r e f e r e n c e  t e r r e s t r i a l  c o o r d i n a t e  
sys tem is  t he  d e t e r m i n a t i o n  o f  a c o n v e n t i o n a l  t e r r e s t r i a l  sys tem - CTS 
c o n s i s t i n g  o f  a number o f  s t a t i o n s  W i t h  a c c u r a t e l y  d e t e r m i n e d  g e o c e n t r i c  
c o o r d i n a t e s .  C o n c e p t i o n a l l y  t he  d e f i n i t i o n  o f  CTSs p r e s e n t l y  used in  t he  
p rocess  o f  e v a l u a t i o n  o f  t he  E a r t h  r o t a t i o n  pa rame te r s  i s  s i m i l a r  t o  t he  
d e f i n i t i o n  o f  the  C o n v e n t i o n a l  I n t e r n a t i o n a l  O r i g i n  - CIO o r  BIH 1968 
and BIH 1979 c o o r d i n a t e  sys tems based on c l a s s i c a l  a s t r o m e t r i c  s t a t i o n s .  
The new CTSs c o n s i s t  o f  ten  to  s e v e r a l  t e n s  o f  s t a t i o n s  c a r r y i n g  on 
o b s e r v a t i o n s  by VLBI ,  l a s e r  and D o p p l e r  t e c h n i q u e s ,  bu t  t h e i r  g e o c e n t r i c  
c o o r d i n a t e s  are no t  connec ted  w i t h  l o c a l  v e r t i c a l s  as i t  was ~n t he  case 
o f  a s t r o m e t r i c  s t a t i o n s .  Independen t  CTSs a re  d e t e r m i n e d  in  t he  p rocess  
o f  ERP e v a l u a t i o n s  by d i f f e r e n t  t e c h n i q u e s  bu t  a l s o  ~n d e t e r m i n a t i i o n s  
o f  t he  E a r t h  g r a v i t a t i o n a l  f i e l d .  The homogeneous BIH r e f e r e n c e  
t e r r e s t r i a l  sys tem BTS f o r  a l l  o b s e r v a t i o n a l  t e c h n i q u e s  was computed in  
1984 and improved l a t e r .  The p rob lem o f  t he  r e f e r e n c e  t e r r e s t r i a l  sys tem 
has been d i s c u s s e d  and r e v i e w e d  a t  many m e e t i n g s  (B. Ko laczeK,  G. 
W e i f f e n b a c h ,  1974; E. Gaposchk in ,  B. Ko laczeK,  1981; I .  I .  M u e l l e r ,  
t985;  G. A. W i l K i n s ,  A. BabcocK, 1987) .  

O u t l i n e  o f  p r e s e n t  CTSs and t he  BTS 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CTSs c o n s i s t i n g  o f  s e t s  o f  s t a t i o n s  w i t h  t h e  most  a c c u r a t e l y  Known 
g e o c e n t r i c  p o s i t i o n s  w h i c h  are  p r e s e n t l y  d e t e r m i n e d  in  t he  e v a l u a t i o n  
process of the Earth rotation parameters -ERP depend not only on a set 
of participating stations and on the applied observational technique but 
also on the applied model of computations, adopted constants etc, 
Seve ra l  d i f f e r e n t  CTSs were d e t e r m i n e d  f r o m  d i f f e r e n t  s e t s  o f  
o b s e r v a t i o n a l  da ta  by d i f f e r e n t  a n a l y s i n g  c e n t e r s  e v a l u a t i n g  ERP s e r i e s  
e s p e c i a l l y  d u r i n g  t he  MERIT Campaign (BIH, 1986; Boucher ,  A l t a m i m i , 1 9 8 6 ,  
1987) .  The accu racy  o f  s t a t i o n  c o o r d i n a t e s  o f  t he  l a s e r  s t a t i o n  n e t w o r k  
(73) d e t e r m i n e d  f o r  i n s t a n c e  by the  C e n t e r  f o r  Space Researches  - CSR 
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and t he  VLBI s t a t i o n  n e t w o r k  (13} d e t e r m i n e d  by the  N a t i o n a l  Geode t i c  
S e r v i c e  - NGS range  f r om  s e v e r a l  t o  20 c e n t i m e t e r s  (BIH, 1986) .  

