
 

 

  
Abstract—To assess the use of four types of commercial-

of-the-shelf (COTS) GPS receivers under space radiation 
environment, Total Ionizing Dose (TID) radiation tests 
have been performed with a 60Co gamma-ray source. 
 

Index Terms—COTS Components, GPS receivers, TID 
system-level test, Space radiation environment. 
 

I. INTRODUCTION 
PS systems have become an attractive solution for both 
scientific and navigation oriented applications on board 

satellites. However, space graded GPS receivers are far 
beyond the economic budget of low cost satellite projects 
including micro satellites developed by a growing number of 
universities. For this reasons, more and more projects try to 
rely on commercial-off-the-shelf (COTS) components. 
However, the utilization and application of COTS parts 
requires a thorough testing and understanding of the reliability 
and failure mechanisms associated with the selected devices in 
the expected space environment [1]. One of the major threats 
to electronic systems operated in orbit is ionizing radiation. To 
assess the use of GPS systems purely based on COTS 
components under the space radiation environment constraint, 
a series of total ionizing dose (TID) radiation test has been 
carried out at a system level for four types of GPS receivers: 
the Orion was successfully flown on sounding rocket missions 
(TestMaxus-4, Maxus-4,-5 and Texus-39) and the micro 
satellite PCsat (2001); the Phoenix receiver is extensively 
used in European sounding rocket missions (e.g. ASOLANT 
experiment on-board the Cosmos rocket, 2005) and has been 
selected for important future flying missions as PROBA2 (end 
2007), PRISMA and X-Sat (2008); the OEM4-G2L will be 
used on the e-PoP platform of CASSIOPE (2008) and a first 
test flight of PolaRx2 is planned for 2008 (OOV program). 

In the subsequent section of this paper the investigated GPS  
receivers and their key electronic components are introduced.  
Further on, the test methodology and the final results are  
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presented and discussed. 

II. GPS RECEIVERS DESCRIPTION 

A. Orion GPS Receiver 
The Orion receiver (Fig. 1), based on the prototype design 

of a terrestrial 12 channel L1 C/A code GPS receiver made by 
Mitel semiconductor (now Zarlink), offers single-frequency 
C/A code and carrier tracking on 12 channels. It employs the 
GP2000 chip set of Zarlink, which comprises the GP2015 R/F 
down converter, the DW9255 SAW filter, the GP2021 
correlator and a 32-bit ARM60 RISC micro-processor [2, 3]. 
The receiver main board holds also a temperature 
compensated crystal oscillator (TCXO) that provides the 10 
MHz reference frequency, as well as the EPROM and SRAM 
memory devices, for storage of the receiver application code 
and run-time data. To enable operation under the adverse 
signal conditions (space and high dynamic missions), the 
original software was largely modified. The Orion receiver 
board exhibits an average power consumption of 2.0 W under 
nominal working conditions. Table I gives the list of 
semiconductor and crystal devices considered to be most 
susceptible to radiation and may be thus potentially 
responsible for receiver malfunctions and failure. 
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TABLE I 
INVENTORY LIST OF THE ACTIVE COMPONENTS EMPLOYED IN THE ORION GPS 

RECEIVER 

Description ITEM Manufacturer 

RF front-end GP2015 Zarlink (Mitel) 
Correlator GP2021 Zarlink (Mitel) 
EPROM (64K x 16) AM29C-1024 Atmel 
RAM (128K x 8) HM 628127  Hitachi 
TCXO 10MHz IT 225 BE Rakon 
Schottky diode SS12 General Instruments 
Processor ARM60-BIG ARM 
NAND gate 74S00 TI 



 

 

Fig. 1.  Orion receiver board     Fig. 2.  Phoenix receiver board 

B. Phoenix GPS Receiver 
This miniature device is based on the MG5001 receiver [4] 

designed for automotive applications and can be considered as 
a successor of the single-frequency Orion receiver. The major 
difference with respect to the Orion receiver is the front-end 
part of the MG5001 which provides an onboard low noise 
amplifier (LNA) that allows operation of the receiver with 
low-gain active or even passive antennas. Following the R/F 
front-end, the Phoenix employs the GP4020 baseband 
processor of Zarlink [5], combining the core of the GP2021 
12-channel correlator and a 32 bit ARM7 TDMI micro-
processor kernel in a single package. Compared to its 
predecessor, the Phoenix receiver features notably lower 
power consumption (ca. 0.8 W) as well as a smaller form 
factor (70 mm x 47 mm x11 mm against 95 mm x 50 mm x 30 
mm). Table II summarizes the electronic parts that are of 
prime relevance for the radiation tests. Fig. 2 gives a picture 
of the Phoenix GPS receiver board. 

