
7. External Data Sources and Data
Transfer

7.1 Transfer to RINEX

7.1.1 RINEX: The Receiver-Independent Exchange Format

All GPS data processing programs contain an explicit definition of the GPS observables that are to
be used with that program. If these programs are to process data from different receivers they must
first convert the raw receiver information to these local definitions and formats. In order to facilitate
this task an exchange format has been designed that allows the conversion of any raw receiver data
not only into this format but also into an explicit definition of the observables.

The Astronomical Institute of the University of Berne developed a first version of such a format to be
used for the data exchange and processing of the EUREF-89 GPS campaign, a campaign observed in
May 1989 involving four different receiver types and nearly one hundred stations in most countries of
Western Europe. The format started from a format developed and used by the US National Geodetic
Survey for the exchange of GPS data collected in the CIGNET GPS network, the first global net-
work of permanent GPS receivers used for civil geodetic purposes. The new format, named RINEX
(Receiver-Independent Exchange Format) was presented to the geodetic community at the Fifth In-
ternational Geodetic Symposium in Satellite Positioning in Las Cruces, New Mexico in March 1989
where it was accepted as the format to be recommended for geodetic GPS data exchange. A second
version (RINEX Version 2) was discussed and accepted at the Second International Symposium on
Precise Positioning with the Global Positioning System in Ottawa, Canada in September 1990.

The format descriptions have been published in the CSTG GPS Bulletins May/June 1989 and Septem-
ber/October 1990. The most recent description can be found on various WWW and ftp servers, e.g.
on
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7. External Data Sources and Data Transfer

The basic observables to be used in the RINEX format are:

; The epochs of observations defined as the time of the received signals expressed in the receiver
time frame. The epochs are identical for all satellites (i.e. simultaneous observations with re-
spect to receiver time).

; Carrier phase observations (integrated negative beat frequency between the received carrier of
the satellite signal and the receiver-generated reference frequency). The sign is the same as for
the pseudorange, i.e. decreasing phase if the satellite approaches the receiver.

; Pseudorange observations, i.e. the difference between the time of reception of a satellite code
signal, expressed in receiver time, and the time of emission of the same signal, expressed in
satellite time.

The three quantities are based on the same oscillator, i.e. that any offsets and drifts of the oscillator
directly show in the basic observables.

Other observables have been defined for the direct doppler frequency observations and for meteor-
ological measurements.

Currently there are three different file types defined:

RINEX Observation Files

A RINEX Observation File contains data collected by one receiver only. Usually a file also contains
only data from one station and one session although there are possibilities to store e.g. data collected
by a roving receiver during kinematic or pseudokinematic surveys.

The file consists of a header section with all auxiliary information about the station and receiver ne-
cessary for the post-processing of the data and the data section with the basic observables.

The recommended file naming is as follows:

ssssdddf.yy<
ssss is a four-character station code, ddd and yy are the day of the year and the two-digit year of the
first observation epoch in the file, f is a file sequence number (to separate files collected during the
same day), and < is the label for observation files.
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7.1 Transfer to RINEX
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Figure 7.1: RINEX Observation File

RINEX Navigation Message Files

The RINEX Navigation Message Files contain the broadcast messages for all satellites collected dur-
ing the respective sessions.

The recommended file naming is as follows:

ssssdddf.yy�
with � as the label for the Navigation Message Files.

Usually there is no need to exchange all the navigation messages collected at all the stations of a net-
work in separate files. One comprehensive file containing non-redundantly every possible message
might be preferable. In this case ssss could be a code for the agency producing this file.
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Figure 7.2: RINEX Navigation Message File

RINEX Meteorological Data Files

The RINEX Meteorological Data Files are used for the exchange of weather data collected at GPS
stations.

The recommended file naming is as follows:

ssssdddf.yy�

with � as the label for the Meteorological Data Files.
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Figure 7.3: RINEX Meteorological Data File

7.1.2 Data Conversion to RINEX

As the manufacturer knows the properties and internals of the receiver and its data best, the ideal
case is where the manufacturer directly provides data in RINEX format or at least provides software
to do the conversion from the raw receiver data to RINEX.

Ashtech, Leica, and Trimble all include into their own post-processing software programs to generate
RINEX files from the raw data.

We recommend to use this original conversion software if possible.

The Bernese GPS Software also contains conversion programs for various receiver types:

Receiver Types Converter Programs
Ashtech L12/P12/Z12 ASRINEXO, ASRINEXN

Minimac MCRINEXO, MCRINEXN
Rogue and Turborogue RGRINEXO, RGRINEXN

Trimble 4000 SST/SSE/SSI TRRINEXO, TRRINEXN
WM-101, WM-102 WMRINEXO, WMRINEXN

Table 7.1: Bernese RINEX Converters
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In addition to these programs a few auxiliary programs are made available for RINEX file manipu-
lation and RINEX met file creation:

Action Converter Programs
File concatenation CCRINEXO, CCRINEXN
Met file creation RXMETEO

File splitting RNXSPLIT
Display File contents RNXGRA

Table 7.2: Auxiliary Programs

With the exception of the WM and Minimac converters all programs run on all computer systems
supported by the Bernese GPS Software. The former ones are only available under DOS.

The conversion programs are included in the menu system in Panel 2.5 . The help panels should
give enough information about the options to be used. Additional information can also be found in
the �+�#� * �	��� -Directory on our anonymous ftp account (see below) in the text file �	��� * �	��� �:  �   .

As there may always be changes in the raw data format coming with new receivers the distributed
converter programs might not be the versions to be used. As long as we support the creation of
RINEX files for the above mentioned receiver types with our own converters, the latest versions (at
least the executables for DOS) can always be downloaded from our anonymous ftp account:

* �	��&#$���&����.-���&��#�
-��:-��0
!��&��1��2
3 
�$�&������#$�4,�5��"¡��
!-���7#�����

��"¢�0��$�
���&#'
9 
��	&��£� ¤�¥+¦#$��	'0§¨��© 
!�

¤�¥+¦#$��	'�(���© 
!�

Please contact AIUB for updated source for UNIX and VMS systems.

7.2 Transfer RINEX ª¬« Bernese

The RINEX format is well suited for data transfer. RINEX is very flexible, and because it is an ASCII
format, the transfer between different operating systems is simple. However, the processing software
has to work extensively with observation files. The input/output operations are much faster if binary
files are used. Therefore the Bernese GPS Software transfers all the RINEX observation files and
navigation messages into the Bernese binary format. If RINEX meteo files are to be used, they are
translated, too. In this case, however, the Bernese file is an ASCII file as well.

We refer to Chapter 23 for the description of files used by the Bernese GPS Software. If the RINEX
file contains both, phase and code, observations of one station, the following four Bernese observa-
tion files are created for each RINEX file:

­ � �+®#¯±°s°s° phase zero-difference header file (contains information about the station, receiver, an-
tenna, ambiguities etc.),
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­ � �	®	<µ°s°s° phase zero-difference observation file (contains phase observations),­ � ��®#¯±°s°s° code zero-difference header file (contains similar information as the phase zero-
difference file, but no ambiguities),­ � ��®	<µ°s°s° code zero-difference observation file (contains code observations).

The navigation messages in RINEX files are transferred into Bernese broadcast orbit files (usu-
ally with the extension

�:¶ � 3 ). The RINEX files containing meteorological data are translated into
Bernese meteo files (extension

� ���   ).

Transfer RINEX ·�³ Bernese

There are three programs in the transfer part of the Bernese GPS Software translating RINEX data
into the Bernese format. All programs are accessible through Menu 2.7 .

RXOBV3 ( Menu 2.7.1 ) transforms RINEX observation data into Bernese code/phase
header/observation files. The format of the Bernese files did not change since Version 3.4.
The program may process a list of RINEX observation files. The user may specify so-called
translation tables to modify information coming from RINEX files. There are three translation
tables which may be used. Examples for all three tables may be found in Chapter 4.

The station name translation table may be used to make sure that you end up with a unique set of
station names in the Bernese observation files. It has the default extension

��¸#  � and is located
in the campaign-specific station directory

¸# �¹
.

The receiver/antenna name translation table may be used to define a unique set of receiver and
antenna names. The file containing this table is located in the � �+º:» ���	¼ (

7 � �#» ��� on Unix,
� �F½
» ��� on DOS) directory and has the default extension

�:  ��� .

The antenna height translation table may be important if the antenna heights in the RINEX files
are wrong or if they have been measured with respect to a non-standard reference point. The
translation table has the default extension

� ¯   � and it is located in the campaign-specific sta-
tion directory

¸� 	¹
.

For more details concerning the options of program RXOBV3 we refer to the corresponding help
panels. RXOBV3 does not accept more than one station in each RINEX file. If data stemming from
more stations are stored in one RINEX file, it is necessary to split up the RINEX file using program
RNXSPLIT (see Section 7.1.2).

RXNBV3 ( Menu 2.7.2 ) transforms the RINEX navigation messages into Bernese broadcast files.
The program has no options. It can process a list of RINEX navigation files.

RXMBV3 ( Menu 2.7.3 ) transforms the RINEX meteo files into Bernese meteo files. RINEX
provides one meteo file per site and session, in the Bernese format one meteo file per site (in one
run of the program GPSEST only one meteo file per site may be specified) is required. Therefore
the program RXMBV3 may concatenate RINEX meteo files from different sessions into one (site-
specific) Bernese meteo file. Optionally a station name translation table may be used.

There are two more programs accessible through Menu 2.7 . RNXGRA ( Menu 2.7.4 ) creates a
simple graphic of the observations available in the RINEX file(s) selected. RNXCYC ( Menu 2.7.5 )
could be used for a pre-processing step on the RINEX level. This program is described in Chapter
10.
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Transfer Bernese ·�³ Rinex

The program BV3RXO ( Menu 2.6.1 ) transforms Bernese code/phase header/observation files into
RINEX format observation files. More than one Bernese file may be written into one RINEX obser-
vation file. Be aware of the fact that only single difference files are cleaned in the Bernese processing
procedure and that RINEX files generated from Bernese zero-difference files are therefore not clean.
Program BV3RXO makes use of a so-called receiver information file to supply additional informa-
tion needed to create the RINEX headers (see Panel 0.3.1 and Chapter 23).

