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Acronyms and Abbreviations  

DLL Delay-Locked Loop 
DLR Deutsches Zentrum für Luft- und Raumfahrt 
FLL Frequency-Locked Loop 
GPS Global Positioning System 
GSOC German Space Operations Center 
L1 GPS frequency (1575.42 MHz) 
LEO Low Earth Orbit 
Orion-S Product name 
PLL Phase-Locked Loop 
R/F Radio Frequency 
TCXO Temperature Controlled Oscillator 
 
 



 

Scope 

This document summarizes the validation of the Orion-S GPS receiver software for GPS 
tracking in low Earth orbit. The tests are carried out in a signal simulator test bed following 
the generic concept for spaceborne GPS receiver testing of Montenbruck & Holt (2002). In 
addition a zero baseline test is used to independently assess the measurement noise of the 
receiver. 
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1. Receiver Description 
The GPS Orion receiver represents a prototype design [1] of a terrestrial GPS receiver built 
around the Mitel (now Zarlink) GP2000 chipset. It comprises a GP2015 R/F front end and 
DW9255 saw filter, a GP2021 correlator as well as an ARM60B 32-bit microprocessor. The 
receiver provides C/A code tracking on 12 channels at the L1 frequency and operates with 
an active antenna having a total gain of roughly 28 dB. It offers a battery backed real-time 
clock and non-volatile memory to maintain relevant data while disconnected from the main 
power supply. For use on low Earth satellites and other space applications numerous modifi-
cations and enhancements have been made to the original firmware by DLR. These include 
e.g. 

• corrections to the Doppler prediction, measurement time tagging and navigation algo-
rithms to allow proper tracking and navigation at high velocities, 

• the synchronization of all measurements with integer GPS seconds, 
• the aiding of the acquisition process using a priori trajectory information to facilitate a re-

ceiver hot (or warm) start, 
• the use of a 3rd order PLL with FLL assist for accurate carrier tracking at high dynamics, 
• the provision of carrier phase measurements with integer ambiguities for precise relative 

navigation, 
• the use of a carrier aided narrow-band DLL for code tracking and low-noise pseudorange 

measurements, 
• the computation of carrier phase smoothed pseudoranges and carrier based range-rate, 
• a kinematic relative positioning using two receivers,  
• as well as an improved telemetry and telecommand interface. 
In total, the Orion receiver provides five different kinds of raw and preprocessed measure-
ments. Smoothed pseudorange and range-rate are given in the F41 message while the un-
modified pseudorange, Doppler based range rate and carrier phase measurements are 
available as part of the F42 message [2]. The carrier smoothing of raw pseudoranges em-
ploys a typical filtering time scale of 100 s, which is shorter than that applied in many terres-
trial receivers but reduces the impact of code-carrier divergence in space applications with 
rapidly varying elevation angles. Smooth range rates are derived internally from three con-
secutive 0.1s carrier phase samples, thus yielding uncorrelated range rates at the 1 Hz out-
put interval 
The navigation solution is computed once per second using carrier phase smoothed pseudo-
ranges and carrier derived range-rate measurements. By default no ionospheric (or tropo-
spheric) corrections are applied in LEO applications.  
The primary time and frequency source of the receiver consists of a temperature controlled 
oscillator (TCXO) with a nominal frequency of 10 MHz and a specified tolerance of 2 ppm. 
The receiver employs a linear clock model to relate oscillator based clock tics to GPS time. 
Updates of the clock model parameters are computed once per second as part of the naviga-
tion solution if the receiver is tracking at least four satellites. The modeled GPS times pro-
vides the reference for the collection of pseudorange measurements inside the receiver and 
for time tagging the various raw measurements. In an S/A free environment, the modeled 
GPS time typically agrees with the true GPS time to within 30 m or 100 ns. Carrier phase 
measurements are likewise referred to the modeled GPS time clock to allow a direct com-
parison with pseudoranges and their use for carrier phase smoothing. The (pseudo-)range-
rate measurements in contrast, exhibit a common bias on all channels that matches the in-
stantaneous error of the reference oscillator. 
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2. Standard Receiver Test 
This chapter describes the Orion-S receiver validation carried out in accord with the generic 
test concept for spaceborne GPS receivers of Montenbruck & Holt [3]. The tests have been 
confined to the assessment of the navigation accuracy with and without ephemeris and iono-
spheric errors (Tests A & B) as well as the raw measurement accuracy (Test D). No particu-
lar test of the Orion-S clock behavior has been conducted, since representative data are al-
ready provided in [3]. 