C. OEM4-G2L GPS Receiver 
The OEM4-G2L ([6]) represents a geodetic-grade 24-

channel dual-frequency receiver and is designed for terrestrial 
use only. 12 channels are allocated for C/A-code tracking on 
the L1 frequency, whereas the remaining set of 12 channels 
provides P-code tracking on the L2 frequency. As core 
components it employs an Intel PXA250 [7] processor and an 
advanced MINOS-4 DSP ASIC for the signal processing. The 
use of a 0.18 µm manufacturing process enables a high 
processor speed; however, components become more sensitive 
to radiation which makes them more prone to damage under 
the radiation of the space environment. The OEM4-G2L 
receiver employs an internal 20 MHz voltage controlled, 

temperature-compensated crystal oscillator (VCTCXO) as its 
reference frequency. The small form factor (60 mm x 100 mm 
x 16 mm), weight (65 g) and power consumption (1.8 W 
typical) make the receiver of particular interest for micro-
satellite missions with tight onboard resources. Table III 
contains the main components of the board and a picture of 
the receiver can be seen in Fig. 3. 

D. PolaRx2 GPS Receiver 
The PolaRx2 receiver ([8]) is a dual frequency L1/L2 code 

and carrier tracking. It is built around the GreCo correlator 
chip which is a follow-on of the previous ESA-developed 
AGGA chip ([9]). It offers a total of 48 channels that can be 
configured in sets of three to track C/A, P1 and P2 codes for 
up to 16 satellites. Alternatively, a multi-front-end is available 
that allows simultaneous measurements from multiple 
antennas in a mixed single/dual-frequency configuration. Core 
computations are performed on a MachZ system-on-chip 
computer. A 10 MHz TCXO is used as frequency reference. A 
list of the potentially radiation-sensitive components of this 
board is given in Table IV as well as its picture in Fig. 4. 

 

 

 
Fig. 3.  OEM4-G2L receiver board  Fig. 4.  PolaRx2 receiver board 

III. TID TEST SET UP DESCRIPTION 
The TID radiation tests were conducted at the Fraunhofer 

Institute for Technological Trend Analysis (FhG/INT) at 
Euskirchen, Germany. All tests were performed using a 
Gammamat TK1000 Cobalt-60 radiation source with high 
dose rates (HDR) of 0.25-5 rad(Si)/s. Aware of that the 
degradation in space may be much worse than predicted by 

TABLE II 
INVENTORY LIST OF THE ACTIVE COMPONENTS EMPLOYED IN THE PHOENIX 

GPS RECEIVER 

Description ITEM Manufacturer 

Baseband processor GP4020 Zarlink (Mitel) 
RF front-end GP2015 Zarlink (Mitel) 
SRAM CMOS IS61LV12816 ISSI  
Flash memory CMOS AM29LV200B AMD 
Flash micro ATtiny12L-4SC Atmel 
TCXO 10 MHz IT7525 Rakon 
Step-down regulator MAX1692 Maxim 
Digital FET FDV301N Fairchild 
LNA BGA427 Infineon 
D-type flip-flop  MM74HC175 Industry Std 
EX-OR gate 74HC86D Philips 
HS inverter NC7S04M5 Fairchild 
Schottky diode BAT54J ST Microelectronics 
Transistor FMMT591A Zetex 

TABLE IV 
INVENTORY LIST OF THE ACTIVE COMPONENTS EMPLOYED IN THE POLARX2 

GPS RECEIVER 

Description ITEM Manufacturer 

Correlator MINOS-4 NovAtel 
Microprocessor PXA255-A0E200 Intel 
Transceiver MAX3223E EAP Maxim 
Flash memory M28W320CT ST Microelectronics 
8-bit A/D converter AD9288 Analog Devices 
Voltage monitor ADM811 Analog Devices 