The program BV3RXN transforms one or more Bernese broadcast file(s) into RINEX navigation
message file(s). Normally, for each Bernese broadcast input file one RINEX output file will be cre-
ated, but it is also possible to specify the same output file for several Bernese input files. All messages
will then be written into the same RINEX navigation message file.

7.3 SINEX Format

7.3.1 SINEX Definition

At the 1994 IGS Workshop on the Densification of the IERS Terrestrial Reference Frame through
Regional GPS Networks (JPL, Pasadena, Dec. 1994) it was decided to start an IGS pilot project to
prove the concept for a distributed processing of GPS data (see e.g. Section 18.4).
For that purpose it was necessary to define a data (resp. solution) exchange format, the Software IN-
dependent EXchange format (SINEX). This format should contain all important information neces-
sary to combine coordinates, velocities, and Earth Orientation Parameter (EOP) estimates. In Section
23.8.12 we give more information concerning the contents of SINEX files.

7.3.2 Bernese NEQ File ¾`¿ SINEX

SINEX files contain a subset of the information available in the Bernese normal equation files (see
Section 23.8.8). The conversion Bernese NEQ À0Á SINEX is generated by the combination program
ADDNEQ, which allows to store normal equation files as well as SINEX files.

The SINEX files may contain additional information such as the 3-character identification of
the agency, the identification of the data source, as well as information concerning the blocks
“
9 *�Â � � �	� 9 ���+���+��� ”, “

9 *�Â � � �	<
�	�+���   ”, and “
* �+�#Ã  ���¹ �#Ä���<
Å Â � 3 » �����  �¸ ”. A general file, described

in detail in Section 23.4.9, makes it possible to include this information into the SINEX file automat-
ically.

The information, which became important recently (July 1996), is the elevation-dependent antenna
phase center model used for the processing (see Section 23.4.5). In the present Version 4.0 the char-
acters “ Æ�Æ�Æ	Æ�Æ ” denoting items that are not specified are written into the SINEX file. If you use e.g.
the recommended model

* »+¸	Ç�È §
[Rothacher, 1996], you have to “hard-wire” this name in the source

code of the subroutine
¸ * � ¸#¹�É .

Writing Earth rotation parameters into the SINEX file is not supported by ADDNEQ, Version 4.0 .

A remark also concerning the station names used in the SINEX file. Let us assume that the station
names used in the processing using Bernese consists of the 4-character codes of a site and the asso-
ciated domes number (e.g. WETT 14201M009). In the SINEX format a site is characterized by the
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4-character code and a �   flag (A-Z), indicating the occupation. We interpret the station names in a
way that all stations with the same first 4 characters belong to the same site. It may cause troubles,
if you use a different naming convention.

7.3.3 SINEX ¾`¿ Bernese NEQ File

ADDNEQ needs normal equations in the Bernese normal equation (
� �+�+Ê ) format (see Section

23.8.8) as input. We developed the program SNXNEQ to allowing the conversion of SINEX files
into Bernese NEQ files. Furthermore, SNXNEQ is able to generate Bernese coordinate (

� �#� 3 ), velo-
city (

�:É � Â ), and variance-covariance (
� �+< É ) files. With these options you may “import” and process

results obtained from other analysis centers using different processing tools.

The program may also be used to estimate approximate values of normal equation rescaling factors
to ensure that in a combined solution all contributing solutions get a reasonable correct weight. The
determination of proper rescaling values is essential, if you combine results obtained from different
software packages.
As reference (rescaling factor 1.0) we use the SINEX file which is selected first in the F-file (more
details are given below). For common sites (specified in the N-file with the keyword �+< É �+� 9 ) we
derive rescaling factors from the main diagonals of the associated normal equations (computed from
the given covariance information). These rescaling factors may be stored in a

� Å »�  file (keyword
�	< É �	<���< in the N-file). This file may then be used together with the generated normal equation files
as input for ADDNEQ. More information is given in Chapter 18 and Section 23.8.13.

The program SNXNEQ is not yet supported by the menu system. Please use the command ��Ã+� » � ¸¸ �	���	��Ê (see Section 3.8) to prepare and start the program. Below, we give some important inform-
ation concerning the input files.

N-File

@�LIUILFBK��k�JCLIHFB1DILIGI_mGILFMVB1UIHFB1DILIGI_�{KJC_FBmLIGFlIBK@ =�}~f:G�hKOgf�iIj|^�j#kR^�\fIfIfIfIfIfIfIfIfIfIfIfIfIfIfIfIfIfIfIfIfIfIfIf1fIfIf1fIfIfIf1fIfIfIf1fIfIfAfIfIfIf1fIfIf1fIfIfIf1fIfIfIf1fIfIfAfIfIfIf1fIfIfIf1fIfIf1fIfIfIf1fJCLIHFB1DILIGI_bB1UIHFB1DILIGI_NLIGFlIB MIBK@FyFDKJ�S1HKJF>�LËIËIËIËIËIËIË ËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIËIË1ËIËIËAËIËIËIË
y1>�LA@�H U�k1Ì�O�B1LIÍ1y1>�LA@�H�[ O�B1LFB1DIGI_Ny1>�LA@�HIGILIHA@JCLFSFhAH h	k1Ì�JCLFS1ÍA@�LIUILFBK�1J
[ÎJCLFS JCLFSFhAHm>CS1HKJF>�LA@G�hAUI{KJC_ h	k1ÌÏ�K>�DI�IÍA@�LIUILFBK��[�@FyFD G�hAUKJC_KJCGIDFZX{KJC_FBM1GIH�h1l U�k1Ì�O�B1LIÍFM1GIH�h1l�[ O�BK>CMIB1HKJ�y�M1GIH�h1l@�LIUI{KJC_ h	k1Ì�JCLFS1ÍA@�LIUILFBK��{�[ÎJCLFS @1JCLFB1UXJCLFSFhAHN{KJC_FBK@YGILFMm>�hAHFSFhAHN{KJC_FBK@@CZK@I>�hAH ��k1Ì�J�O1@�G�[�>�hAHIÍA@�LIUILFBK��[�_1eIe �I>�?N>�hAHFSFhAH@CZK@CB1DID h	k1ÌÏ�K>�DI�IÍFB1DIDA>�D�[ÐlK@FO B1DIDA>�DVlIBK@I@�G1O�BK@y1>I>�DFM ��k1Ì�J�O1@�G�[�@�HIGIÍKJCHIDI{1iF}�[]yFDFM GFS1DKJF>�DKJzy1>I>�DFMgJCLIGIHFBX{KJC_FBEIB1_IGFS1D GFS1DKJF>�DKJ�EIB1_A>FyAJCHFZX{KJC_FBL�h1lAyFLFE ��k1Ì�J�O1@�G�[�@�HIGIÍKJCHIDI{1iF}�[]yFDFM y1>I>�DFMgJCLIGIHFBX{KJC_FBN{A>�DN@�HIGIHKJF>�LNL�h1l1?FB1Dy1>CE1DFB1{ ��k1Ì�J�O1@�G�[�@�HIGIÍ1y1>ClIlK>�L�[]yFDFM DFB1{FB1DFB1L1y�B|@�HIGIHKJF>�LA@z{A>�DNy1>CE1GIDKJCGIL1y�BK@y1>CEAy1>ClK> ��k1Ì�J�O1@�G�[�>�hAHIÍIHFBK@�H�[Ð�AOFH y1>CE1GIDKJCGIL1y�B�y1>ClISK>�LFB1LIHA@N>�hAHFSFhAH

Figure 7.4: N-File of Program SNXNEQ - on a
É � ¸ platform
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The input files �	<#� ¸#  ,
* �+�#Ã   ,

¹ Ã	� 9 *�Â ,
3 ¹�  Ã�� ,

¸ ��� 9Ñ*�Â ,
¸#Ò�¸ <�Ã   , and

¸�Ò�¸ ���	� are general files and
need no special explanations.

�	<�<#� 3 The specified coordinate file is used as master file to create coordinate files (specified
in the F-file).

É � Â ¹ ��� The specified velocity file is used as master file to create velocity files (specified in the
F-file).

��Ã����#� É SINEX files contain no station numbers. If station names given in the SINEX files are
identical with the station names given in this coordinate file, the corresponding station
number is written to the output coordinate files, velocity files, and normal equation files
(specified in the F-file).

�	< É �	� 9 Coordinate file defining the common sites which are to be used to derive approximate
rescaling factors. If you do not specify a file all sites of the SINEX files are used for
the computation.

�	< É �	<���< A
� Å »�  output file containing the computed rescaling factors.

F-File

You have to enter the name of one or more than one SINEX file in the first column of the file. In the
other columns you may specify the output files:

� �+�+Ê files,
� �	< É files,

� �#� 3 files, and
��É � Â files.

I-File

Please do not change the default options (all settings to ��<�Ó È�Ô ).
We tested the conversion program SNXNEQ using the SINEX distributions of the global IGS Ana-
lysis Centers, the Global Network Associated Analysis Centers, and some Regional Network Asso-
ciated Analysis Centers (SINEX files generated by at least 8-10 different SINEX “creators”). Due
to the fact that not all agencies switched from the older 0.05 version to the new 1.00 version of the
SINEX format it may happen, that our input routine

» �  �¸ * � has problems with some “very new”
SINEX files. We are prepared to assist you in the case of difficulties.

7.4 External Data Sources

7.4.1 CODE Products

The Center for Orbit Determination in Europe (CODE) is one of at present seven IGS Analysis
Centers. CODE is a joint venture of the Astronomical Institute of the University of Berne with
the Swiss Federal Office of Topography (L+T), the German Institute for Applied Geodesy (IfAG),
and the French National Geographical Institute (IGN). CODE is located at the AIUB in Berne. The
CODE IGS products are made available on the AIUB anonymous ftp account. Apart from these IGS
products several other files that are specific to the Bernese GPS Software may be downloaded. This
section describes how to use anonymous ftp to obtain the CODE and Bernese products.