S i n c e  1984, t he  BIH T e r r e s t r i a l  System - BTS, the  r e f e r e n c e  CTS f o r  a l l  
o b s e r v a t i o n a l  t e c h n i q u e s  p a r t i c i p a t i n g  in  ERr o b s e r v a t i o n s  has been 
computed (C. Boucher ,  M. F e i s s e l ,  t 9 8 4 ) .  The BTS c o n s i s t s  o f  s t a t i o n s  a t  
w h i c h  o b s e r v a t i o n s  by the  use o f  a t  l e a s t  two o b s e r v a t i o n a l  t e c h n i q u e s  
(VLBI ,  l a s e r ,  Dopp le r )  were c a r r i e d  o u t .  The BTS (1986) c o n s i s t s  o f  51 
s t a t i o n s  p a r t i c i p a t i n g  i n  e v a l u a t i o n  o f  6 ERP s e r i e s ,  see T a b l e s  I and 2 
(BIH,  1986; C. Boucher ,  Z, A l t a m i m i ,  1986) .  

D i f f e r e n c e s  o f  s t a t i o n  c o o r d i n a t e s  d e t e r m i n e d  in  BTS ( t985 )  and BTS 
(1986) r a n g i n g  f r o m  1 t o  £0 cm (Tab le  1) and t h e  t r a n s f o r m a t i o n  
pa ramete rs  o f  t hese  two sys tems (Tab le  3) show t h a t  t he  a c c u r a c y  o f  
s t a t i o n  c o o r d i n a t e s  o f  t he  BTS (1986) i s  o f  t he  o r d e r  o f  a few 
c e n t i m e t e r s .  A h i g h e r  a c c u r a c y  o f  t he  r e f e r e n c e  t e r r e s t r i a l  sys tem i s  
r e q u i r e d .  

The BTS (1986) has o t h e r  d rawbacks .  D i s t r i b u t i o n  o f  the  BTS (1986) 
s t a t i o n s  in  l o n g i t u d e s  and l a t i t u d e s  i s  v e r y  unhomogeneous. They a re  
l o c a t e d  m o s t l y  on t he  N o r t h  Amer ican  (23) and E u r o p e a n - A s i a n  p l a t e s  
(16 ) .  On l y  t2  s t a t i o n s  a re  l o c a t e d  o u t s i d e  Europe and N o r t h  /~ner lca .  
N e a r l y  h a l f  o f  t h e s e  s t a t i o n s  a re  l o c a t e d  in  t he  v i c i n i t y  o f  p l a t e  
t e c t o n i c  b o u n d a r i e s .  6 s t a t i o n s  move w i t h  t he  v e l o c i t y  g r e a t e r  t han  
2crn/year  due to  t he  t e c t o n i c  p l a t e  m o t i o n s .  40 s t a t i o n s  move w i t h  t he  
v e l o c i t y  o f  t he  o r d e r  o f  1 - 2 cm/yea r  (BIH, 1986) .  A t  t he  p l a t e  
t e c t o n i c  b o u n d a r i e s  some i r r e g u l a r  c r u s t  m o t i o n s  are  p o s s i b l e .  

There  a re  o n l y  16 VLBI s t a t i o n s  in  t he  BTS (1986) .  T h e r e f o r e  the  
p r e s e n t  BTS (1986) i s  based m o s t l y  on l a s e r  and D o p p i e r  s t a t i o n  
n e t w o r k s .  T r a n s f o r m a t i o n  pa rame te r s  between the  i n d i v i d u a l  t e r r e s t r i a l  
sys tems and the  BTS (1986) g i v e n  in  T a b l e  4 (BIH 1986) show the  b i g g e s t  
d i s c r e p a n c i e s  o f  t h e  D o p p l e r  s t a t i o n  c o o r d i n a t e s .  

A p p l i c a t i o n s  o f  GPS t o  CTS improvements  

In t h i s  s i t u a t i o n  t he  a p p l i c a t i o n  o f  the  GPS t e c h n i q u e  to  t he  
improvement o f  the' BTS o u g h t  t o  be c o n s i d e r e d .  F i r s t  o f  a l l  the  GPS 
t e c h n i q u e  c o u l d  be a p p l i e d  as t he  a d d i t i o n a l  o b s e r v a t i o n a l  t e c h n i q u e  a t  
t he  l a s e r  had VLBI s i t e s  o f  t h e  BTS (1986) ,  e s p e c i a l l y  a t  i t s  European 
and No r t h  Amer ican  s i t e s .  R e p e t i t i o n s  o f  t hese  GPS measurements w h i c h  
a re  e a s i e r  t han  t he  r e p e t i t i o n s  o f  l a s e r  o r  VLBt c o l l o c a t i o n s  c o u l d  
check the  s t a b i l i t y  o f  t he  BTS network, .  