TABLE III 
INVENTORY LIST OF THE ACTIVE COMPONENTS EMPLOYED IN THE OEM4-

G2L GPS RECEIVER 

Description ITEM Manufacturer 

Correlator MINOS-4 NovAtel 
Microprocessor PXA255-A0E200 Intel 
Transceiver MAX3223E EAP Maxim 
Flash memory M28W320CT ST Microelectronics 
8-bit A/D converter AD9288 Analog Devices 
Voltage monitor ADM811 Analog Devices 



 

 

laboratory irradiations due to Enhanced Low Dose Rate 
Sensitivity (ELDRS) effects, however, it was chosen, for cost 
and time reasons, to perform accelerated tests at high dose rate 
rather than longer and more realistic simulations at low dose 
rates (LDR) between 0.01 and 0.1 rad(Si)/s. 

In order to allow a comprehensive monitoring of the GPS 
receiver performance during the test, a zero-baseline 
configuration was chosen, in which the irradiated DUT and a 
reference receiver outside the radiation chamber were jointly 
supplied with life GPS signals from a common external 
antenna. This approach allowed a qualitative and quantitative 
assessment of the impact of absorbed ionizing radiation on 
current consumption, tracking performance and navigation 
accuracy of the GPS receiver and a study of oscillator 
variations induced by radiation. The test setup is divided into 
three fundamental blocks, namely the GPS antenna system, 
the radiation chamber and the monitoring and recording 
equipment outside the test chamber (Fig. 5). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Structural diagram of the setup as applied for the TID tests 
 

Inside the radiation chamber, the device under test (DUT) 
was placed on top of a small table below the Cobalt-60 
gamma ray projector (Fig. 6). The distance between radiation 
source and test object was determined by the desired radiation 
homogeneity (10 % recommended, cf. [10, 11]: the distance 
shall exceed a value of three times the semi-diagonal of the 
test board or the illuminating beam must not exceed a half-
cone angle of 18.4°) and dose rate. The dose rate applied was 
not measured since it was precisely set due to the good 
calibration of the source. 

 

 

 
Fig. 6.  Co60 radiation source and test receiver on the table below (left). The 
minimum distance between radiation source and test object is determined by 
the diagonal size of the test object and the desired dose rate (right) 
 

The receiver boards were connected to an interface (I/F) 
board which provided the power supply and line drivers. This 
I/F was properly shielded against stray radiation. An ampere-
meter was incorporated into the power supply line to monitor 
the current consumption during the tests. Outside the radiation 
chamber a total of three PCs were employed to gather and 
store all relevant information (measurements of the two 
receivers and current consumption). 

In total, six independent test runs have been performed at 
different epochs. The tests involved two Orion, three Phoenix, 
one OEM4-G2L and one PolaRx2 GPS receivers (Table V). 
Except for the NovAtel and Septentrio receivers, all devices 
have been exposed to the highest possible radiation level 
before the ultimate hardware break-down took place. 

IV. TID TEST RESULTS 

A. Current Drain and TID Tolerance 
To estimate the impact of radiation on the board electronics, 

the variation of the supply current was monitored through all 
tests. 

For the Orion and Phoenix units, the measurements curve 
can be divided into three phases as illustrated in Fig. 7 and 
Fig. 8. Indeed, up to a receiver type specific radiation-
tolerance threshold (4-9 krad(air) for the Phoenix receiver 
type, 12 krad(air) for the Orion type), no increase in the power 
consumption could be recognized for the Phoenix and Orion 
receivers. The absorbed ionizing dose obviously does not 
cause measurable harm to the system. Thereafter, however, an 
apparent degradation of components was clearly indicated by 
a gradual rise in the measured current drain. A third phase 
with almost linearly increasing current consumption 
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TABLE V 
SUMMARY OF KEY TEST PARAMETERS AND ABSORBED TID RADIATION AT 

THE TIME OF RECEIVER BREAK-DOWN 

Test DUT Dose Rate [rad(air)/s] TID [krad(air)] 