Page 98 AIUB



7.4 External Data Sources

In this section we use the following symbols:

symbol meaning example
wwww gpsweek 0860
d day of week 0:Sunday, 1:Monday ... 6:Saturday
yyyy 4 digit year 1996
yy 2 digit year 96
ddd day of year 182

To access the anonymous ftp, which is located in Bern, use:

ftp ubeclu.unibe.ch -or- 130.92.6.11
login anonymous
password your full e-mail address
products cd aiub$ftp to get to the AIUB anonymous ftp

After entering the anonymous ftp area in this way you will see several subdirectories. Our products
are given in two main directory trees according to the following schematic.

?A@C�Fhg@CB1D�fIfIf�GIHFl y1>CMIB�fIfIfV^�iIi1=Õ fIfÖM1GIHFS1GIL Õ fIfV^�iIiIdÕ fIf`O�B1L Õ fIfV^�iIiF}Õ fIf�>�DI? Õ fIfV^�iIi1�Õ fIf�>�hAHÕ fIf�@�HIG

BSWUSER contains files specific to the Bernese GPS Software. These can either be general
Bernese files or IGS products in a format specific to the Bernese software. Examples of gen-
eral files, in the Bernese format of course, are the IERS pole files, the antenna phase center
file, and the satellite information files. IGS products in the Bernese file format are for instance
daily coordinate, troposphere, pole, and orbit estimates.

ATM contains our global 6-hourly tropospheric zenith delay estimates based on our global
IGS analysis.

GEN contains general Bernese software files. Here the official IERS pole files (C04 and Bul-
letin A (rapid)) in the Bernese format, the “SATELLIT” and “SAT_yyyy.CRX” (satcrux)
files and different antenna phase center files may be found.

OUT contains our daily ERP estimates, based on our global IGS analysis, in the Bernese pole
format.

STA contains daily coordinate estimates of our global IGS analysis and of a separate European
analysis. Also monthly ITRF coordinate files may be found here and the Bernese trans-
lation tables for the antenna heights and the station names of the IGS sites.

CODE contains our official IGS products. The products of the current year may be found in this
main directory, those of previous years are found in subdirectories named after the year. Some
of the products in the yearly directories have been compressed to save disk space. A summary
of the IGS products available on our anonymous ftp is given in Table 7.3. The products include
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orbits, ERPs, satellite clocks, and global ionosphere models. Note that our precise orbit files
should always be used together with the corresponding pole files!

Daily Products×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�ß�à
CODE 1-day orbits, available with a 3-day delay×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�á�à
CODE 1-day ERPs belonging to the 1-day orbits×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�á�â�ã�á
CODE rapid orbits, available with a 16-hour delay×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�á�ß�ã�á
CODE rapid ERPs belonging to the rapid orbits×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜFä�Ø�å�ã�á
CODE rapid global ionosphere model, Bernese format×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�ß�â�ã�ß
CODE 24-hour orbit predictions×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�á�â�ã�ß#æ
CODE 48-hour orbit predictions×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�á�ß�ã�ß
CODE predicted ERPs belonging to the predicted orbits×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�á�ß�ã�ß#æ
CODE predicted ERPs belonging to the predicted orbits

Weekly Products×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�ß�â
CODE final orbits, our official orbit product!×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜqÞ�á�ß
CODE final ERPs belonging to the final orbits×�Ø�Ù
Ú
Ú�Ú�Ú�ç¨Ü:è!é�ê
CODE weekly summary file×�Ø�Ù
Ú
Ú�Ú�Ú�ç¨Ü:è
å
ë
CODE weekly SINEX file×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜFä�Ø�å
CODE daily global ionosphere model, Bernese format×�Ø�Ù
Ú
Ú�Ú�Ú�ÛÝÜ�×�ì
í
CODE satellite clock estimates (5 min. sampl.), Bernese formatî àsã�ï
ï#Û�Û�ÛÝÜ�×�ì
í
Broadcast satellite clock information, Bernese format

Table 7.3: CODE Products Available Through Anonymous FTP.

7.4.2 IGS Products

The products of all IGS analysis centers are archived at three global data centers. The combined
official IGS products, currently orbits and pole only, may be found at the same locations. Other IGS
products, like station data and SINEX files, are also available at the three IGS global data centers.

Within the IGS we strive to keep the internet load at a minimum. Everyone is therefore advised to
access the nearest global data center. The three data centers are located at IGN (France), CDDIS
(USA east coast) and SIO (USA west coast). Below we describe very briefly how to access these
global data centers and where to find the IGS data and products.

To access IGN located in Paris, France use the following commands:

ftp mozart.ign.fr -or- 192.33.147.225
login anonymous
password your full e-mail address
data cd igs$core followed by cd ddd
products cd igs$calc followed by cd wwww

To access CDDIS located near Washington, USA use the following commands:
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ftp cddis.gsfc.nasa.gov -or- 128.183.10.141
login anonymous
password your full e-mail address
data cd gps1:[gpsdata.yyddd.yyO]
products cd gps3:[products.wwww]

To access SIO located in California, USA use the following commands:

ftp toba.ucsd.edu -or- 132.239.152.80
login anonymous
password your full e-mail address
data cd /rinex/yydata/ddd
products cd /products/wwww

The IGS maintains the so-called Central Bureau Information System (CBIS). The primary functions
of the CBIS are to facilitate communication, coordinate IGS activities, establish and promote compli-
ance to IGS network standards, monitor network operations and quality assurance of data and main-
tain documentation. The CBIS is accessible through the Internet by anonymous ftp and the inform-
ation is mostly available in easy to handle ASCII files. Alternative access methods are provided as
well, such as third-party e-mail servers and a World Wide Web home page.

The CBIS can be accessed in the following ways:

ftp ftp igscb.jpl.nasa.gov -or- 128.149.70.171
www http: ð�ð igscb.jpl.nasa.gov
e-mail bitftp@pucc.princeton.edu

For more information about the CBIS please send an e-mail to igscb@igscb.jpl.nasa.gov
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8. Satellite Orbits

In the first section (motivation) we study the impact of orbit errors on the estimated station coordin-
ates. We also include indications of precisions of the currently available orbit products (Broadcast
Orbits, IGS Orbits, CODE Orbits). In Section 8.2 we present some of the basic concepts underly-
ing the orbit part of the Bernese GPS Software Version 4.0 , the key-words being Keplerian orbit,
osculating elements, orbit parameterization in Version 4.0 , variational equations, and numerical in-
tegration. Section 8.3 describes the individual programs dealing with orbits in Version 4.0 . Section
8.4, finally, reviews some experiences gained at the CODE Analysis Center of the IGS between 1992
and 1996.

8.1 Motivation

Until quite recently, the orbit quality was considered as one of the primary accuracy limiting factors
in the applications of the GPS for geodesy and geodynamics. Since the International GPS Service
for Geodynamics started its operations on June 21, 1992, this statement is no longer true. Orbits of an
unprecedented accuracy are available today for all active GPS satellites with a delay of less than 12
days after the observations. Since January 1, 1996, so-called IGS preliminary orbits were made avail-
able only 36 hours after the observation; since 30 June (beginning of GPS week 860) this preliminary
orbit is called IGS Rapid Orbit and is ready to be used only 24 hours after the observations, and the
former Rapid Orbit is called IGS Final Orbit and it is made available 11 days after the observations.

What is the impact of this development? In order to answer this question we study the effect of un-
modeled orbit errors on the estimated station coordinates. There is a crude, but handy rule of thumb
which was derived a long time ago by [Baueršı́ma, 1983], giving the error ñmò in a component of a
baseline of length ó as a function of an orbit error of size ñmô :

ñmò£õ m ö)÷ óøúù ñmôûõ m ö�÷ óIõ km öü#ý
þ�ÿ#ÿ#ÿ õ km ö ù ñmôûõ m ö (8.1)

where
ø ÷ ü#ý þ ÿ#ÿ#ÿ

km is the approximate distance between the satellite system and the survey area.
[Zielinski, 1988] is more optimistic (by a factor of 4-10) using statistical methods. For sessions of
about 1-2 hours (and shorter) formula (8.1) gives satisfactory results [Beutler, 1992], for perman-
ent site occupations the formulae given by [Zielinski, 1988] (based on statistics) seem to be more
appropriate.

Table 8.1 gives the actual baseline errors in meters and in parts per million (ppm) for different
baseline lengths and different orbit qualities as they have to be expected based on the above formula.
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Orbit Error Baseline Length Baseline Error Baseline Error
in ppm in mm

2.5 m 1 km .1 ppm - mm
2.5 m 10 km .1 ppm 1 mm
2.5 m 100 km .1 ppm 10 mm
2.5 m 1000 km .1 ppm 100 mm
.05 m 1 km .002 ppm - mm
.05 m 10 km .002 ppm - mm
.05 m 100 km .002 ppm - mm
.05 m 1000 km .002 ppm .5 mm

Table 8.1: Errors in Baseline Components due to Orbit Errors

What orbits are available today? Let us mention five types of orbits, namely (a) Broadcast Orbits,
(b) CODE Predicted Orbits, (c) CODE Rapid Orbits, (d) IGS Rapid Orbits, (e) IGS Final Orbits.
The estimated accuracies, based on analyses performed by the IGS Analysis Center Coordinator, are
given in Table 8.2

Orbit Type Quality (m) Delay of Availability Available at

Broadcast Orbits 3.00 m Real Time Broadcast Message
CODE Predicted Orbits .20 m Real Time CODE through FTP
CODE Rapid Orbits .10 m after 16 hours CODE through FTP
IGS Rapid Orbit .10 m after 24 hours IGS Data Centers
IGS Final Orbit .05 m After 11 Days IGS Data Centers and CBIS

Table 8.2: Estimated Quality of Orbits in 1996

The rms value of 20 cm per coordinate quoted for the CODE predicted orbit refers to a 2–4 hours
extrapolation, 50 cm is the appropriate value for a 48 hours extrapolation.

8.2 Basic Theory

8.2.1 Celestial Mechanics

The Keplerian Orbit

The mathematical description of a satellite orbit would be very simple if the gravity field of the Earth
were spherically symmetric, if the Earth were the only celestial body acting on the satellite, and if,
moreover, non-gravitational forces like air-drag and radiation pressure would not exist. Maybe life
on Earth would be problematic in this case, however.

