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N
ew capabilities offered by 
Galileo’s multiplexed binary 
offset carrier (MBOC) signal, 

including improved multipath reduc-
tion for E1 Open Service users, will 
create a host of novel processing tech-
niques and applications, limited only by 
human creativity. Realizing the full po-
tential of the new signals requires early 
familiarization with them. 

Unfortunately, access to Galileo In-
Orbit Validation Element (GIOVE) 
data is essentially restricted to European 
Space Agency (ESA) project partners, 
and GIOVE-capable GNSS receivers 
are not widely available in the scientifi c 
community at present. Even though the 
International GNSS Service (IGS) has 
clearly expressed its interest in incorpo-
rating Galileo into its processing, no in-
frastructure presently supports GIOVE 

observations. � e lack of precise GIOVE 
orbit and clock information restricts the 
scientifi c community from developing 
new processing techniques for multi-
constellation multi-frequency GNSS.

To overcome these restrictions, the 
German Aerospace Center (DLR) and 
the German Federal Agency of Cartog-
raphy and Geodesy (BKG) developed a 
joint initiative to deploy a small global 
network of GNSS receivers capable of 
GIOVE tracking. Both institutions have 
long experience in GPS and GLONASS 
processing and already operate numer-
ous GNSS stations within and outside 
Europe. All of these stations provide 
real-time data transmission, enabling 
continuous signal monitoring and 
processing. Most stations offer a 1-Hz 
measurement rate; DLR’s Experimental 
Verification Network (EVnet) can sup-

port up to 100 Hz for ionospheric stud-
ies and scintillation monitoring. 

For the new COoperative Network 
for GIOVE Observation (CONGO, 
some of the existing BKG/DLR sites 
have been supplemented with GIOVE-
capable receivers, and additional sites 
have been established with the local 
support of international partners. Eight 
stations have now been deployed at 
carefully selected sites around the world. 
This network offers global coverage with 
at least a dual-station visibility for most 
areas and serves as a starting point for 
routine processing of GIOVE data. 

The CONGO Network

A key requirement for the CONGO 
network is the capability to provide con-
tinuous tracking of GIOVE satellites 
irrespective of their orbital location. 

CONGO
First GPS/GIOVE Tracking Network for Science, Research
Selected results from the COoperative Network for GIOVE Observation (CONGO) demonstrate how the glob-

al network provides early familiarization with the new Galileo signals and access to precise GIOVE orbit and 

clock information, to develop new processing techniques for multi-constellation, multi-frequency GNSS. 

Oliver Montenbruck, André Hauschild, Uwe Hessels, Peter Steigenberger, and Urs Hugentobler

p FIGURE 2  CONGO depth-of-coverage; colors correspond to 

number of stations that can track a GIOVE satellite simultaneously.
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A visibility and coverage analysis has 
shown that eight stations are generally 
suffi cient to ensure that each GIOVE 
satellite is always in view of at least one 
station. While the choice of sites is not 
necessarily unique and depends on many 
other constraints (site access, host avail-
ability, network connection, and so on), 
representative network layouts comprise 
three stations in the northern hemi-
sphere (Europe, North America, Asia), 
three stations in the southern hemi-
sphere (South Africa, South America, 
Australia) and two near-Equatorial sites. 
For CONGO, we fi nally selected Wet-
tzell (Germany), Fredericton (Canada), 
and Chofu (Japan); Hartebeesthoek 
(South Africa), Concepcion (Chile), and 
Sydney (Australia); and Maui (U.S.) and 
Singapore. FIGURE 1 shows site locations 
with icons identifying the receivers and 
antennas at each station. Hardware de-
tails differ slightly from site to site, and 

are given later. 
Depth of coverage (DOC) gives a 

useful performance index for assess-
ing the quality of a tracking network. 
For GIOVE with an orbital altitude of 
23,000 kilometers and a 15-degree eleva-
tion mask, FIGURE 2 shows that a perma-
nent visibility from two or three stations 
is available for most of the time. While 

four areas with single-station visibility 
remain in the southern hemisphere and 
central Pacific, the existing network still 
offers an adequate and fully acceptable 
coverage for many applications.