2.1 Test Configuration 

A summary of the employed test hardware and software is given in Table 2.1. All tests were 
conducted at the Radio Navigation Lab of ESA/ESTEC in Noordwijk, Netherlands, on 13/16 
June 2003. 
Table 2.1 Hard- and software configuration used in the Orion receiver tests 

Item Description 
GPS Orion receiver DLR/GSOC boards #18;  

Rakon IT225B oscillator 
S/W version D07M 

Preamplifier  VAS/Motorola unit #1005, 30dB amplification 
Signal simulator Spirent STR4760 unit #2007 (ESA/ESTEC); 

12 channels L1 (C/A+P) & L2 (P)  
Default signal power setting +8dB 
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2.2 Navigation Accuracy 

A summary of the achieved navigation accuracy in the absence of intentional ephemeris er-
rors or ionospheric delays (Test A) is given in Table 2.2 and Fig. 2.1. The positioning errors 
are generally well below 1 m and exhibit an even smaller short term noise level (<10 cm) due 
to the application of carrier phase smoothing (with a typical averaging time scale of 100 s). 
The velocity solution is accurate to better than 5 cm/s in accord with the use of carrier based 
range-rate measurements and an accurate range-rate modeling within the receiver. A mod-
erate improvement of the overall navigation accuracy with increasing signal level may be 
observed in accord with an associated reduction in the measurement noise (cf. Sect. 2.4). A 
small systematic offset in along-track direction may be noted, which varies slightly among 
different receiver units.  

Table 2.2 GPS Orion/D07M navigation solution accuracy in the absence of ephemeris and ionospheric errors 
(Test A, 5° elevation limit) 

Signal level Radial Along-track Cross-track Position 
(3D rms) 

Nominal -0.01 ± 0.29 m +0.13 ± 0.11 m +0.03 ± 0.07 m 0.35 m 
High (+3dB) -0.00 ± 0.19 m +0.13 ± 0.09 m +0.00 ± 0.07 m 0.26 m 
Low (-3dB) -0.07 ± 0.30 m +0.16 ± 0.13 m -0.02 ± 0.12 m 0.39 m 
Signal level Radial Along-track Cross-track Velocity 

(3D rms) 
Nominal +0.00 ± 0.04 m/s +0.00 ± 0.01 m/s -0.00 ± 0.01 m/s 0.04 m/s 
High (+3dB) +0.01 ± 0.03 m/s +0.00 ± 0.01 m/s -0.00 ± 0.01 m/s 0.03 m/s 
Low (-3dB) +0.01 ± 0.06 m/s +0.00 ± 0.03 m/s -0.00 ± 0.03 m/s 0.07 m/s 
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Fig. 2.1 GPS Orion/D07M navigation accuracy in the absence of ephemeris and ionospheric errors  
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2.3 Navigation Accuracy with Ephemeris and Ionosphere Errors 

A summary of the achieved navigation accuracy in the presence of intentional ephemeris 
errors and ionospheric delays (Test C) is given in Table 2.3 and Fig. 2.2. As expected, the 
position solution exhibits pronounced steps when new satellites are acquired. A large scatter 
is obvious in all components of the position vector and the radial component exhibits a mean 
offset of about 13 m resulting from the elevation dependent ionospheric path delay. The hori-
zontal plane coordinates, in contrast are only slightly biased. Despite the large overall errors, 
the position solutions exhibits a very small short term noise due to the application of carrier 
phase smoothing. However, sudden steps in the position solution may be observed, when 
the constellation of tracked satellites changes. The velocity solution exhibits no changes 
compared to the error free scenario discussed above, since the modeling of broadcast 
ephemeris errors in the Spirent signal simulator does not allow the incorporation of dedicated 
velocity terms.  

Table 2.3 GPS Orion navigation solution accuracy in the presence of ephemeris and ionospheric errors (Test C; 
5° elevation limit) 

Signal level Radial Along-track Cross-track Position (3D rms) 
Nominal  +13.1 ± 8.4 m –2.2 ± 2.4 m +1.6 ± 2.6 m 16.2 m 
Signal level Radial Along-track Cross-track Velocity (3D rms) 
Nominal  +0.00 ± 0.04 m/s –0.02 ± 0.02 m/s –0.00 ± 0.01 m/s 0.05 m/s 
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Fig. 2.2 GPS Orion/D07M navigation accuracy in the presence of ephemeris and ionospheric errors 
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2.4 Raw Measurements Accuracy 