Under these, circumstances the geocentric orbit r õ��1ö of a satellite in inertial space is described by a
simple differential equation system of second order in time, the so-called equations of motion, for
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the case of the two-body problem (actually even a reduced version of two-body problem because we
will always be allowed to neglect the satellite’s mass for the gravitational attractions):

�
r � À���� r�
	�� (8.2)

where �
� is the product of the constant of gravity and the mass of the Earth, � is the length of the
geocentric radius vector r of the satellite.

It is well known that the solution of the equations of motion (8.2) is either an ellipse, a parabola, or
a hyperbola. In our context we are obviously only interested in the first type of solutions. In Figure
8.1 we see one possible set of six parameters describing the orbit. It is exactly this set which is used
for orbit characterization in the Bernese GPS Software (since the early days).
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Figure 8.1: The set of orbital elements � ����� � � � ���������

Let us make a few comments concerning these orbital elements:

� is the semimajor axis of the orbit, defining the size of the orbit.

� is the numerical eccentricity or simply eccentricity of the orbit, describing the shape of the orbit.�
is the inclination of the orbital plane with respect to the equatorial plane.�
is the right ascension of the ascending node, i.e. the angle between the direction to the vernal
equinox ( ô -direction in Figure 8.1) and the intersection line (into that direction where the satel-
lite crosses the equatorial plane from the southern to the northern hemisphere) of the satellite’s
orbital plane with the equatorial plane.

�
and

�
are the Eulerian angles defining the orientation

of the orbital plane in the equatorial system.

� is called the argument of perigee, the angle (in the orbital plane) between the ascending node
and the perigee (measured in the direction of the motion of the satellite).

��� is called the argument of latitude, the angle between the ascending node and the position of the
satellite at the (initial) time � � . We have ��� � ����� õ�� � ö , i.e. the argument of latitude is equal to
the sum of the argument of perigee and the true anomaly at time � � .
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The reader familiar with basic astronomy knows that the vernal equinox, defined as the intersection
line of the equatorial and the ecliptic planes is not fixed in space due to precession and nutation.
Therefore we have to specify a reference epoch for equator and equinox to make the inertial frame
unique. At the CODE Analysis Center we consequently use the system J2000.0. In the early days
of the Bernese Software we still used the system 1950.0, which is why both systems still may be
selected (see Panel 3.2 ) essentially for compatibility purposes with older results. For all new ap-
plications the system J2000.0 should be used. For a precise definition of reference systems we refer
to [Seidelmann, 1992] and [McCarthy, 1992].

The Osculating Orbit Elements

We know that the actual equations of motion are much more complicated than those of the one-body
problem (8.2). For a real satellite we have to write instead:

�
r � À �
� r� 	 � a õ�� � r � !r �#"��$�#"&%'�#"�()� °s°s°]ö*� f õ�� � r � !r �#"��+�#"&%'�#"�($� °s°s°Ðö (8.3)

where we recognize the two-body term of the force field as the first term on the right hand side of
eqn. (8.3). As opposed to eqn. (8.2), we have to take into account the perturbation term a under
real life conditions. The perturbing acceleration a is characterized by many parameters (think e.g. of
the Earth’s gravity potential). The parameters "��+�#"&%'�#"�($� °s°s° in eqns. (8.3) are those, which are not
sufficiently known, but which have to be estimated in the orbit determination process. In the case of
GPS satellites these parameters are usually associated with radiation pressure (see below).

The label perturbation implies that the two-body-term is dominant in the equations of motion (8.3).
That this is actually true for our applications is illustrated by Table 8.3, where the most important
acceleration terms acting on GPS satellites are characterized.

The fact that the perturbing accelerations are small (in absolute value) compared to the main (two-
body) term makes the concept of osculating orbital elements a reasonable one. Osculating elements
may be defined in the following way: Let us assume that we solve eqns. (8.3) through the method
of numerical integration (see below). As a result we have readily available geocentric position and
velocity r õ��1ö � v õ��Iö of the satellite for each time argument � which lies within the time interval over
which the integration was performed. Now, we may formally assign one set of orbital elements � õ��1ö ,
� õ��1ö , � õ��Iö , � õ��1ö , � õ��1ö , and � � õ��Iö to each epoch � by computing from the position and velocity vec-
tors r õ��1ö � v õ��Iö the Keplerian elements using the formulae of the two-body problem. The resulting
element set is called the set of osculating elements at time t. This may be done because there is a
one-to-one correspondence between the position and velocity vectors and the Keplerian elements.
In the Bernese GPS Software the subroutine XYZELE is used to compute elements from one set of
position and velocity vectors, EPHEM is used for computing the mentioned vectors from elements.
The osculating orbit (defined by the osculating elements) at time � is tangential to the actual orbit at
time � . The actual orbit in a time interval ,-� % � � ( . is the envelope of all the osculating orbits in this
interval.

Page 106 AIUB



8.2 Basic Theory

Perturbation Acceleration Orbit Error
m/s / after one Day (m)

Two-Body Term of Earth’s
Gravity Field 0.59 0
Oblateness
of Earth 132 %4�65
7 %4��89�����
Lunar Gravitational
Attraction 132 %4� 5$: 	 �����
Solar Gravitational
Attraction ( 2 %4� 5$: ; ���
Other Terms of
Earth’s Grav. Field 	 2 %4� 5
< (����
Radiation
Pressure (direct) =32 %4� 5$> (����
Y-Bias 132 %4� 5@?BA (
Solid Earth
Tides % 2 %4� 5$C �6D 	

Table 8.3: Perturbing Accelerations acting on a GPS Satellite

The following figures show the osculating elements (except � � ) for GPS satellite PRN14 over a time
interval of three days in the year 1995. We see very pronounced short-period perturbations (with
periods of one satellite revolution period or smaller), most of them caused by the Earth’s oblateness.
Moreover we see secular perturbations in the right ascension of the ascending node

�
and long-

period perturbations with periods of half a month for the inclination
�

(in addition to the short-period
perturbations).
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Figure 8.2: Osculating Semimajor Axis of PRN 14 During Three Days of Year 1995
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Figure 8.5: Osculating R.A. of Ascending Node of PRN 14 During Three Days of Year 1995
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Figure 8.6: Osculating Argument of Perigee of PRN 14 During Three Days of Year 1995

From these perturbations in the elements we conclude that it is very convenient to think of the actual
orbit as a time-series of osculating elements. We may e.g. follow very nicely the precession of the or-
bital plane and we have the impression that there are only short-period perturbations in the semimajor
axis � .
That there are more complex perturbations involved becomes obvious if we study the mean elements
(mean values of the elements over one revolution of the satellite) over longer time intervals. Figure
8.7 shows the development of the mean semimajor axis over three years (mid 1992 to fall 1995).
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Figure 8.7: Osculating Semimajor Axis of PRN 14 Over Three Years

Figure 8.7 illustrates an essential characteristic of the GPS: There are very pronounced (very) long-
period perturbations of the semimajor axes � of the satellites which are actually due to the resonance
terms of the Earth’s gravity field. These resonance perturbations require relatively frequent man-
oeuvres for the GPS satellites. We see three of these events in Figure 8.7. Without such manoeuvres
(along-track pulses) the distribution of the satellites within the orbital plane could not be maintained
uniform for a long time.

Orbit Parameterization (Deterministic Part)

When determining or characterizing the orbit of a satellite we first have to specify six parameters
defining the position and the velocity vectors at the initial epoch � � of the arc. One might use the
components of the vectors r � � r õ�� � ö and v � � v õ�� � ö for that purpose. In the Bernese GPS Software
we use the osculating elements of the initial epoch � � to define the initial conditions: � � �F� õ�� � ö ,
�'� � � õ�� � ö , � � � � õ�� � ö , � � � � õ�� � ö , �G� � � õ�� � ö , and ����� � ��� õ�� � ö .
Each orbit (or, to be even more precise, each arc) is a solution of the equations of motion (8.3). Many
parameters are in principle necessary to solve these equations of motion: Most of the force field con-
stituents of Table 8.3 are characterized by many parameters (think of the parameters necessary for
the Earth’s gravity potential!). So, in principle each orbit is characterized through six osculating ele-
ments and through the set of all model parameters. Most of these dynamical parameters are known
with sufficient accuracy from other analyses (SLR in particular) and it is neither necessary (nor pos-
sible in most cases) to improve or solve for these parameters in GPS analyses. Of course, each orbit
determination center has to tell what orbit models it uses and what numerical values are adopted for
the parameters. Within the International GPS Service for Geodynamics (IGS) this is done through
so-called Analysis Centre Questionnaires. We will include the questionnaire for the CODE Analysis
Center in the last section of this chapter.

As mentioned previously the parameters "��+�#"&%'� °s°s° given explicitly in eqn. (8.3) are those dynamical
parameters which – in general – have to be estimated for each arc and each satellite individually. If
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we assume that there are HJI such dynamical parameters, we may state that the orbit or arc is para-
meterized through HK�ML � H I parameters. When these parameters are known and if one and the
same model is used for the known part of the force field everybody should be able to reconstruct one
and the same trajectory r õ��Iö of the satellite through numerical integration starting from time � � (see
next section). In this sense our HN�OL � HJI orbit parameters uniquely specify a satellite orbit.

What dynamical parameters do we use in the Bernese GPS Software Version 4.0 ? Let us first state
that formally we attribute these parameters to radiation pressure (but we have to admit that other
effects may be absorbed by them, as well).

According to [Beutler et al., 1994] we write the radiation pressure model in the following way:

a PQIRP�� a S�T&UWV � a X � a Y � a Z (8.4)

where a S�T&UWV is the acceleration due to the Rock4 (Block I satellites) and Rock42 (Block II satellites)
models for the radiation pressure [Fliegel et al., 1992], and

a X � õ#� X � � � X*U ù)[]\_^ �`� � X*a ù'^�bdc � ö e X � e5õ � ö ù e X
a Y � õ#�fY �g� �fYhU ù'[]\_^ �i� �fYja ù'^�bdc � ö e Y � k õ � ö ù e Y
a Z � õ#�@Z �l� �_ZmU ù'[]\_^ �`� �_Zma ù'^�bdc � ö e Z � ô õ � ö ù e Z

(8.5)

where

� X � , � X*U , � X*a , � Y � , � YGU , � Yja , � Z � , � ZmU , and � Zma are the nine parameters of the radiation pres-
sure model of the Bernese Software Version 4.0 ,

e X is the unit vector sun-satellite,

e Yn� e Xpo rq
e Xpo r

q is the unit vector along the space craft’s solar-panels axis,

e Zr� e Yso e X ,

e5õ � ö , k õ � ö , and ô õ � ö are the total accelerations due to radiation pressure (on top of the Rock4/42–
models) in the directions e X , e Y , and e Z , and

� is the argument of latitude at time � for the satellite considered.