Tracking Equipment
The limited availability of GNSS receiv-
ers and antennas supporting GIOVE 

p FIGURE 1 Overview of the CONGO network. The thumbnail pictures indicate the 

corresponding receivers and antennas for each site.
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observations posed 
a major problem for 
building of the CON-
GO network. As part of 
the Galileo System Test 
Bed V2 (GSTB-V2), 
the European Space 
Agency (ESA) had initi-
ated early development 
of a dedicated Galileo 
Experimental Test Re-
ceiver (GETR), which 
forms the core of ESA’s 
sensor-station network 
for GIOVE satellites. 
A limited number of 
GETRs (now better known as GeN-
eRx), were made available to DLR and 
BKG in 2007 and are currently used in 
Wettzell, Sydney, and Concepcion for 
the CONGO network. 

The GeNeRx, designed as a test 
receiver, essentially combines a heri-
tage GPS receiver for semi-codeless 
dual-frequency P(Y) tracking with a 
supplementary board for Galileo sig-
nal processing. Within this board, all 
correlators are implemented in a field 
programmable gate array (FPGA), 
which offers a high level of adaptability 
in case of signal changes (such as the 
introduction of MBOC modulation 
in GIOVE-B). A total of six GIOVE 
tracking channels can be freely assigned 
to the various data and pilot signals in 
the E1, E6, E5a, and E5b bands. Fur-
thermore, a supplementary channel for 
E5 AltBOC tracking is available. 

Within the CONGO network, we 
have configured all GeNeRx receivers 
for tracking of the E1B, E5a(I), and E6B 
data signals of both GIOVE-A and -B, 
while the AltBOC channels is reserved 
for GIOVE-A only. In this way, recon-
figurations of the receivers can be avoid-
ed if the GIOVE transmitter chains are 
switched from E1/E5 to E1/E6, which 
happens occasionally for dedicated ex-
perimentation phases. 

For the remaining CONGO stations, 
the first generation of commercially 
available multi-frequency multi-constel-
lation receivers with GIOVE support 

has been selected. Triumph receivers, 
developed outside the ESA framework, 
make use of an advanced correlator 
chip and support all-in-view GPS, Gali-
leo/GIOVE, SBAS, and, optionally, 
GLONASS tracking in the L1/E1, L2, 
and L5/E5a frequency bands with a to-
tal of 216 channels. Other than the ex-
perimental GeNeRx receivers, pilot and 
data signals (that is, E1B/C and E5aI/
Q) are not handled individually, but 
tracked together in a combined track-
ing loop to make best use of the avail-
able signal power. Likewise, MBOC 
tracking of GIOVE-B is supported by 
combining multiple correlators for the 
BOC(1,1) and BOC(6,1) component. 
Even though the receiver does not sup-
port the E6 frequency, it offers full dual-
frequency tracking for all supporting 
constellations and therefore represents 
an ideal choice for a geodetic reference 
station network.

Antennas. Similarly, the design of 
high-performance GNSS antennas for 
multiple frequency bands poses numer-
ous challenges. Even though L5 signals 
have been transmitted from space for 
more than three years, manufacturers 
have been slow in responding to the 
needs of modern GNSS, and suitable 
antennas have only recently become 
available. For geodetic reference stations, 
high-level multipath suppression and a 
proper phase-center stability are desired, 
which is much harder to achieve for 
wideband (1100–1600 MHz) antennas 

than for the traditional L1/L2 design. 
A dedicated Galileo Experimental 

Sensor Station (GESS) antenna has 
therefore been developed under ESA 
contract for the GIOVE program. It 
was initially used along with the GeN-
eRx receivers in the CONGO network 
but later replaced when systematic el-
evation-dependent pseudorange biases 
in the L1 band became apparent. As a 
temporary solution, all CONGO sta-
tions are now equipped with tri-band 
(L1, L2, L5) surveying antennas. Two 
different models are in use; both pro-
vide a proper gain and multipath per-
formance for GPS and GIOVE signals. 
Plans call for later upgrading all sites 
with choke-ring antennas, once suitable 
models with uniform performance in all 
frequency bands become available.

