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ABSTRACT 

Similar to terrestrial applications, dual-frequency GPS 
receivers offer numerous advantages over single-
frequency receivers in space applications. Even though 
the basic navigation requirements of many spacecraft 
can well be met by single-frequency receivers, the sec-
ond frequency is of great interest for scientific missions 
and a key to ultimate accuracy in absolute and relative 
navigation. It allows the direct elimination of iono-
spheric path delays and thus gives full access to the ac-
curacy of carrier-phase based measurements. 
 
Within the initiative of DLR to investigate the use of 
commercial-of-the-shelf (COTS) dual-frequency receiv-
ers for space applications, and in search for a purely 
European alternative, DLR has teamed with Septentrio to 
test and qualify their PolaRx2 receiver for use in space 
applications. In this framework, this work presents the 
results obtained from extensive tests of this receiver with 
a GNSS signal simulator. A detailed analysis of the 
tracking performance, the achievable orbit determination 
accuracy and the raw measurement noise characteristics 
is given in the paper. 
 
Additional to the signal performance, the receiver has 
been also tested in terms of vibration and radiation doses 
similar to those found in real scenarios. Results of these 
tests are also given in this paper and show the suitability 
of the PolaRx2 GPS receiver in low earth orbiter (LEO) 
environments. 
 
The results showed in this work contribute to a better 
understanding of the receiver and will enable an optimal 
use of PolaRx2 flight data in future mission applications.  

1. INTRODUCTION 

1.1 Receiver description 

The PolaRx2 receiver (Septentrio, 2003) is built around 
the GNSS Receiver Core (GreCo) which represents an 
advanced version of the earlier AGGA0 chip (Sinander 
et al., 1998). It offers a total of 48 channels that can be 
configured in sets of three to track C/A code, P1 code 
and P2 code for up to 16 GPS satellites. Alternatively, a 

multi-front-end version is available that allows simulta-
neous measurements from multiple antennas in a mixed 
single/dual-frequency configuration. Core computations 
are performed on a MachZ system-on-a-chip computer 
that includes an i486 core (operated at up to 128 MHz) 
with PCI and serial interfaces. Figure 1 shows the Sep-
tentrio PolaRx2 receiver main board. 
 

 
Figure 1 Septentrio PolaRx2 dual-frequency GPS re-
ceiver 

1.2 Test environment 

As part of the qualification effort, the PolaRx2 receiver 
has been extensively tested in signal simulator tests us-
ing Spirent STR4760 (Spirent, 2003) and GSS7790 
(Spirent, 2004) simulators, which are able to generate 
artificial GPS signals that closely match to those seen by 
a GPS receiver. The main point to take into considera-
tion is to test the receiver in an environment as close as 
possible as the one experienced onboard a Low Earth 
Orbiter (LEO) satellite, especially in analysing the re-
sponse of the receiver in a situation of high signal dy-
namics. The high velocities encountered in such condi-
tions generate Doppler shifts of the GPS signal of about 
40 kHz, far exceeding those encountered in terrestrial or 
airborne scenarios. This has important implications in 
geodetic receivers, where in order to keep low the track-
ing noise, narrow tracking loop bandwidths should be 
used. However, this bandwidth must be large enough to 
properly track the signal under the above mentioned en-
vironment. For this purpose, representative Low Earth 
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orbit (LEO) scenarios have been used to test the PolaRx2 
under such environment. 
 
The scenario considered for this work (labelled as 
DLR_LEO in this paper) corresponds to a spacecraft 
orbiting the Earth in a near polar orbit of 450km altitude, 
87o inclination and an eccentricity of 0.005. The epoch 
for this scenario corresponds to November 6th 2001, 
00h00min GPS time. Mostly of the data correspond to 
simulator runs of 2 hours of duration. The GPS signal 
level has been set to +18dB referred to the GPS specified 
guaranteed signal strength of -130dBm for L1 C/A, -
133dBm for L1P(Y) and -136dBm for L2P(Y). This al-
lowed operation of the receiver without an external low 
noise amplifier and provided signal to noise ratios com-
patible with active antennas and life signals. 
 
In this context, several parameters have been studied 
using these scenarios, the GPS signal acquisition and 
tracking performance, the accuracy of the navigation 
solution provided by the receiver itself and the noise 
level of the raw observables (code, phase and Doppler 
measurements). The results of these analyses are detailed 
in the following sections. 
 