GPS m o b i l e  r e c e i v e r s  a c h i e v i n g  such a h i g h  accu racy  in  d e t e r m i n a t i o n s  
o f  r e l a t i v e  s t a t i o n  p o s i t i o n s  and base l e n g t h s  c o u l d  be used f o r  
c o n n e c t i o n s  o f  the  p r e s e n t  BTS s i t e s  l o c a t e d  in  t he  v i c i n i t y  o f  t e c t o n i c  
p l a t e  b o u n d a r i e s  w i t h  w e l l  chosen s i t e s  l o c a t e d  on t h e  s t a b l e  p a r t s  o f  
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t he  t e c t o n i c  p l a t e s .  I t  c o u l d  a l l o w  t o  check m o t i o n s  o f  t he  BTS s i t e s  
and t o  c r e a t e  c o n s i s t e n t  c o n t i n e n t a l  n e t w o r k s .  

The a p p l i c a t i o n  o f  t h e  GPS t e c h n i q u e  t o  t he  ERP d e t e r m i n a t i o n s  i s  
expec ted  (P~quet ,  L o u i s ,  1987, Z e l e n s K y  e t  a l .  1987) .  In o r d e r  t o  
ensu re  t he  h i g h e s t  a c c u r a c y  o f  CTS d e t e r m i n a t i o n s  i n  t h e  p rocess  o f  
e v a l u a t i o n  o f  t he  ERP abou t  20 - 30 s t a t i o n s  w e l l  d i s t r i b u t e d  in  
l a t i t u d e  and l o n g i t u d e  o u g h t  t o  be t aken  i n t o  accoun t  ( H u e l l e r  e t  a l . ,  
1982) .  tn the  case o f  sma l l  number o f  s t a t i o n s  p a r t i c i p a t i n g  in  ERP 
d e t e r m i n a t i o n s  t h e  g e o m e t r i c  c o n d i t i o n s  o f  a s o l u t i o n  and t h e  i n f l u e n c e  
o f  e r r o r s  o f  s t a t i o n  c o o r d i n a t e s  a re  i m p o r t a n t ,  I t  i s  w e l l  Known f a c t  in  
t h e  case o f  IRIS-VLBI  s e r i e s  o f  t h e  ERP based on o b s e r v a t i o n s  o f  s e v e r a l  
s t a t i o n s  ( IR IS ,  1987) .  Bad g e o m e t r i c  c o n f i g u r a t i o n  o f  VLBI s t a t i o n s  
i n c r e a s e s  e r r o r s  o f  ERP d e t e r m i n a t i o n s  o r  e l i m i n a t e s  one o f  p o l e  
c o o r d i n a t e s  f rom d e t e r m i n a t i o n s .  E r r o r s  o f  s t a t i o n  c o o r d i n a t e s  
p a r t i c i p a t i n g  in  ERP d e t e r m i n a t i o n s  in  t he  o r d e r  o f  a few c e n t i m e t e r s  
can i n t r o d u c e  s i m i l a r  e r r o r s  in  ERP d e t e r m i n a t i o n s  i n  t he  case o f  t en  o r  
s m a l l e r  number o f  s t a t i o n s  no t  w e l l  d i s t r i b u t e d  in  l a t i t u d e  and 
l o n g i t u d e .  

tn t he  nea r  { u t u r e  new sys tems o f  s a t e l l i t e  o b s e r v a t i o n s  such as 
DORIS - Dopp le r  O r b i t o g r a p h y  and R a d i o p o s i t i o n i n g  I n t e g r a t e d  by 
S a t e l l i t e  (boner  e t  a l . ,  1985) and PRARE - P r e c i s e  Range and Range Rate  
Equipment  ( H a r t l  e t  a l . ,  1985) w i l l  be i n t r o d u c e d  in  p r a c t i c e .  Some 
c o o r d i n a t i o n  o f  a c t i v i t i e s  i s  needed in  o r d e r  to  use a l l  o b s e r v a t i o n a l  
t e c h n i q u e s  f o r  improvement  o f  t he  r e f e r e n c e  CTS, 
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T a b l e  I ,  BTS ( 1 9 8 6 )  s i t e s  ( B I H ,  1 9 8 6 ) .  