The radiation pressure model of Version t is a generalization of the standard radiation pressure model
of Version u still used for the official CODE solutions. It contains nine instead of only two dynam-
ical parameters for each satellite (and arc). Parameter � X � corresponds to the direct radiation pres-
sure parameter "�� of the old model, parameter �@Y � corresponds to the y-bias parameter "�( of the old
model.

The a priori term a S�T&UWV in eqn. (8.4) needs a few additional comments because [Fliegel et al., 1992]
make subtle distinctions between different types of ROCK models and because, at CODE, different
versions of the ROCK4/42 and different scaling methods were used in the past.

Since January 14, 1996, the start of GPS Week 836, the ROCK4/42 model, version v (including
Thermal Re-radiation) is used at CODE. The a priori model is automatically scaled by the factorw
xy+z w
x , where w y is the Astronomical Unit (AU), and w is the actual distance between sun and space-
craft. Prior to January 14, 1996 the S-Version of the ROCK4/42 model was used ( { stands for stand-
ard) and no scaling was used for the term a |�}&~W� .
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In order to compute the actual accelerations acting on the satellite [Fliegel et al., 1992] need to know
the satellite mass. The satellite masses which are used since January 14, 1996 by the CODE Ana-
lysis Center are given (together with other satellite specific information like the antenna phase cen-
ter eccentricity) in the file �
�  f�_�_���� ��: � 	  which is included in Table 8.4. The radiation pressure file
descriptor T950101 is also written into all the � �4�@�_� files (see Chapter 23) by Version 4. If program
ORBGEN is used in the update mode (see below) and the file descriptor in the � �4�@�_� file does not
match the one in the satellite file (e.g. �
�  f�_�_���� ��: � 	  ), an error message is written by program ORB-
GEN and the program execution is stopped. The satellite information corresponding to CODE orbits
prior to January 14, 1996 are contained in the satellite file �$�  @�_�@�J�� ������
� .

���������������������������������
������� ���6�Q�����]�4�� ������������������������������������������������������������������������������������������������������������������������������������������������������������6��������¡�¢£���������4¤����¥��¡�������¦§���� ��6¨4�6¨ ©ª��¡���«
��¡������¥�
¬g�����4��­����¥�������
¬m¨4����®�¯
° ��¡���« ��¢�����¢�¢��i¡������������±©B�R¯ ������� ����� ��® ��¡���«
��¡����������¢ ¢�¡$² ��³ ��´ ��µ ©ª«�­6¯ ©4¨¶²·�R�4�6¯¸©4¨¶²·�R�4�6¯ ©ª��¹6¨'¬B��¹�®�¯

¨ º �
²»®�¼���½¾�
²d�������¸¨¶²d��®� �� ��¼� $² �4�
²»®�¨4º�® �
²» �¿�½�� ¨ À�Á® ® �
²»®�¼���½¾�
²d�������¸¨¶²d��®� �� ��¼��
²»® �
²d�6¨4¿�� �
²dº6¨4¼�� ¨ À�Áº º �
²»®�¼���½¾�
²d�������¸¨¶²d��®� �� ��¼� $² ¨ Â6Ã�Ä½ º �
²»®�¼���½¾�
²d�������¸¨¶²d��®� �� ��¼� $² �4�
²�¨4��¼�® �
²d¼�¿�¿�¿ ¨ À�Á  º �
²»®�¼���½¾�
²d�������¸¨¶²d��®� �� ��¼� $² �4�
²�¨�¨Å½�  �
²9½�½��6¨ ¨ À�Á¿ º �
²»®�¼���½¾�
²d�������¸¨¶²d��®� �� ��¼� $² �4�
²�¨Å½]¨4� �
²d����¼�  ¨ À�Á²�²�²

Table 8.4: File “ �$�  @�@�_�J�� ��� � �  ” of the Bernese Software, Version 4.0

In Table 8.4 you also find the correction term (
�fÆÈÇ

) to the direct radiation pressure which is added
as a direct radiation pressure term (in the direction sun-satellite) to the a priori model. The same is
true for the y-bias (column

ÆfÉ
). The numerical values are based on an analysis of radiation pressure

data for the years 1992 to 1994. The values, together with the ROCK4/42 term, are an excellent ap-
proximation for the actual radiation pressure parameters, in general.

In summary, in Version 4.0 of the Bernese GPS Software each satellite arc is characterized by six
osculating elements and by up to nine dynamical parameters as defined above. The parameterization
of the a priori orbits is defined in program ORBGEN (see below).

Orbit Parameterization (Pseudo-Stochastic Part)

Whereas the “normal” user of the Bernese GPS Software only has to deal with the Ê-ËÍÌ Î-ÊJÏ�ÐÑ'Ò
deterministic orbit parameters discussed in the previous section, the advanced user working in

orbit determination might also wish to parameterize the orbits in addition with so-called pseudo-
stochastic parameters which characterize instantaneous velocity changes at user-determined epochs
in user-determined directions. The attribute stochastic is justified because usually a priori weights
(i.e. variances) are associated with these parameters. In this sense the procedure is comparable to
the stochastic orbit modeling used by other groups [Zumberge et al., 1994]. The attribute pseudo is
used because we are not allowing the orbits to adjust themselves continuously at every measurement
epoch (as it is the case if Kalman filtering is used).
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The use of pseudo-stochastic parameters proved to be a very powerful tool to improve the orbit qual-
ity. Until about mid 1995 pseudo-stochastic parameters were set up at CODE only for eclipsing satel-
lites and for problem satellites (like PRN23), afterwards pseudo-stochastic pulses in radial and in
along-track directions were set up for every satellite twice per day (at midnight and at noon UT).
This clearly improved the CODE orbits. For more information we refer to [Beutler et al., 1994].

8.2.2 Variational Equations

If the orbits of the GPS satellites are estimated using the Bernese GPS Software the partial derivatives
of the position and velocity vectors with respect to all orbit parameters have to be computed by the
program ORBGEN. Let us consider only the deterministic model parameters at present:

ÓNÔÖÕ¶×�Ø�Ù�Ø�Ú�Ø�Û�Ø�Ü�Ø�Ý y Ø#Ó y Ø#Ó&Þ'ØRßRßRßdà (8.6)

We have to compute the partials

rÏâá�ã�ä*Ë
å

r á�ã�äå Ó (8.7)

vÏâá�ã�ä*Ë
å

v á�ã�äå Ó (8.8)

If the orbit were given by the eqns. of motion (8.2), it would be rather simple to compute the above
partials (at least for the osculating elements): we know the position and velocity vectors “analytic-
ally” as functions of the osculating elements and therefore simply may take the partial derivatives of
these known functions with respect to the orbit parameters. We gave explicit formulae e.g. in [Beutler
et al., 1996]. As a matter of fact the partials with respect to the osculating elements were approxim-
ated like that in Version 3 of the Bernese GPS Software.

We decided to compute all partials (8.7) and (8.8) rigorously in Version 4 using numerical integration
because we were afraid that for longer arcs with more orbit parameters our analytical approximations
might not be sufficient in all cases.

The procedure implemented in Version 4 is very simple in principle. We derive one set of differential
equations called variational equations, and one set of initial conditions, for each orbit parameter Ó .
Then we solve the resulting initial value problem through numerical integration (next section).

Although the procedure to derive variational equations is standard and may be found in many text-
books we include these variational equations for the sake of completeness. Let us start from the ori-
ginal initial value problem (8.3) and the associated initial conditions:

æ
r Ëèç�é�ê rw
ë Î a á�ã Ø r Ø@ìr Ø#Ó y Ø#Ó&ÞRØ#Ó x ØRßRßRß älË f á�ã Ø r Øfìr Ø#Ó y Ø#Ó&Þ'ØRßRßRß ä (8.9)

r y Ë r á�ã y
í ×�Ø�Ù�Ø�Ú�Ø�Û�Ø�Ü�Ø�Ý y ä (8.10)

v y Ë v á�ã y
í ×�Ø�Ù�Ø�Ú�Ø�Û�Ø�Ü�Ø�Ý y ä (8.11)

By taking the derivative of the above equations with respect to parameter Ó we obtain the following
initial value problem (variational equation and associated initial conditions):

æ
rÏ¥Ë A î rÏïÎ fÏ (8.12)
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r y6ð Ï
Ë rÏJá�ã y$í ×�Ø�Ù
Ø�Ú�Ø�Û�Ø�Ü�Ø�Ý y ä (8.13)

v y6ð Ï Ë vÏ á�ã y í ×�Ø�Ù
Ø�Ú�Ø�Û�Ø�Ü�Ø�Ý y ä (8.14)

where we assumed that for GPS satellites there are no velocity-dependent forces. A is a ñmòóñ Matrix
with ô Ï ð õdö Ë å f õ z å r ö , fÏ is the explicit derivative of f with respect to the parameter Ó (equal to zero
for osculating element). The initial conditions are zero for the dynamical parameters.

We thus have to solve one linear initial value problem for each unknown parameter Ó . This means that
in general in Version 4 we have to deal with

Ñ Ì initial value problems in the orbit generation step (one
for the primary equations (8.3), Ì for the osculating elements, and ÷ for all dynamical parameters).

What has to be done with the pseudo-stochastic parameters? It is very nice that the partials with re-
spect to these parameters may be computed rigorously as linear combinations of the partials with
respect to the osculating elements. This fact is a consequence of some properties of linear differen-
tial equation systems. It is thus not necessary to store additional information for the pseudo-stochastic
parameters.