Complementary to the signal simulator tests, the Po-
laRx2 receiver has undergone vibration tests and radia-
tion tests using a Cobalt-60 source at the test facility of 
Fraunhofer Institute for Technological Trend Analysis 
(FhG/INT), Euskirchen.  

3. SATELLITE ACQUISITION AND TRACKING 

In order to assess the capability of the PolaRx2 receiver 
to acquire and track GPS signals under a scenario with 
increased signal dynamics, the time elapsed from the 
cold start to the first position fix has been measured. 

Once the signal simulator has been set up and run and 
the receiver is properly tracking, a set of consecutive 
cold starts have been issued (in the PolaRx2 receiver this 
is done by sending a “reset all” command). After issuing 
the command, the receiver takes typically about 10s to 
start operation. Since the memory is erased with this 
command, a complete search is performed. The acquisi-
tion of the first satellites is usually obtained within the 
initial 1.5 minutes after the cold start. The first position 
estimates are usually provided within 2 to 3 minutes af-
ter the cold start. Despite the fact that the PolaRx2 re-
ceiver has not been specifically designed for spaceborne 
applications (i.e. increased signal dynamic environment), 
it is well able to provide a relatively fast acquisition and 
first navigation fix. It is worth noting that this is done 
without any user intervention or any special aiding to 
assist the acquisition. 

On the other hand other types of resets are available. 
With a “reset hard” command (which is equivalent to 
powering the device off), the receiver starts operation 
after approximately 40s. However, with this option the 
almanac and the previous position and time fix are not 
erased, therefore the search of the available satellites is 

reduced and the fixes are given with less time, typically 
1 minute after the reset has been issued. 

Regarding the number of satellites tracked in the LEO 
scenario, between 8 and 12 (maximum) satellites are 
usually tracked simultaneously and used to compute the 
position and time estimates.  

4. NAVIGATION ACCURACY 

In this section, the navigation solution provided by the 
Septentrio PolaRx2 receiver is compared with the refer-
ence values of the satellite position given by the signal 
simulator. 

Results of positioning error for both DLR_LEO scenar-
ios with and without the presence of the ionosphere are 
summarized in Table 1. In the DLR_LEO_NoErr sce-
nario, where the errors due to the ionosphere are not pre-
sent, the total position error (3D RMS) is about 0.6m. 
When a constant ionospheric layer of 20TECU 
(1TECU= 1016electron/m2) is simulated, in the 
DLR_LEO_IonErr scenario, the positioning errors in-
creases to 1.08m.  
Scenario Radial Along-track Cross-track 
DLR_LEO_NoErr -0.19±0.46 0.00±0.26 -0.15±0.22 
DLR_LEO_IonErr -0.12±0.89 -0.14±0.46 -0.14±0.46 

Table 1 Navigation accuracy for the position estimates. 
Errors are given as a mean value and a standard devia-
tion expressed in meters 

Besides position, the PolaRx2 receiver provides as well 
velocity estimates that are computed from the differ-
enced carrier phase Doppler data. Table 2 contains the 
errors for each velocity component. The precision that is 
obtained with the LEO scenarios is 0.15 and 0.13 m/s for 
the DLR_LEO_NoErr and DLR_LEO_IonErr respec-
tively.  

Scenario Radial Along-track Cross-track 
DLR_LEO_NoErr +0.09±0.10 0.00±0.05 0.00±0.03 
DLR_LEO_IonErr +0.09±0.08 -0.01±0.04 0.00±0.02 

Table 2 Navigation accuracy for the velocity estimates. 
Errors are given as a bias and a sigma expressed in me-
ters per second 

In the ionospheric scenario, errors in the position fixes 
up to -15m have been observed. Apparently, these out-
liers take place near acquisition, when the channel is 
only tracking C/A-code (but no P2-code) and, since dual 
frequency data is not available, the receiver relies on a 
Klobuchar model to correct the ionospheric delay, lead-
ing to an inconsistent solution. The figures shown in 
Table 1 and 2 correspond to the errors filtered with a 3σ 
filter, which serves to discard the above mentioned out-
liers.  
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5. RAW MEASUREMENT ACCURACY 

The following section provides an assessment of the 
noise present in the code, phase and Doppler measure-
ments provided by the PolaRx2 receiver. The tests to 
assess the raw measurement accuracy are based on Mon-
tenbruck et al (2002). The data observed by the receiver 
connected to the GPS signal simulator is double differ-
enced with the corresponding simulated observables. 
These simulated values are computed based on the 
spacecraft trajectory and the GPS constellation almanac. 
Once computed, they are used to build the double differ-
ences with the observed measurements for a given pair 
of GPS satellites. This removes all contributions that are 
not specifically due to the receiver itself (geometry, 
ionospheric delay, etc), therefore leaving only the noise 
and multipath. Since in a simulated environment the 
multipath is not present, the technique allows performing 
a good assessment of the receiver noise and systematic 
errors. 