S I T E  NETWORKS COORD I NATE D I FFERENCES 
B T S ( 1 9 8 6 )  - B T S ( 1 9 8 5 )  

dX (cm) dY (~n )  dZ  (cm) 

PLATE 

A l g o n q u i n  2 
A m e r i c a n  Samoa 5 6 

A r e q u i p a  5 6 
B e a r  L a k e  5 6 
B e r m u d a  5 

C a n b e r r a  3 5 
C e r r o  T o l o l o  5 6 

C h i l b o l t o n  1 2 

D i o n y s o s  5 
Effelsberg I 2 

F l a g s t a f f  
F o r t  D a v i s  1 2 
G o t d s t o n e  t 2 3 
G r a n d  T u r k  
G r a s s e  
G r a z  

GreenbanK I 2 

Haystack I 2 3 

Helwan 

Herstmonceux 

J o h a n n e s b u r g  
K o o t w i j K  
K w a j a l e i n  A t o l l  
M a d r i d  
M a r y l a n d  P o i n t  
M a t e r a  
Mau l  
M a z a t l a n  
M e t s a h o v i  
Monumen t  P e a k  

M o t u  H i u m o o  
M o u n t  H o p K i n s  
N a t a l  
O n s a l a  
Owens V a l l e y  
P a s a d e n a  
P a t r i c k  A f b  
P l a t t e v i l l e  
P o t s d a m  
Q u i n c y  

I 2 

2 

23 

t 2 

t 2 

1 2 3  

4 

5 6  
5 6  
5 6  

5 
5 6  
5 6  

7 - 7  + 4  - 7  NOAH 

7 + 3 - 2 3  + 3 PCFC 
7 - 1 0  + 3 + 7 SOAM 
7 - 1 9  +14 - 5 NOAH 
7 - t 2  +12 + 4 NOAH 
7 - - - INDI 

- - - SOAM 

7 + 2 - 1 5  - 9 EURA 
7 +58 - 12 - 18 EURA 
7 + 3 - 1 9  - 9 EURA 

7 
7 
7 
7 
7 
7 

5 6 7  
5 6  

5 6 7  

- - - NOAM 
- 1 5  - 6 - 7 NOAH 
- 1 3  +11 - 4 NOAH 
- 1 0  + 5 - 6 NOAH 
- 8 - 3 0 EURA 
- 2 - 3 - 13 EURA 
-18 0 - 8 NOAM 

-18 - 4 - 8 NOAM 

- - - AFRC 

:3 + 2 - 1 I EURA 

7 - - - AFRC 
5 6 7 - I - 3 - 3 EURA 
5 6 7 + t 3  +43 + 3 PCFC 

7 - - - EURA 
7 -21  0 - 3 NOAH 

5 6 - - - EURA 
5 6 7 + 6 + 6 - 1 t  PCFC 
5 6 - - - NOAH 
5 6 7 - 1 7 4  - 1 6  - 7 4  EURA 
5 6 - - - NOAH 

5 6  
5 7 

5 6 7  
7 

5 6 7  
5 6 7  
5 7 
5 6  
5 6  
5 6 7  

- 2 3  - 5 - 1 2  
+ t - 2 4  - 2 

- 8 - 1 4  - t 0  

- t 3  +1 t  - g 
- 1 2  +13 - 4 
-21 ÷ 5 2 

- 5 +15 - 1 2  

PCFC 
NOAM 
SOAM 
EURA 
NOAM 
NOAM 
NOAM 
NOAM 
EURA 
NOAM 
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T a b l e  I con t .  

SITE NETWORKS (XZX~D I NATE DIFFERENCES PLATE 
BTS( t986)  - BTS(1985) 

dX (cm) dY (crn) dZ (cm) 

Richmond 1 2 7 -19  + 1 - 8 NOAH 
San Diego 5 6 7 +12 +18 - 5 NOAH 
S a n t i a g o  5 6 - - - SOAM 
Shanghai 5 6 7 - - - EURA 
S imosato  5 6 - - - EURA 
Verna l  5 6 - - - NOAH 
Washington 5 6 7 - t 2  +I1 - 4 NOAH 
W e t t z e l l  1 2 5 6 7 - 7 +15 - 1 t  EURA 
Yar ragadee  5 6 7 +19 -12 -14  INDt 
Yuma 5 - - - NOAH 

Zimmerwatd 5 6 7 +I1 0 -24  EURA 

T a b l e  2. NetworKs and s e r i e s  o f  the  E a r t h  r o t a t i o n  pa rame te rs  
c o n t r i b u t i n g  t o  t h e  BTS (1986) (BtH, 1986) .  