The Wetzell geodetic observatory 
employs both a GeNeRx and a Tri-
umph receiver, connected to the same 
antenna using a power splitter, enabling 
direct comparison of measurements and 
calibration of receiver-specific biases.

System Characterization
To briefl y examine measurement perfor-
mance, FIGURE 3 illustrates the quality of 
the received GPS and GIOVE signals as 
a function of elevation. More specifi cal-
ly, the plots show the carrier-to-noise-
density ratio (C/N

0
) that directly af-

fects the thermal noise of the code- and 
carrier-phase measurements for a given 
tracking loop. The C/N

0
 values shown 

p FIGURE 3 C/N
0
 over elevation for the GIOVE-A/B satellites (left) and the GPS constellation (right)
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were obtained with a Triumph receiver 
at the Wettzell site and represent aver-
ages over almost a full repeat cycle (10 
days) of the GIOVE satellites.

Evidently, GIOVE-B transmits a 
more powerful signal in the E5a band 
than GIOVE-A. The difference amounts 
to roughly 3 dB but varies with eleva-
tion, which suggests a small difference 
in the transmit-antenna gain patterns. 
A different shape of the beam pattern 
may also be recognized in the E1 band, 
where the signal power received from 
GIOVE-B is equal to that of GIOVE-A 
at low and mid elevations but up to 2 
dB higher near zenith. 

Compared to GPS C/A code track-
ing, C/N

0
 for the combined E1B/C 

tracking of GIOVE-B is roughly 3 dB 
lower. Note, however, that GIOVE 
signal power levels do not necessarily 
reflect those of the final Galileo satel-
lites. Concerning the second frequency, 
the C/N

0
 obtained for the GIOVE E5a 

signal is lower than that of GPS L2C, 
but certainly much higher than that of 
the semi-codeless P(Y) code tracking. 
Comparisons with other antennas sug-
gest that the results do not necessarily 
reflect a lower E5 transmit power of the 
GIOVE satellites but are affected by a 
low L5/E5a gain of the employed receiv-
ing antenna. For completeness, the GPS 
L5 test signal currently transmitted by 
the SVN49 test satellites is also shown 
in Figure 3. However, a highly directive 
antenna is used on this spacecraft that is 
in no way representative of the upcom-
ing series of L5-capable GPS satellites. 

Aside from the C/N
0
, the achiev-

able measurement quality depends on 
numerous other factors such as signal 
structure, tracking-loop design, appli-
cation of code smoothing, and others. 
Furthermore, the site quality has a ma-
jor impact on overall accuracy. As a rule 
of thumb, the ionosphere-free GPS L1/
L2 and GIOVE E1/E5a pseudorange 
combinations obtained in the CONGO 
network exhibit RMS errors of 1 to 1.5 
meters for the individual stations, while 
the corresponding carrier-phase com-
binations are accurate to 1 centimeter 

on average. While this performance is 
probably less than that of well-estab-
lished IGS reference stations, keep in 
mind that the CONGO sites could not 
be optimized for low multipath and are 
not presently equipped with high-grade 
choke-ring antennas.

On the other hand, measurement 
noise and multipath were found to be 
less problematic in the multi-constella-
tion processing than inter-signal/inter-
system biases that differ dramatically be-
tween receiver types. When processing 
multiple frequencies and signals inside 
a GNSS receiver, different group delays 
and possibly digital processing delays 
may occur for each individual signal. 
GPS users, for example, are familiar 
with receiver-specific differential code 
biases between L1 C/A and P(Y) track-
ing or L1 and L2 P(Y) tracking. As long 
as identical signals (or signal combina-
tions) are used for all observed satellites 
processed in a navigation solution, the 
biases are effectively absorbed in the re-
ceiver-clock offset and have no adverse 
effect. Obviously, this is no longer pos-
sible in a mixed GPS/GIOVE process-
ing, even though constellation-specific 
receiver biases can still be absorbed in a 
constellation-specific clock offset when 
all receivers in a network share the same 
characteristics. CONGO, however, uses 
two different receiver types, and inter-
system biases must be explicitly consid-
ered. 