8.2.3 Numerical Integration

The initial value problem (8.9), (8.10), (8.11) (initial value problem associated with the primary
equations) and the 15 linear initial value problems associated with the variational equations of type
(8.12), (8.13), (8.14) are all solved using the technique of numerical integration in the Bernese GPS
Software Version 4. The only program performing numerical integration is the program ORBGEN.
It may be used to generate an orbit by fitting a set of tabular satellite positions (in the least squares
sense) in an orbit determination process; it may also be used to update an orbit using the orbit para-
meters previously established by the programs GPSEST or ADDNEQ and written into a � ���_�@�
file. In addition, it may be used as an orbit predictor – just by extending the right boundary of the
(complete) integration interval.

The integration method used in program ORBGEN is a so-called Collocation Method. Let us briefly
discuss the principles of such methods.

The entire integration interval is divided into subintervals of a user-specified length. To give an ex-
ample: A one-day interval is e.g. divided into 24 one-hour subintervals. Within each subinterval (and
for each of the 16 differential equation systems to be solved) an initial value problem is set up and
solved, or, more precisely numerically approximated. In the first subinterval the initial value prob-
lems are precisely those defined in the previous section. In the subsequent intervals the initial values
at the left subinterval boundary, let us call it ã�ø , are computed using the approximated solution of the
previous subinterval. This subdivision of the integration interval was (probably) first proposed by
Leonhard Euler.

How do we approximate the solution? Euler, in his simple algorithm, approximated each component
of the solution vector by a polynomial of degree ù�Ëûú by asking the approximating solution to go
through the same initial values as the true solution and that the approximating solution satisfies the
differential equation system at epoch ã�ø . Let us illustrate Euler’s principle using the original initial
value problem (8.9), (8.10), (8.11):

r á�ã�ä*Ë r y ÎOá�ãjçüã y äGî v y Î
Ñ
ú î_á�ãGçýã y ä

x î f á�ã y Ø r y Ø v y ØRßRßRß ä (8.15)
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The above solution vector may of course be used to compute the velocity vector, too, just by taking
the time derivative of the formula for r á�ã�ä :

v á�ã�ä*Ë v y ÎOá�ãjçüã y äjî f á�ã y Ø r y Ø v y ØRßRßRß ä (8.16)

Let us point out that the Eulerian formulae may be used to compute position and velocity at any point
in the vicinity of the initial epoch ã y . A collocation method has exactly the same property. The only
difference consists of the fact that instead of using polynomials of degree ú we use higher degree
polynomials in the case of general collocation methods:

r á�ã�ä*Ë
þÿ
õ��3y á�ãGçýã y ä

õ î r y�õ (8.17)

where ù is the degree of the polynomials, r y�õ are the coefficients.

How are the coefficients r y�õ determined? Well, this is the nucleus of numerical integration using
collocation methods. The principle is very simple to understand and very closely related to Euler’s
method: The coefficients are determined by asking that the above approximation passes through the
same initial values as the true solution, and that the differential equation system is satisfied by the
approximating function at exactly ù§ç Ñ different time epochs within the subinterval considered. The
resulting condition equations are non-linear and in general have to be solved iteratively. Unnecessary
to say that the integration algorithm was programmed to result in a efficient process.

We pointed out several times in this section that numerical integration actually should be called a
numerical approximation of the solution. Whereas this is true in principle the remark is of rather
academic value: If, in the case of GPS satellites, sub-interval lengths of 1 hour are used and if a
polynomial degree (or integration order) of ù-Ë Ñ��

is used the accumulated approximation error
after three days is still below 1 mm in satellite position.

The integration process is completed by writing the polynomial coefficients for each satellite, each
component and each subinterval into a so-called standard orbit file ( � � �  �� file – see Chapter 23) and
those for all the partials into the so-called radiation pressure file, the � ���@Æ�� file.

One of the reasons why in the earlier versions of the Bernese GPS Software the partials of the orbit
with respect to the osculating elements were rather crudely computed using the Keplerian approxim-
ation was the size of the resulting radiation pressure file: If the coefficients for the partial derivatives
are saved in the same way as those for the satellite positions, the file length of the � ���fÆ�� files would
be 15 times the size of the � � �  �� files – which seemed to be a waste of disk space! This is true in
particular if one takes into account that the accuracy requirements for the partials are by no means
as stringent as those for the orbits.

The procedure that is now being used in Version 4 of our software seems to be an optimum: Whereas
the variational equations are solved using exactly the same interval subdivision and the same poly-
nomial degree as for the integration of the primary equations, it is possible and advisable to change
the polynomial degree and the subinterval length for storing the coefficients associated with the vari-
ational equations. In practice we use a subinterval length of six hours and a polynomial degree of

Ñ ú
for storing the coefficients for the partials. Through this procedure we have the partials in the files
available with sufficient precision (6 to 8 significant digits) without wasting disk space. As a matter
of fact the � ���@Æ�� files of Version 4 are of about the same size as those of Version 3 (but in Version 4
there are 15 partials, whereas there were only ñ in Version 3).
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8.3 The Orbit Programs of the Bernese Software Version 4.0

Figure 8.8 gives an overview of the functions which may be performed with the orbit part of the
software. There are six such functions, but actually there are eight FORTRAN programs behind these
functions: The broadcast check may either be performed in an interactive way or by a pure batch
program, the creation of tabular orbit positions in the inertial frame 	hú �
�
� ß � may either start form
broadcast messages or (what is the normal case today) from precise orbit information.

º ¡�� ° �����$¦�¡�������¡�¢�����¢�¤

¨±²�² ° ��¡������������i��������«N¦*��
6Ã��4Á °�� À������������£����
6Ã��RÃ ��� ��Ã��® �����������£��� ° ¤������ ¦*­�Ã4Â6Ã � ����Ã¥�������! �� � ¡ � � � ���#" � À�� °�� À�������������$�� � Ã�� � ��Ãº �����������i������¢��������Ö¦*­�Ã4Â6Ã � ����Ã�$4¤���������Ã`�����4Â���� � �ó¡ � � � ���¿ �6������²è������¢��������Ö¦G� � ���! ���%£� � "�"�Ã � Ã4Â&��Ã��'�6Ã���Ä�Ã�Ã4Â������4Â���� � �i¡ � � � ���¼ �����������¥������������� ¦*­�Ã4Â6Ã � ����Ã�� � Ã�� � ��Ã ����
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Figure 8.8: Menu for Orbit Programs in Bernese Software Version 4.0

A functional flow diagram containing all essential steps that may be performed within the orbit part
of Version 4.0 may be found in Figure 8.9.
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from IGS, CODE, ...

Tabular Orbits PRETAB
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(*.ELE Files)

SATCLK

MAUPRP

Figure 8.9: Flow Diagram of Orbit Part in Bernese GPS Software Version 4.0
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Figure 8.9 asks for some comments. Let us look at three cases:

Case (a): You uniquely work with broadcast information and you do not improve orbits.

Case (b): You work with precise orbit information and you do not improve orbits.

Case (c): You work with either precise or with broadcast information and you want to improve or-
bits.

The first two cases are studied in the next subsection, orbit improvement is the topic in the subsequent
subsection.

8.3.1 Using Orbit Information with Version 4.0

Case (a): Programs BRDCHK, BRDTST, and SATCLK

BRDCHK ( Menu 3.1.1 ) is a very simple editor for broadcast ephemerides and clock parameters,
BRDTST ( Menu 3.1.2 ) is the automatic version of BRDCHK.

BRDCHK is an interactive program where you may eliminate satellite messages which are obviously
wrong. An input and output broadcast file have to be specified (to be on the safe side, the input file
is not altered). The program displays all messages of a satellite. You are asked whether or not you
want to delete messages. If no more messages are deleted, the program proceeds to the next satellite.
At the end, the remaining messages are written to the output file.

Let us mention that it is also easy to edit the broadcast files without BRDCHK: Files may be concat-
enated, separated, messages deleted. In this context it is important to know that the messages need
not to be ordered according to satellites or according to times. The message number which is given
for each message is ignored by the access routine (see also Chapter 23).

BRDTST is a batch program which is able to process more than one broadcast file in the same pro-
gram run. For each file and each satellite the broadcast messages and the satellite clock parameters
are checked for two different types of errors and one type of events:

(1) If a message or a clock parameter is obviously wrong (e.g. an inclination of 2 degrees) the status
in the display is set to BAD A (bad semi major axis), BAD E (bad eccentricity), BAD I (bad
inclination), ßRßRß .

(2) If a message or a clock parameter has a reasonable value, but the difference to the corresponding
element of the previous message is unreasonably big, the status is set to BAD DA, BAD DE,ßRßRß .

(3) If the orbital elements in the messages show big jumps between two subsequent epochs but are
consistent before and after this jump, it is assumed that the satellite was repositioned or man-
oeuvred. If such a jump is detected the satellite number, the precise epoch, etc. will be listed at
the end of the program run and all the messages of this satellite after the jump will obtain a new
satellite number = old satellite number + 50. This artificial satellite will then be treated like a
normal satellite (see also Chapter 23).
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In Table 8.5 we reproduce (part of) the output produced by program BRDTST for a particular pro-
gram run.

Program BRDTAB ( Menu 3.2 ) must now be used to transform the orbit information from the
broadcast message into a set of tabular ephemerides in system B1950.0 or J2000.0, where we re-
commend to use uniquely the system J2000.0. You will have to use a POLE-file (see Panel 0.3.1 and
Chapter 23) with information concerning the earth rotation parameters in program BRDTAB (and
in program ORBGEN, below). You will probably use information which originally comes from the
IERS Bulletin A or B.

The POLE-file has to be in the Bernese format. The file
� � Æ+*-,.,�,.,��4���@Æ (

,�,�,.,
stands for the current

year), in the correct format may be retrieved through anonymous ftp ( /�02143
56/ � /�798:0;1 � 3=< , directory
� �:>+?4@
A� @ÆCB.D�? �6E > � ������F_��G.H , see Chapter 7).
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Table 8.5: Sample Output produced by Program BRDTST

SATCLK is a program extracting satellite clock information from broadcast files and writes it into
a satellite clock file in the Bernese format (see Chapter 23). This program must be only used if you
want to use in program CODSPP (see Chapter 10) a precise orbit file together with broadcast clock
information. This is not a recommended option. Usually you should use the clock information which
is in the corresponding precise orbit file (see also Chapter 16).
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Using Precise Orbits (Program PRETAB)

Let us look at Case (b), now: There is no program corresponding to programs BRDCHK and
BRDTST for precise orbits (it is assumed that precise information actually is precise (!)).