The tests performed using this procedure evidenced the 
presence of a systematic carrier phase error generated by 
a timing bias. To compensate for this effect, the phase 
observations had to be compensated with a time shift of  
-0.6µs. 

An alternative test that can be used in addition to the 
double differencing with simulated observations ex-
plained above is to rely solely on real data. For this pur-
pose two receivers are needed. They are connected to the 
same output of the Signal simulator with a power di-
vider; thus a Zero Baseline test is performed. If the data 
of both receivers is double-differenced, an independent 
estimation of the code and phase noise is also obtained. 

 

5.1 Noise and systematic errors 

The analysis of noise based on the double differences 
with the simulated observables is summarized in Table 
3. The table shows the errors for the code, phase and 
Doppler measurements. These values have been obtained 
without smoothing the measurements, which increases 
the process applied to the observables in order to reduce 
the noise. It is important to note that these figures de-
pend as well on the antenna diagram chosen for the ex-
periment. Choosing an antenna that provides with a 
poorer C/N0 for low elevations will increase the noise of 
the observable, therefore care must be taken in the com-
parison of different receivers to chose exactly the same 
antenna diagram, so the comparative noise values are 
meaningful. 

Scenario CA [m] P1 [m] P2 [m] 
DLR_LEO_NoErr 0.11 0.08 0.08 
DLR_LEO_IonErr 0.09∼0.11 0.07∼0.12 0.07∼0.41 

Scenario L1[mm] L2[mm] D1[cm/s] D2[cm/s] 
DLR_LEO_NoErr 0.8 1.1 2.2 2.2 
DLR_LEO_IonErr 0.9 1.0∼2.0 1.6∼2.1 1.6∼2.1 

Table 3 Noise figures for code, phase and Doppler cor-
responding to the data sets processed with the Signal 
Simulator runs. 

The values shown in Table 3 are compatible with those 
obtained using the Zero Baseline technique applied to 
two identical Septentrio receivers. For the Zero Baseline 
test, the receiver shows a noise of 0.10m/0.09m/0.07m 
for C/A, P1 and P2 code respectively, ~0.6mm and 
~0.9mm for phase in the L1 and L2 frequency and 
~2cm/s for both Doppler measurements. 

A systematic P-code tracking error at low signal strength 
has been detected in the analysis. This can be seen in 
Figure 2, where the P code tracking shows a non-white 
noise behavior, especially when the C/N0 drops.  

 

Figure 2 P1 code tracking for the pair of satellites 
PRN02-28, in the scenario DLR_LEO_NoErr. The fig-
ure plots the double differenced code error (scale in the 
left hand side) and for comparison the corresponding 
carrier-to-noise ratio (scale in the right hand side).  

 
5.2 Measurement noise versus C/N0 

Provided that the pair of satellites from which the double 
differences are built have similar C/N0 values, it is pos-
sible to obtain the relationship between the C/N0 and 
noise. This is done by obtaining the average and standard 
deviation of the double differences (which are basically 
the noise of the receiver) for bins of carrier-to-noise. 

Theoretic expressions that relate both quantities are pro-
vided by several authors (see for instance Misra et al 
2001). The generic expression for the code noise is 
shown in Equation 1: 

10
// 0

10

2
NCAC

dB
l

⋅
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where l is the chip length (293m for C/A code and 29.3m 
for P code), B is the tracking loop bandwidth, d is the 
correlator chip spacing and C/N0 is the carrier-to-noise 
ratio. Although being a generic expression (even for the 
P code provided that it is not encrypted), for semi-
codeless tracking this expression can not be applied as is. 
In view of the empirical results shown in Figure 3, a 
similar formula with a flattening factor (γ) has been used 
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to obtain a fit for the P(Y) code noise observation (see 
Equation 2): 
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where β and γ (flattening factor) are the fitting parame-
ters. Figure 3 also shows the fitting curves besides the 
empirical measurements, showing reasonable agreement 
between the experimental and the theoretical results. 