For relative calibration of GeNeRx 
and Triumph receivers, we used the 
Wettzell site, where both receiver types 
are presently operated in a zero-base-
line configuration. At each epoch, the 
relative clock offset is first determined 
from the mean value of the GPS C/A 
code single-difference measurements 
under the assumption of a vanish-
ing C/A code bias. Thereafter, biases 
for all other signals can easily be ob-
tained by differencing the clock-cor-
rected pseudorange measurements of 
the respective satellites. As shown in 
TABLE 1, a high level of consistency is 
obtained for all GPS and GIOVE sig-
nals on the L1 frequency. For GPS L2 
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tracking, an inter-frequency bias of about 10 meters shows up 
between the two receivers, which translates into a 15-meter 
bias of the ionosphere-free L1/L2 combination. For GIOVE 
E5a tracking, on the other hand, a much larger bias of about 
270 meters is encountered. Most likely, it has to be attributed 
to the GeNeRx receiver, since the corresponding E5a-E1 pseu-
dorange difference is of similar order and clearly incompatible 
with modelled ionospheric path delays. 

The table also provides the predicted bias for an ionosphere-
corrected E1/E5a combination of GIOVE measurements, 
which differs by roughly 320 meters from the L1/L2 GPS bias. 
In practice, this difference results in inconsistent solutions for 
the GIOVE-A/B clock solutions relative to GPS time depend-
ing on which receiver is employed. Even though all ESA orbit 
and clock products for GIOVE (including broadcast ephemer-
is data) are presently based on GeNeRx receivers, we have de-
cided to employ the Triumph receivers as a primary standard 
for the CONGO network and calibrate the GeNeRx receivers 
against this reference. For completeness, we note that inter-
system biases of up to 20 nanoseconds (6 meters) can also be 
observed among different units of the same model. Therefore, 
a specific GPS/GIOVE bias is estimated for all but one station 
in the daily routine processing of the CONGO data. 

Orbit and Clock Determination

CONGO network measurements are processed with two 
different approaches to derive orbit and clock products for 
GIOVE-A and -B on a daily basis. For the fi rst method, sat-
ellite laser-ranging (SLR) observations are used to compute 
the orbits of both satellites. The SLR measurements are freely 
available from the International Satellite Laser Ranging Service 
(ILRS) and are processed in a weighted least-squares adjust-
ment with a seven-day observation arc-length. The clocks are 
estimated in a consecutive step in a Kalman fi lter with forward/
backward-smoothing from GNSS observations. CONGO sta-
tion positions are previously determined and held fi xed. The 

fi lter uses the rapid GPS orbits and clocks from the Center for 
Orbit Determination in Europe (CODE) to estimate receiver 
clock offsets and tropospheric zenith delays for each CONGO 
station and estimates the GIOVE clock offsets and drifts with 
the SLR orbits held fi xed. Henceforth we refer to this product 
as the SLR orbit/clock.

Additionally, the GNSS data are processed with a modi-
fied version of the Bernese GPS software. This version allows 
processing of a predefined combination of two frequencies, for 
example E1 and E5a. The preprocessing (detection of outliers 
and cycle-slips) is based on smoothed code observations. After 
synchronizing the receiver clocks, a GPS-only precise point 
positioning (PPP) solution is computed where the CODE fi-
nal or rapid satellite orbits and clocks are held fixed. The sta-
tion positions, troposphere zenith delays, and gradients as well 
as the receiver clock parameters are obtained in this GPS-only 
solution. They are then introduced as known parameters in 
the GIOVE orbit determination based on the ionosphere-free 
linear combination (LC) of phase and code observations. Only 
the orbital parameters of the GIOVE satellites, their satellite 
clocks, and combined inter-system/inter-frequency biases 
for each receiver but one are estimated. The orbital param-
eters consist of the six Keplerian elements and five radiation 
pressure parameters, broken down into three constant terms 

p FIGURE 4 SLR residuals for SLR-orbit (top) and Bernese-orbit 

(bottom) for GIOVE-B from May 16 to July 20, 2009. Note the 

different scales for the residual plots.

p TABLE 1 Inter-Signal/Inter-System Biases for the two 

receiver types employed in the CONGO network. “IF” denotes 

ionosphere-free combination of dual-frequency measurements.