Results of Test D for the assessment of the raw data quality are collated in Table 2.4. The 
resulting pseudoranges are typically accurate to 0.4 m, carrier phase measurements have 
r.m.s. errors of 0.5-0.8 mm and the Doppler based range-rate is accurate to about 8 cm/s. 
The carrier phase smoothed pseudoranges exhibit a noise level of typically 0.07 m, while 
carrier based range rates are accurate to about 1.5 cm/s. The latter value is consistent with 
the observed carrier phase noise and the differencing over adjacent 0.1 s samples.  
Aside from the default signal level, the various test cases have been executed for both a 
3 dB increase and decrease of the simulator output power settings. As expected, the quality 
of the code, carrier phase and Doppler measurements varies with the applied signal level 
and resulting signal-to-noise ratio. On average, the noise level of all native measurement 
types changes by 20% for a 3 dB SNR variation in accord with theoretical predictions. For 
further reference, the relation between measurement noise and signal-to-noise ratio (SNR) 
readings of the Orion receiver is illustrated in Fig. 2.3. The specified SNR values refer to the 
center time of test cases 1–6, and are about 3 dB higher than the average SNR over the re-
spective time intervals. 
Sample plots of double differences between individual channels are shown in Figs. 2.4 and 
2.5 for nominal signal levels. While case 1 (PRN 2-28, cf. Fig. 2.4) illustrates a situation in 
which the signals from both satellites are affected by an almost identical dynamics, maximum 
relative accelerations of ±1g and range rate differences of up to 10 km/s are encountered in 
case 4 (PRN 2-28, Fig. 2.5).  
Except for a slight slope in some of the Doppler data (see e.g. Fig. 2.5), none of the available 
data types exhibits obvious systematic errors related to the range rate or line of sight accel-
eration. The carrier phase measurements were also verified to exhibit integer ambiguities 
when forming double differences with respect to the simulated values. For the average dou-
ble difference of each data arc, maximum deviations of 1 mm from integer multiples of the L1 
wavelength were obtained in cases 4 to 6, while the offset was always smaller than 0.1 mm 
in cases 1 to 3.  
The test confirms the proper function of the tracking loops and the accurate time tagging of 
all measurements. Where present, residual errors of systematic nature are confined to the 
noise level of the data. 
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Table 2.4 Standard deviation of GPS Orion raw data obtained from Test D using Orion #18 and s/w version D07M 
(C1=pseudorange, L1=carrier phase, D1= range rate from Doppler, C1(CP)=carrier smoothed pseudorange, 
D1(CP)=range rate from carrier phase) 

Signal level # PRN Interval C1 L1 D1 C1(CP) D1(CP) 
Normal 1   2–28 [174000s,175800s] 0.30 m 0.50 mm 0.06 m/s 0.04 m 0.01 m/s 
 2 14–29 [178100s,180000s] 0.34 m 0.55 mm 0.07 m/s 0.06 m 0.01 m/s 
 3   3–15 [177400s,178900s] 0.37 m 0.67 mm 0.09 m/s 0.06 m 0.02 m/s 
 4 21–28 [173800s,174700s] 0.38 m 0.74 mm 0.08 m/s 0.07 m 0.01 m/s 
 5 13–22 [176500s,177700s] 0.38 m 0.69 mm 0.08 m/s 0.07 m 0.01 m/s 
 6   6–17 [177100s,178000s] 0.38 m 0.73 mm 0.09 m/s 0.05 m 0.02 m/s 
High (+3dB) 1   2–28 [174000s,175800s] 0.26 m 0.41 mm 0.05 m/s 0.06 m 0.01 m/s 
 2 14–29 [178100s,180000s] 0.27 m 0.44 mm 0.05 m/s 0.07 m 0.01 m/s 
 3   3–15 [177400s,178900s] 0.31 m 0.59 mm 0.07 m/s 0.06 m 0.01 m/s 
 4 21–28 [173800s,174700s] 0.31 m 0.67 mm 0.07 m/s 0.03 m 0.01 m/s 
 5 13–22 [176500s,177700s] 0.29 m 0.59 mm 0.06 m/s 0.04 m 0.01 m/s 
 6   6–17 [177100s,178000s] 0.34 m 0.63 mm 0.07 m/s 0.06 m 0.02 m/s 
Low (-3dB) 1   2–28 [174000s,175800s] 0.42 m 0.65 mm 0.09 m/s 0.10 m 0.01 m/s 
 2 14–29 [178100s,180000s] 0.45 m 0.70 mm 0.09 m/s 0.07 m 0.02 m/s 
 3   3–15 [177400s,178900s] 0.50 m 0.86 mm 0.11 m/s 0.10 m 0.02 m/s 
 4 21–28 [173800s,174700s] 0.50 m 0.90 mm 0.11 m/s 0.09 m 0.02 m/s 
 5 13–22 [176500s,177700s] 0.48 m 0.83 mm 0.10 m/s 0.09 m 0.02 m/s 
 6   6–17 [177100s,178000s] 0.50 m 0.85 mm 0.12 m/s 0.08 m 0.02 m/s 
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Fig. 2.3 Average pseudorange, carrier phase and Doppler noise as a function of signal-to-noise ratio (SNR) near 
center of data arc. 
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Fig. 2.4 Double differences (PRN 2-28, observed-modeled) of GPS Orion measurements obtained in Test D1 
(low relative dynamics) at nominal signal level (C1=pseudorange, L1=carrier phase, D1= range rate from Doppler, 
C1(CP)=carrier smoothed pseudorange, D1(CP)=range rate from carrier phase) 

 



Document Title:  11 
Orion-S GPS Receiver Software Validation 

Document No.  Issue 1.1 
GTN-TST-0110  July 9, 2003 

 DLR/GSOC No part of this document shall be reproduced in any form or disclosed to third parties without prior authorization. 