You will use program PRETAB (corresponding to program BRDTAB) to create a tabular orbit file
in the system 	hú �
�
� ß � ( Menu 3.2 ). The POLE-file used (see Panel 0.3.1 ) must correspond to your
orbit information. The correct file may also be retrieved from the subdirectory

? �6E > � ��� (in the same
way as in the case of the Bulletin A pole, see Chapter 7).

You will in general produce a satellite clock file in Menu 3.2 . You will fit the satellite clock inform-
ation in the precise files within intervals of several hours (12 hours is recommended in Panel 3.2–1 )
by low degree polynomials (the recommended degree is ù¥ËKú ) and thus create a satellite clock file
which may be used to compute satellite clock corrections for each observation epoch. This way of
handling the clocks in the precise files is called the normal case in Panel 3.2–1 .

You also have the possibility to extract exactly the satellite clock corrections of the precise orbit files
(usually given at 15 minute intervals) by asking for a polynomial degree and an interval length of
"zero". In this case, for observations made exactly at the time of the tabular epochs in the precise
orbit file, you may access the very precise IGS satellite clock information (thus circumventing Se-
lective Availability SA). Program CODSPP is the only program which may take profit out of this
special case for handling precise clock information if you are asking for the correct option in this pro-
gram. For all other programs this option is very harmful due to the significant data reduction (one
epoch every 15 minutes instead of every 30 seconds). Use this special option with care! For more
information we refer to the description of program CODSPP (see Chapters 10 and 16).

Program ORBGEN for Cases (a) and (b)

You are now ready to use program ORBGEN. This program replaces the three programs DEFSTD,
UPDSTD, and NEWSTD of the Bernese Software Version 3. All functions that were covered in
Version ñ are options of the new program ORBGEN.

ORBGEN has the following general properties:

P The result of program ORBGEN is what we call a standard orbit.P Each standard orbit may be composed of one or more standard arcs, each of which is charac-
terized by a start and an end time.P Each standard arc is a solution of the equations of motion (8.3) characterized by six initial con-
ditions and a user-specified number of dynamical parameters. A maximum of nine determin-
istic parameters per satellite are possible. Standard orbits generated via an orbital element file
may be characterized in addition by stochastic pulses.P The multi-arc option was of vital importance in the early releases of Version 3, when program
GPSEST was the only parameter estimation program (for high accuracy results). Each ob-
servation that was used in GPSEST had to be covered by exactly one standard orbit. Today
we strongly recommend to work with only one standard arc per standard orbit and to
combine data from different days, campaigns, etc. with program ADDNEQ (see Chapter
18). The use of program ADDNEQ based on multi-arc standard orbits is not recommended.P If you want to perform orbit determination in programs GPSEST and ADDNEQ you have to
produce in program ORBGEN a file containing the partial derivatives, too ( � ���@Æ�� file).
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P All standard orbits and all partial derivatives (variational equations) are computed by numer-
ical integration in program ORBGEN. ORBGEN is the only program in Version 4 in which
numerical integrations are performed.

Because ORBGEN replaces three programs of Version 3 there must be several options in ORBGEN:

P ORBGEN may be used to generate a standard orbit starting from tabular satellite positions.
The user selects the processing options (and we refer to the help panels for recommendations).
ORBGEN will use all the tabular satellite positions – within the interval for which standard
arcs were requested – as pseudo-observations in an orbit determination process (one such pro-
cess per arc and satellite). The user has to select the model parameters: All six initial values
(actually osculating elements) and a suitable combination of the nine dynamical parameters.
We will give different recommendations below for different types of tabular positions (broad-
cast or precise). Each standard arc of the resulting standard orbit will be a particular solution
of the equations of motion (8.3) best fitting the mentioned tabular satellite positions.P ORBGEN may be used to update a standard orbit using the information in an orbital element
file. You may then say whether you actually want to use the updated orbits or if you want to
reconstruct the a priori orbit which was used for this particular time interval (usually one day)
for the orbit improvement (see Panel 3.3–2.1 ). The program ORBGEN will make sure that
the same �$�  @�@�_�J��  -file (see Chapter 23) is used in the update step as in the orbit determination
step. The stochastic pulses which are (also) stored in the � �4�_�@� files are taken into account.P ORBGEN may be used as an orbit prediction program in both of the above program options,
by just specifying the right interval boundary. If you use this option in the update mode (with an
orbital element file � ���_�_� ) you should be aware of the fact that there can be no other pseudo-
stochastic pulses applied than those in the � �4�_�@� file (no extrapolation into the future). Let
us mention that the complete radiation pressure model (nine parameters) without stochastic
pulses is well suited for predictions if you use program ORBGEN starting from tabular orbit
files � ��  � ? (see program output, below). When generating a standard orbit using tabular posi-
tions, you may also extend the integration interval into the past (by shifting the left integration
boundary).

Program ORBGEN will always produce a summary concerning the fit of the tabular orbit positions.
If you were using tabular files stemming from broadcast messages such a summary (in the second
iteration step) will look roughly as follows:
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Table 8.6: Output produced by Program ORBGEN with classical Radiation Pressure Model using
Tabular Positions stemming from Broadcast Messages
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Table 8.6 shows that the internal consistency of the broadcast orbits was around 1 meter (the actual
accuracy is around three meters, as mentioned). Table 8.6 was produced using the classical orbit
model with eight parameters (six osculating elements, 2 radiation pressure parameters) which is suf-
ficient to accomodate broadcast orbits.

Table 8.7 shows that the fit is of the order of 5–10 cm if a precise IGS ephemerides file is used to
generate the � �:  � ? file and if the standard orbit model (with the six osculating elements and the two
radiation pressure parameters ×4S y and ×+T y ) is used.

If we use our new model with all nine parameters, the orbital fit is much better, of the order of
Ñ

cm rms, only (Table 8.8). In order not to loose the precision of the precise orbits we thus recom-
mend to solve for all nine dynamical parameters of the new model to create the standard orbits
whenever starting from precise orbit information.
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Table 8.7: Output produced by Program ORBGEN with classical rpr Model
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Table 8.8: Output produced by Program ORBGEN using full new orbit Model

In Chapter 16 dealing with satellite and receiver clock information, we will discuss an interesting
use of program CODSPP based on clock information available in the IGS precise orbit files by just
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taking over this information from the precise ephemerides file. This can be achieved in Menu 3.2
by putting polynomial degree and interval length to zero for the clock extraction in Panel 3.2–1 .
CODSPP will be able to make a very accurate single point positioning (sub-meter accuracy using
data from one day). Because satellite positions (and clocks) are only available every 15 minutes in
the precise orbit files, this program option automatically leads to a very significant data decimation
(instead of e.g. one observation/30 seconds) you will only have available one observation every 15
minutes, not only for code but also for phase observations. This is not sufficient for a secure prepro-
cessing of phase data. Therefore this option is not recommended for normal processing.

Service Programs STDPRE and STDDIF

Both programs are very simple to use, the handling is fully explained by the corresponding help pan-
els.

Program STDPRE ( Menu 3.7 ) is used to generate a precise orbit file in the official precise orbit
format defined by [Remondi, 1989]. Precise orbit files contain satellite positions (and velocities) in
an earth-fixed system (e.g. ITRF94). For the transformation from the inertial frame (standard orbit)
to the earth-fixed frame (precise orbit) a pole file consistent with the orbit information has to be used.

Program STDPRE is used every day at CODE to generate the official CODE products. You may
also wish to use this program to send a precise orbit file (ASCII-file) corresponding exactly to your
standard orbit to colleagues working on a different computer environment. If you also send them the
pole-file you used in STDPRE, your colleagues will be able to reproduce exactly the standard orbit
you used (through PRETAB, ORBGEN). (Another possibility is the conversion of the standard orbit
file to an ASCII file – see Chapter 20 – to attain the same goal).

Optionally an orbital element file containing the improvement and rms errors of the orbital elements
from GPSEST or ADDNEQ may be added when running STDPRE. Using this additional inform-
ation an approximate orbit precision code will be written into the precise orbit file (only for SP3
format). The �
�  4U
��V file (satellite problem file – see Chapter 23) may be used in case of manoeuvres
to identify which satellite number (PRN or PRN+50) has to be used to get the correct standard orbit
information for epochs before and after the manoeuvre.

The program STDDIF ( Menu 3.6 ) is used for study purposes to create a table of coordinate dif-
ferences of two standard orbit files. The coordinate differences are listed in radial, along-track, and
out-of-plane direction. Again we refer to the corresponding help panels.

8.3.2 Estimating Orbits with Version 4 (Case (c))

Orbit improvement was an important issue for the normal user asking for highest precision before
the International GPS Service for Geodynamics started its operations in 1992. Today, orbit improve-
ment cannot be recommended for the normal user, because it is close to impossible to come up with
significantly better orbits than those produced by the IGS. Orbit improvement of course still is an
issue if you process old GPS data (prior to 1992) or if you work actually as an IGS Analysis Center.

We will confine ourselves in this section to a few general remarks for the expert user and we refer to
the CODE Annual Reports for 1994 and 1995 for more information [Rothacher et al., 1995a, 1996a].

Let us first state that if you improve orbits it is in principle not important whether you start from
broadcast or precise orbit information to create an a priori standard orbit. You should be aware of the
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fact, however, that the a priori orbit really matters, because the orbit improvement process is based on
the linearization of a non-linear parameter estimation problem. Linearization means that you neglect
higher order terms in the Taylor series (for the orbits as a function of the orbit parameters). The better
your a priori orbit, the less important are the neglected terms of the linearization. If your a priori orbit
is only good to about 20 m you should definitely go through a second iteration step (repeat the orbit
improvement with the orbit generated in the first iteration step, which is now certainly within 0.1 m
of the final results).