Signal GeNeRx - Triumph

GPS-L1C/A (0.0 m)

GPS-L1P(Y) -0.3 m

GPS-L2P(Y) -9.0 m

GPS-IF(L1C/A,L2P(Y)) 14.2 m

GPS-IF(L1P(Y),L2P(Y)) 13.1 m

GIOVE-E1 0.0 m

GIOVE-E5a -267.4 m

GIOVE-IF(E1,E5a) 337.1 m

GIOVE-IF(E1,E5a) - GPS-
IF(L1P(Y),L2P(Y))

323.9 m
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and one once-per-revolution periodic term. The GNSS orbit 
product is computed from a five-day data arc. The product 
derived with the Bernese software is referred to as Bernese or-
bit/clock.

The absolute accuracy of these orbit/clock-products cannot 
be accessed directly due to the absence of a reference solution. 
However, SLR residuals and direct comparisons of the trajec-
tory of GIOVE-B give an indication of the expected accuracy. 
For both comparisons, the central days of the SLR and GNSS 
orbits, respectively, are used to avoid the typical degradation at 
the end of the data arc. 

The upper plot of FIGURE 4 depicts the SLR residuals for 
the SLR orbit from May 16 to July 20, 2009. The residuals 
have a mean value of 0.1 centimeters and a standard deviation 
of 4.7 centimeters. The lower plot shows the residuals for the 
Bernese orbits, which have a mean value of –0.6 centimeters 
and a standard deviation of 15.3 centimeters. Note that both 
plots have different scales on the y-axis. The increased residu-
als of the Bernese orbits compared to the SLR orbits are of 
course attributed to the fact that the latter are derived from the 
same SLR observations, which are used for the computation 
of the residuals. The Bernese orbits, on the other hand, are 
derived from completely independent GNSS measurements. 
The SLR observations measure primarily the radial orbit com-
ponent and are likewise suitable to assess the orbit error of the 
GNSS orbits in this direction. It can thus be concluded that 
the Bernese orbits typically have a radial orbit error of less than 
50 centimeters.

Complementary to the computation of SLR residuals, the 
Bernese orbits and SLR orbits have been compared directly. 
FIGURE 5 depicts the 3-D RMS differences between both tra-
jectories. Prior to June 19 (DoY 170), both orbits always agree 
within less than 2 meters, which agrees with the results for 
the SLR residuals. After that date, the position differences are 
significantly increased and reach about 13 meters in the worst 
case. Considering the number of SLR observations for both 
periods reveals the cause of this degradation: after June 19, on 
average only eight observations per day have been available for 
the orbit determination, compared to an average of 15 ob-

servations per day in the previous period. The availability of 
GNSS observations, on the other hand, has been stable over 
the complete period. Thus the increased orbit differences can 
be attributed to a reduced accuracy of the SLR orbits. Overall, 
it can be concluded that the Bernese orbits have a meter-level 
accuracy. The SLR orbits determination performs on a similar 
level, if a sufficient number of observations are available.

Note furthermore that the SLR and GNSS observations 
offer different observation geometries of the satellite orbits. 
Since the satellite’s clock offset is unknown during the or-
bit determination and must be eliminated, only differential 
measurements between two stations can be used. These inter-
ferometric measurements provide the angle between the inter-
station-baseline and the line-of-sight to the satellite. Thus the 
GNSS observations are weaker in the radial direction com-
pared to the SLR measurements, but offer more information 
in the along-track and cross-track directions. As long as the 
GNSS station network has a low DOC, the orbit determi-
nation would benefit from the combined processing of these 
complimentary measurements. 

The accuracy of the Bernese orbits allows a meaningful as-
sessment of the GIOVE-B broadcast ephemerides (BCEs). 
Currently, GIOVE-B transmits usable navigation messages 
with orbit and clock information updated on a regular sched-
ule. Unlike GPS, which provides a new version of ephemerides 
usually every two hours, the issue of the GIOVE-B BCE orbits 
changes after three hours. The changes of the clock informa-
tion, however, happen only once a day in irregular intervals. 