173800 173900 174000 174100 174200 174300 174400 174500 174600 174700

−4

−2

0

2

4
C

1 
[m

]

173800 173900 174000 174100 174200 174300 174400 174500 174600 174700
−10

−5

0

5

10

L1
 [m

m
]

173800 174000 174200 174400 174600
−1

−0.5

0

0.5

1

D
1 

[m
/s

]

173800 173900 174000 174100 174200 174300 174400 174500 174600 174700
−1

−0.5

0

0.5

1

C
1(

C
P

) 
[m

]

173800 173900 174000 174100 174200 174300 174400 174500 174600 174700

−0.2

−0.1

0

0.1

0.2

D
1(

C
P

) 
[m

/s
]

Time (GPS secs of week 1139)

 
Fig. 2.5 Double differences (PRN 21-28, observed-modeled) of GPS Orion measurements obtained in Test D4 
(high relative dynamics) at nominal signal level (C1=pseudorange, L1=carrier phase, D1= range rate from Dop-
pler, C1(CP)=carrier smoothed pseudorange, D1(CP)=range rate from carrier phase) 
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3. Zero-Baseline Test 
Supplementary to the single receiver test described in Chap. 2, the raw measurement accu-
racy of the Orion receiver has been assessed in a traditional zero-baseline test. This test is 
insensitive to systematic errors that are common to both receivers and cancel upon forming 
the double differences. The zero-baseline test is well suited to determine the noise level of 
the pseudorange, carrier phase and Doppler measurements over a wider range of signal 
levels. 

3.1 Test Concept and Configuration 

For the zero baseline test, two Orion receivers were each connected to a separate preampli-
fier fed by a signal simulator via a power splitter. The simulated scenario refers to a polar low 
Earth orbit and matches the error free test case described in [3]. In order to compensate for 
the loss in signal level introduced by the power splitter, the signal simulator output power was 
raised by +3dB over the value used in other GPS Orion test. 
Measurements were collected from both receivers over a two hours interval and used to form 
double differences between tracked GPS satellites and receivers. The noise of pseudorange, 
carrier phase and Doppler measurements was then determined as one half of the standard 
deviation of the respective double differences over intervals of ±40 s.  
A summary of the employed test hardware and software is given in Table 3.1. The test was 
conducted at the Radio Navigation Lab of ESA/ESTEC in Noordwijk, Netherlands, on 12 
June 2003. 

Table 3.1 Hard- and software configuration used in the zero-baseline test of the Orion receiver 

Item Description 
GPS Orion receiver DLR/GSOC boards #11 & #12;  

Rakon IT225B oscillator 
S/W version D07M 

Preamplifier  VAS/Motorola unit #1005 & #1006, 30dB amplification 
Power splitter M/A Com PN2089-6201-00  
Signal simulator Spirent STR4760 unit #2007 (ESA/ESTEC); 

12 channels L1 (C/A+P) & L2 (P)  
Scenario DLR_LEO_NOERR 
Default signal power setting +11dB 
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3.2 Test Results 

Results of the zero-baseline test are provided in Fig. 3.1. It shows the code and carrier track-
ing noise as derived from double differences of PRN 2 and PRN 28 between GPS time 
173700 s and 175900 s. Both satellites have a common visibility period with near identical 
elevation and SNR values during this time frame.  
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Fig. 3.1 Noise of raw GPS measurements as a function of signal-to-noise ratio (SNR). Each point in the diagram 
represents the average measurement noise over an interval of ±40 s plotted against the average SNR within this 
interval. 

At a representative signal-to-noise ratio of 13 dB, a noise level of 0.4 m, 0.6 mm and 
0.09 m/s is obtained for pseudorange, carrier phase and Doppler measurements in close 
accord with the results of the standard receiver test described in Chap. 2.  
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Summary and Conclusions 

The proper tracking and measurements collection of the Orion-S receiver software D07M 
under the signal dynamics of a low Earth orbit has been validated. Raw pseudorange, carrier 
phase and Doppler measurements exhibit a typical accuracy of 0.5 m, 0.7 mm and 0.10 m/s 
at nominal signal-to-noise ratios. The test confirms the proper function of the tracking loops 
and the accurate time tagging of all measurements. Where present, residual errors of sys-
tematic nature are confined to the noise level of the data. 
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