In program ORBGEN you have the possibility to use a complex or a relatively simple orbit repres-
entation for the a priori orbit. We recommend that you parameterize your orbit in ORBGEN only by
eight parameters (osculating elements at initial epoch, direct radiation pressure and y-bias), but that
you store the partial derivatives with respect to all 15 parameters in the � ���@Æ�� file. By following
this recommendation you will have the possibility to switch from the old orbit model to the new one
very easily on the level of the normal equation systems (ADDNEQ).

The actual orbit determination (improvement) has to be set up in program GPSEST. We recommend
to use program GPSEST with data spans of at maximum one day. If you actually want to produce
longer arcs, use program ADDNEQ to combine the one-day arcs.

In order to preserve all options for future runs with program ADDNEQ we recommend that you set up
all 15 orbit parameters of the new model for every satellite in program GPSEST, but that you tightly
constrain all the dynamical parameters to zero, except the two parameters of the old radiation pressure
model. The one-day arc generated with program GPSEST thus will refer to the old orbit model,
but formally (for future combinations) you have all 15 parameters available. Figure 8.10 shows the
program options we recommend to specify in Panel 4.5–2.3 for the orbit characterization in program
GPSEST for the establishment of a one-day arc.

In addition, you can see in Figure 8.10 that we recommend to set up pseudo-stochastic pulses in the
middle of your arc (for one-day arcs at noon) (see Figure 8.11).

We can see that all parameters are set up as unknowns, but that only the osculating elements, the
direct radiation pressure, and the y-bias are free to adjust.
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Figure 8.10: Orbit Characterization for One-Day Arcs in Program GPSEST
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Figure 8.11: Stochastic Parameter Selection in Program GPSEST
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Figure 8.12: Orbit Characterization in Program ADDNEQ

You can see that pseudo-stochastic pulses are set up in radial, along-track, and in out-of-plane direc-
tions, but that they are actually constrained to (almost) zero for the actual parameter determination in
GPSEST. If one-day arcs are your final result, you would probably allow for radial and along-track
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pulses in this panel (using the same values as in program ADDNEQ, see Figure 8.13 below). Let us
point out that by “number of sets per day = 2” you actually set up one set every 12 hours, i.e. actually
only one set per 24 hours (because the boundaries do not count). Keep in mind that you should also
estimate earth rotation parameters when you determine the satellite orbits. More information on this
topic may be found in Chapter 14.

After having executed program GPSEST with observations covering one day you have (among
many other result files ) (a) an orbital element file � ���_�_� , (b) a normal equation file � ��G@�4m , and (c)
earth rotation parameter file � �����@Æ (results of the ERP estimation) at your disposal.

If one-day orbits (arcs) are your desired results you may now use the files
�_�_�

and
���fÆ

in program
ORBGEN (update mode) to produce the corresponding �  �� file and generate a precise orbit file

Æ��f�
with program STDPRE using files �  �� ,

���@Æ
, and

�_�_�
(the latter file is “only” used to transfer ac-

curacy information into the
Æ��f�

file) and your job is finished.

If you want to create longer than one-day arcs or if you want to produce arcs (one-day or longer) with
a different orbit parameterization you may now use program ADDNEQ with a sequence of � ��G@�4m
files as input. Figure 8.12 shows that you may now re-consider the orbit modeling.

In the particular example of Figure 8.12 a more general orbit characterization was selected (it is pos-
sible to do that if previously the corresponding parameters were set up, but constrained in GPSEST).
By asking for long arcs you will generate a three-day arc if you use program ADDNEQ with three
� ��G@�+m files corresponding to three consecutive days. Otherwise ADDNEQ would assume that you
wish to process the three days together, but with completely separate arcs for each day.

You can also see in Figure 8.13 that you are able to re-consider the stochastic parameters. The fol-
lowing Figure 8.14 will show, that you are even allowed to introduce new stochastic parameters at
the arc-boundaries! This is a very nice example for the flexibility of program ADDNEQ.
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Figure 8.13: Stochastic Parameter Selection in Program ADDNEQ

You see that in the particular example of Figure 8.13, as before in GPSEST, the pulses in the out-of-
plane directions are constrained, but that the pulses in radial and along-track directions are allowed
(within the constraints specified above). The same pulses are set up and solved for at the day bound-
aries (Figure 8.14)
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Figure 8.14: Additional Stochastic Parameter Selection in Program ADDNEQ

In order to demonstrate that the actual work at an Orbit Determination Center may be quite involved
(mainly due to the fact that the data have to be screened and validated) we briefly recollect here the
actual procedure to produce a three-day arc at the CODE processing center:

Production of a three-day arc at CODE:

P The a priori orbit is taken over from the generation of the CODE Rapid Orbit (16-hours Orbit);
the a priori orbit always corresponds to the old orbit model.

P All single-difference files of the day are processed in GPSEST by modeling the correlations
correctly on the baseline level, only. No stochastic parameters left free, old orbit model used.

P The residuals with respect to this “first” one-day arc are checked for outliers, bad phase obser-
vations are marked (see Chapter 20, program RESRMS)

P With these screened observation files, GPSEST is invoked again, again in the single baseline
mode, but this time stochastic orbit parameters are opened up at noon.

P The new one-day arc is used to resolve ambiguities on the single baseline level using the QIF-
strategy (see Chapter 15).

P After ambiguity resolution a new (already very precise) a priori orbit without stochastic para-
meters is defined and used for the remaining one-day solutions. This orbit is then also the basis
for all three-day solutions.

P Again, we use GPSEST, and again we set up all 15 orbit parameters, but we tightly constrain
all of them except the eight classical parameters. Moreover, we do not process the entire one-
day data set in one program run, but we produce five cluster solutions (European, American,
Australian, Asian+African, and “what remains”), where within each cluster (corresponding
to one run of program GPSEST) the correlations are modeled correctly, and the ambiguities
resolved previously are introduced as known.

P The five cluster solutions are superposed using program ADDNEQ to give the final one-day
solution.

P Three consecutive � ��Gf�+m files corresponding to the final one-day solutions are combined to
give the final three-day solution.

P Any number of “different” solution series may now be produced using ADDNEQ, only
[Rothacher et al., 1995a, 1996a].
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8.4 Experiences made with the Bernese Software at the Code Ana-
lysis Center of the IGS

CODE, the Center for Orbit Determination in Europe, is one of at present seven Analysis Centers of
the IGS, the International GPS Service for Geodynamics. CODE is a joint venture of

P the Astronomical Institute of the University of Bern (AIUB),P the Swiss Federal Office of Topography (L+T),P the German Institute for Applied Geodesy (IfAG), andP the French Institut Géographique National (IGN).

The CODE Analysis Center is located at the AIUB in Bern.

Since June 21, 1992, ephemerides for all active GPS satellites and daily values for the earth rotation
parameters ( n and o coordinates of the pole position, and drift values for UT1–UTC) are solved for
and made available to the scientific community by CODE. Since January 1, 1994, the drifts p ìq

and
p ìr in the nutation corrections are determined as well. These values are constrained to zero for the
official CODE solutions but may be activated for pure research purposes.
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Figure 8.15: IGS Permanent Tracking Network in 1996

In addition annual coordinate (and velocity) solutions are sent every year since 1992 to the IERS
[Rothacher et al., 1994, 1995a]. These annual solutions are based on the correct combination of nor-
mal equation systems [Brockmann, 1996]. They are believed to be accurate to about 3-5 mm in the

Bernese GPS Software Version 4.0 Page 127



8. Satellite Orbits

horizontal position, to about 1 cm in the vertical position. The quality of station velocities depends
on the length of the data span available. With the three years of data that have been analysed now,
the accuracy is of the order of Â Ñ mm/year for the horizontal positions.

At present (July 1996) the data of about 80 stations of the International GPS Service for Geodynam-
ics (IGS) Network (Figure 8.15) are analysed every day at CODE. Back in 1992 the CODE Ana-
lysis Center started by analyzing about 25 stations. The quality of the products (orbits, earth rotation
parameters, station coordinates, troposphere parameters, etc.) is a function of the number of stations
analysed, their distribution on the globe, and the quality of the processing software.
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Figure 8.16: Orbit Quality of IGS Analysis Centers

Figure 8.16 gives an impression of the orbit quality achieved in this global project with the Bernese
Software Version 4. It is certainly not exaggerated to state that the CODE contribution is of a very
high quality (at least in the time interval covered by Figure 8.16).

The quality of the CODE products increased considerably since 1992: Initially the orbit quality was
perhaps of the order of about 50-70 cm, whereas today we are approaching the 5 cm level (Figure
8.16), a number which is also confirmed by comparing our orbits with SLR observations to the GPS
satellites equipped with LASER reflectors.

Table 8.9 contains a list of essential events/improvements of the Bernese GPS Software which were
always instantaneously tested very carefully by the CODE processing center.
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Epoch Event In V 4.0

Jun-92 Start of routine operations at CODE with Version 3.4 —
Nov-92 Monthly a priori coordinate sets —
Jun-93 Pseudo-stochastic parameters for eclipsing satellites YES
Sep-93 Version 3.5 implemented —
Dec-93 Estimate 12 (instead of 4) troposphere parameters per day YES
Jan-94 Transition to ITRF92 —
Apr-94 Store 1 day normal equations —
Oct-94 3-day-solutions computed by combining 1-day NEQs YES
Jan-95 Transition to ITRF93 —
May-95 Efficiency of GPSEST, ADDNEQ improved by a factor Â Ñ�� YES
Jun-95 Use correct correlations in clusters YES

Weekly free network solutions in SINEX format YES
Submit ambiguities fixed solutions YES
Stochastic parameters for all satellites YES

Oct-95 First CODE clock solutions submitted YES
Nov-95 Version 4.0 used for official solutions YES
Jan-96 Daily global ionosphere models produced YES

New orbit model implemented YES
Jan-96 CODE rapid orbits (12 h after obs) produced YES

Table 8.9: Development of the CODE Solutions using the Bernese GPS Software

The Analysis Center Questionnaire of the CODE Analysis Center of the IGS is included for the sake
of completeness. It contains all (not only the orbit) processing characteristics of CODE (state of July
1996):
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8. Satellite Orbits
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8.4 Experiences made with the Bernese Software ßRßRß
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8. Satellite Orbits
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