A direct comparison of the orbits from the navigation mes-
sage with the Bernese orbits reveals an agreement between 2.8 
and 4.5 meters as shown in TABLE 2. The low errors confirm 
the assumption that the BCEs for GIOVE-B are produced 
and uploaded on a regular schedule by the control segment. 
Note, however, that the orbit errors rise quickly to several tens 
of meters if the broadcast ephemerides are used beyond their 
validity interval of three hours.

The comparison of the clock information provided in the 
navigation message with the measurements from the CONGO 
network poses an additional problem, since both clocks are re-
ferred to different time systems. The GIOVE clocks estimated 
from the CONGO network are referenced to GPS time, but 
may be offset by an arbitrary bias, which is common to all 
reference-station receivers. To resolve this problem, the bias of 
one station has been constrained to zero and the inter-system-
biases and inter-frequency-biases of all other stations are cali-
brated with respect to this “master” station. The biases for the 
stations equipped with Triumph receivers vary between 0.6–6 
meters. The GeNeRx stations exhibit a larger bias in the or-
der of 320 meters, which is dominated by the aforementioned 
inter-frequency-bias in the ionospheric-free combination.

The GIOVE-B clock provided in the navigation messages 
on the other hand is referred to a GIOVE time system, which 
has an offset to GPS time. Unfortunately, the conversion 

p FIGURE 5 3-D RMS position differences between SLR-derived 

orbits and GNSS-derived orbits.
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parameters from the GIOVE time sys-
tem to GPS time, which are broadcast in 
the BCEs and would allow a removal of 
this offset, are currently invalid and leave 
a significant bias of in the order of 20 
microseconds (6000 meters). The BCEs 
also contain the conversion parameters 
from GIOVE time to UTC time. Evalu-
ating these parameters reveals that the 
GIOVE system time has an offset of 22 
microseconds to UTC time and also to 
GPS time, neglecting the current GPS-
UTC offset of �1 nanosecond. Note, 
however, that the GIOVE system time 

is not representative for later Galileo 
system time. The current offset is far 
beyond the specification for the future 
Galileo-GPS time offset, which will be 
constrained to 50 nanoseconds. 

If the BCE clock offset is referred 
to GPS time with the aforementioned 
conversions and compared to the clock 
offsets of both CONGO clock products, 
the bias is reduced to 1.4 microseconds 
(~420 meters). A large part of this resid-
ual bias can be attributed to the fact that 
ESA’s sensor station network is equipped 
with GETRs, and the GIOVE clocks are 
estimated based on these measurements. 
Applying the previously mentioned bias 
in the ionosphere-free combination re-
moves the largest part of the 420 me-
ters, leaving approximately 100 meters 
of bias, which cannot be conclusively 
explained at the moment. Take into ac-
count, however, that the content of the 
GIOVE navigation message is subject to 
experimentation. Thus the availability or 
applicability of the BCEs for navigation 
purposes cannot be guaranteed. 

Summary and Outlook
Initial results from CONGO, the fi rst 
network of GNSS receivers for scientif-
ic applications offering combined GPS 
and GIOVE tracking on a continuous 
and global level, domonstrate orbit de-
termination of the GIOVE satellites 
at an accuracy level of 1 meter. The 
resulting products will enable a com-
bined positioning using GPS/GIOVE 
or GPS/GLONASS/GIOVE measure-
ments now provided by the latest geo-
detic GNSS receivers. The generation 
of real-time orbit and clock products is 
under development. They will help to 
bridge gaps in the availability of broad-
cast ephemerides and will enable con-
tinuous navigation with the GIOVE 
satellites. In the next year, at least two 
new stations will be added to the CON-
GO network. This will further enhance 
robustness and improve overall quality 
of network products. 
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GESS antenna by Space Engineering. 
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p TABLE 2 Orbit comparisons of GIOVE-

B broadcast ephemerides with Bernese 

orbits.

DOY 3-D RMS Position Diff.

197 3.15 m

198 2.80 m

199 3.82 m

200 4.53 m

201 3.11 m
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