 

Figure 3 Code noise as a function of carrier-to-noise 
ratio. The figure shows the result for the C/A, P1 and P2 
as well as the model for code and semi-codeless track-
ing. The fitting parameters are also shown in the plot. 

A similar approach may be used for the L1 and L2 phase 
observables. In this case, the noise can be expressed as a 
function of the carrier-to-noise ratio using the following 
expression: 
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where i is 1 or 2 (depending on the frequency), and λ is 
the wavelength. The B parameter in the expression can 
be used to fit the results obtained in the experimental 
analysis, as shown in Figure 4. 

6. ENVIRONMENTAL TESTS 

 
While the GPS Signal simulator provided an adequate 
test-bed to check the receiver in a LEO scenario in terms 
of signal acquisition and tracking, measurement noise 
and navigation accuracy, it is also vital to perform envi-
ronmental tests. This will serve to certify that the re-
ceiver is able to stand the environmental conditions that 
are met in space or during the launch phase.  
 
 
 

 

Figure 4 L1 and L2 phase noise as a function of carrier-
to-noise ratio. The data corresponds to analysis of double 
differences with simulated observations (SimEval) as 
well as with additional receiver (Zero Baseline Test, 
labeled ZBTest). The figure also includes the corre-
sponding fit based on Equation 4. The fitting parameter 
B is 17Hz for LA and 0.52Hz for L2. 

 

Regarding the thermal conditions, the PolaRx2 receiver 
is able to withstand temperature ranges of -30o to +70o 
for operation and -40o to +85o for storage. These limits 
are within the range specified by the space qualification 
and acceptance document described in the ESA docu-
ment ECSS-E-10-03A (ESA, 2002). However it is also 
necessary to check the tolerance and behavior of the re-
ceiver regarding vibrations and exposure to radiation 
dose. 
 
6.1 Vibration tests 

 
These tests are essential in order to verify whether or not 
the receiver can withstand the vibrations that take place 
during the launch phase. For this purpose the receiver 
has been put on an electromecanical shaker that simu-
lates the launch phase. To vibrate a component, the elec-
tromechanical shaker drives its base at a specified level 
of acceleration. 
 
Moreover, in order to set similar conditions than the real 
scenarios and since the receiver is usually turned off 
during the launch phase; the PolaRx2 receiver was pow-
ered down during the test. 
 
These tests follow the standard procedure described by 
ESA document ECSS-E-10-03A. This document speci-
fies a vibration test level expected for different launch 
vehicles such as Ariane 4, Ariane 5 or STS. To fulfill the 
requirements stipulated by the ESA standard, both a ran-
dom and sinusoidal vibration tests are necessary. Re-
garding the random vibration test, the shaker was only 
able to generate vibration levels of up to 0.38 g2/Hz (the 
ESA standard demands levels of up to 0.604 g2/Hz), 
however, this quantity is still above actual vibration lev-
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els of launchers such as Cosmos, Dnepr, etc… On the 
other hand, the sinusoidal vibration test is used to simu-
late the low frequency excitations of the launcher and 
provides useful information. For example, it is used to 
find the resonance frequency of the device and detect 
bad mounting techniques of components on a printed 
circuit board. For the sinusoidal test a sweep between 5 
and 100 Hz is performed on the three axes. During each 
step of the sweep, different vibration levels are applied. 
At low frequencies (from 5 to 20Hz), the displacement 
of the shaker is limited to a fixed value (11mm) until the 
frequency is high enough (>20Hz) that the excitation can 
provide constant acceleration. These values of accelera-
tion are 20g from the range 21~60Hz and 5g for the 
range 61~100Hz. 
 
The PolaRx2 receiver could withstand the vibration to 
which it was exposed in both the random and sinusoidal 
vibration tests. 
 