C o n t r i b u t i n g  Networt<s S e r i e s  o f  ERP 

Nr Set  o f  s t a t i o n  Time span Nb o4 ERP Time span 
c o o r d i n a t e s  c o l o c .  Label  

s i t e s  

1 SSC (I'BS) 87 R 0t  1980-1986 12 NGS 87 R 01 1984 .0 -1987 .0  
2 SSC (GSFC) 87 R 01 1979- t986  15 NCxS 87 R 01 t 9 8 4 . 0 - 1 9 8 7 . 0  
3 SSC (JPL) 83 R 05 1971-1983 5 JPL 83 R 01 t 9 8 4 , 0 - 1 9 8 7 . 0  
4 SSC (JPL) 87 M 01 1983-1986 3 JPL 87 H 01 1 9 8 4 . 0 - 1 9 8 7 . 0  
5 SSC (CSR) 86 L 0t  t 9 7 6 - t 9 8 6  42 CSR 86 L 01 1 9 8 4 . 0 - 1 9 8 6 . 7  
6 SSC (DGFII) 87 L 01 1980-1984 57 DGFII 87 L 01 1 9 8 4 . 0 - 1 9 8 5 . 0  
7 SSC (DHA) 77 D 01 1975-1984 38 

J e t  P r o p u l s i o n  L a b o r a t o r y  - JPL, Pasadena, USA 
NASA Goddard Space F l i g h t  C e n t e r  - GSFC, G r e e n b e l t ,  USA 
N a t i o n a l  G e o d e t i c  Survey - NCxS, R o c K v i l l e ,  USA 
C e n t e r  f o r  Space Research - CSR, A u s t i n ,  USA 
Deutsches Geoda t i s ches  F o r s c h u n g i n s t i t u t  - DGEI, Munich,  FRG 
Defence Mapping Agency - DMA, Wash ing ton ,  USA. 
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T a b l e  3. T r a n s f o r m a t i o n  pa rame te r s  between t he  t h r e e  r e a l i z a t i o n s  o f  
t h e  BTS ( t h e  u n c e r t a i n t i e s  a re  g i v e n  in  t h e  second l i n e s )  
(BIH,  1986) .  

BTS T1 T2 T3 D R1 R2 R3 
-6  

m m m 10 " " " 

1984/1985 0 . 0 2 3  0 . 0 4 4  0 . 0 3 7  -0 .0021  - 0 . 0 0 0 2  - 0 . 0 0 1 4  - 0 . 0 0 4 2  
0 , 0 2 0  0 . 0 2 0  0 , 0 2 0  0 . 0 0 2 9  0 .0008  0 .0007  0 .0007  

1985 / t 986  0 ,051 - 0 . 0 2 3  0 , 0 7 0  - 0 . 0 0 8 9  - 0 . 0 0 2 5  - 0 . 0 0 0 6  - 0 . 0 0 6 9  
0 , 0 2 2  0 . 0 2 2  0 . 0 2 2  0 . 0 0 3 2  0 .0009  0 .0008  0 .0008  

T a b l e  4. T r a n s f o r m a t i o n  between the  i n d i v i d u a l  t e r r e s t r i a l  sys tems and 
t he  BTS (BIH, 1986) .  

Network  SSC T 1 T2 T3 D R I R2 R3 A3 
-8  

Ct~ CM CM 10 0"001 

SSC ( N ~ )  87 R 01 10.8 12.5 5 .8  - 2 . 4  - 4 . 5  
SSC (GSFC) 87 R 0 t  15:3.5 -96 .  I 4 5 . 0  - 2 . 7  -4 ,  1 
SSC (JPL) 83 R 05 5 .5  - 2 7 . 6  - 1 5 . 8  - 1 . 6  - 4 . 8  
SSC (JPt_) 87 M 01 .0  .0  .O - 2 . 2  1.9 
SSC (CSR) 86 L 01 .0  .0  .0  .0  - 4 . 5  
SSC (DGFI) 87 L 01 .3 - 5 . 3  6 . 2  1.3 8.O 
SSC (DHA) 77 D Ot - 1 6 . 7  - 2 1 . 2  - 4 3 1 . 4  57.1 36.1 

10.3  - 1 . 8  
10.4  10.3 
- 2 . 6  4 .9  

3 .7  - 1 0 . 6  
3, 1 - 4 . 4  

- 6 . 0  120.6 
8 . 4  -795 .1  

0 . 6  
0 . 9  
1.4 
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