6.2 Radiation tests 

To assess the response of the PolaRx2 receiver under 
radiated environment, a Total Ionizing Dose (TID) radia-
tion test has been performed at the FhG/INT using a Co-
balt-60 gamma ray source. The tests performed in this 
work are similar to those described in Markgraf et al. 
(2004a), where the DLR’s COTS solution (Phoenix and 
Orion single frequency GPS receivers) were tested and it 
was demonstrated that these receivers could tolerate ra-
diation doses up to 15krad, even though a reduction in 
performance (increase of cycle slips and systematic fre-
quency offsets) was experienced. Similarly, the radiation 
tests performed with the dual frequency NovAtel OEM4-
G2L showed that this receiver could operate properly 
with TIDs up to 10krad (see Markgraf et al. 2004b). In 
order to avoid destructive tests with the PolaRx2, the 
receivers have been exposed to lower radiation doses up 

to 10krad. 

For this test, two Septentrio PolaRx2 receivers where set 
in a Zero Baseline configuration using a roof top an-
tenna. The reference receiver is located far from the ra-
diation source while the test receiver is exposed to radia-
tion. By doing this, it is possible to measure the effect 
that radiation has on the receiver. The impact of radia-
tion on the receiver is assessed basically on the follow-
ing three parameters: increase in current consumption, 
oscillator drift and tracking accuracy 

An increase in the current consumption evidences the 
presence of leak currents that eventually can destroy the 
equipment. In the case of PolaRx2 receiver and after 
removing the dependence of the power consumption 
with the number of satellites tracked, it was noted that 
variation due to radiation was less than 1%; the lower 
and upper limits of the current consumption were 820 
and 830mA respectively. 

The navigation accuracy is obtained by comparing the 
position estimates given by the test receiver with the 
reference position of the roof-top antenna. The test dem-
onstrated that the ionizing dose did not generate notice-
able decrease in the navigation accuracy, being the errors 
within the limits specified by Septentrio (Septentrio 
2003), that is, between 1 and 2 meters for position. The 
effect in the velocity (which should be 0 since the re-
ceivers were tested in a static scenario) was not notice-
able, showing accuracies close to 2cm/s. 

Although statistical verification with more than ore re-
ceiver is mandatory to provide general figures of radia-
tion tolerance, the test conducted with the DLR’s Po-
laRx2 indicated that it is able to withstand a TID of 
9.3krad, which is acceptable for LEO missions. 

However, the clock generator that supplies the clock for 
the MarchZ microprocessor has been found to be radia-

Figure 5 Zero Baseline Test configuration employed in the Radiation Test 
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tion sensitive. Therefore its substitution would further 
increase the robustness of the receiver in actual flight 
applications.  

 

DISCUSSION AND FUTURE OUTLOOK 

Even though not being specifically designed for LEO 
applications and for the increased GPS singal dynamics, 
the PolaRx2 receiver showed good performance regard-
ing the acquisition and tracking. The results obtained in 
the acquisition tests show its outstanding performance of 
less than 3 minutes of acquisition after cold start. The 
analysis of noise of the raw measurements indicates that 
the PolaRx2 is well able to provide with high-precision 
dual-frequency tracking. Moreover, the navigation accu-
racy under the LEO simulated scenarios is around 
1meter (3Drms), which is compatible with the specifica-
tions issued by Septentrio for this receiver. 

Regarding the environmental tests, the vibration tests 
show that the receiver could withstand realistic vibration 
levels that are found in actual launchers. On the other 
hand, the total ionization dose (TID) tests results are at 
least competitive to those obtained in previous analysis 
performed for other single or dual-frequency receivers 
and demonstrate the general suitability for use in low 
Earth orbit. Further studies will, however, be required to 
assess the latch-up and single-event upset sensitivity 
under the action of highly energetic radiation.  

Summarizing, the tracking performance and the large 
number of channels make the PolaRx2 receiver an ideal 
candidate for low budget geodetic space missions. Even 
with additional qualification testing, redundancy con-
cepts and protection mechanisms that are advisable for 
use of COTS technology in space, a factor of five cost 
saving can still be expected compared to existing space 
receivers. This makes the Septentrio PolaRx2 receiver a 
real alternative to full qualified space GPS receivers. 
With the added advantage of a purely European product 
and the high communality of the GreCo and AGGA2 
chips, the PolaRx2 receiver is particularly interesting for 
future ESA missions and has e.g. been suggested as an 
alternative for the upcoming SWARM constellation. A 
first test flight of the PolaRx2 receiver onboard a tech-
nology demonstration micro-satellite is currently 
planned for 2007 as part of DLR’s On-Orbit Verification 
(OOV) program. 
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