1 Phoenix #3 1.0 15.3 
2 Phoenix #2 5.0 16.5 
3a Phoenix #1 0.25 14.3 
3b Orion #19 + I/F 0.27, 1.0 17.0 
4 Orion #20 5.0 17.4 
5 OEM4-G2L 1.0 10.0 
6 PolaRx2 1.0 9.3 



 

 

announced finally the receiver hardware break-down 
identified by a sudden drop in the power consumption (at the 
radiation level of 14-17 krad(air)). It coincided with a loss of 
data transmission and communication. 
A general dose rate dependency is noticed from this analysis: 
for both receiver types, Orion and Phoenix, the current 
increase is more pronounced at lower dose rates as the 
receivers are being irradiated. Besides, the lower the 
irradiation dose rate, the lower the TID for which the receivers 
failed. 
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Fig. 7.  Relative increase of the current consumption of the Orion and Phoenix 
receivers as a function of accumulated TID 
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Fig. 8.  Current pattern with the case of Phoenix receiver #1 during the test #3 
(0.25 rad(air)/s) 
 

For the NovAtel receiver, similar but less pronounced 
results were found with regard to the power consumption (Fig. 
9). The change in the supply current for the initial 4 krad(air) 
is almost negligible; thereafter, a roughly constant increase to 
a maximum of approximately 6 % is observed which is small 
compared to the natural fluctuations caused by a varying 
processor activity. One can also mention that the current 
consumption varied with each additional tracked satellite, 
depending on the number of hardware channels used in the 
correlator (also observed for Septentrio receiver). 
 

-10%

-5%

0%

5%

10%

15%

20%

-2000 0 2000 4000 6000 8000 10000 12000

Irradiation time [s]

C
ur

re
nt

 V
ar

ia
tio

n 
[%

]

Irradiation 1 rad(air)/s 

 

Fig. 9.  Relative changes in the current consumption of the OEM4-G2L GPS 
receiver (changes due to the number of tracked satellites removed) 
 

For the PolaRx2 receiver, it was noted that variation due to 
radiation was minor starting from 5 krad(air) and less than 1 
%; the lower and upper limits of the current consumption were 
820 mA and 830 mA respectively. 

B. Oscillator Drift 
Although the Orion and Phoenix receivers employ a slightly 

different oscillator hardware for the generation of the 10 MHz 
reference frequency, during all tests high but almost constant 
frequency drift rates were encountered as shown in Fig. 10: 
for the Phoenix units it amounts to approximately 1.9 
Hz/rad(air), with a slight drift increase as the dose rate is 
higher. For the Orion receivers, unit #20 (tested at the dose 
rate of 5 rad(air)/s) exhibited a higher drift rate of roughly 2.6 
Hz/rad(air) than unit #19 which showed approximately 1.9 
Hz/rad(air) for lower dose rates. This deviation may be 
attributed to the different dose rates applied in both tests. 
According to the information given in [12], increased 
frequency drifts are a normal phenomenon observed for 
oscillators exposed to radiation and can be primarily attributed 
to changes in the crystal unit caused by the absorbed radiation 
dose. 
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Fig. 10.  Measured oscillator offset (w.r.t. the GPS L1 frequency) as a 
function of absorbed total radiation dose for Phoenix and Orion parts 
 

For the OEM4-G2L similar behavior to that of normal 
operations were found and no influence of radiation could be 
detected as depicted in Fig. 11. In this NovAtel receiver, the 
clock filter estimates the instantaneous clock bias and bias rate 
from the navigation solution and steers the VCTCXO such as 
to drive both values to zero. Since any changes in the 
reference frequency caused by environmental effects are 
directly compensated by this steering process, the actual 
oscillator frequency remains essentially constant during 
normal operations. As a consequence, radiation induced 
frequency variations could not be measured directly but had to 
be inferred from the control loop output. The variation of the 
clock steering loop parameter before, during and after the 
irradiation is shown in Fig. 11. While a change in the gradient 
of the pulse width curve is evident right at the start and end of 
the gamma-ray exposure, the pulse width values remain well 
within the range encountered in normal operations as 
demonstrated by the respective values of the OEM4-G2 
reference receiver operated outside the radiation chamber. 
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Fig. 11.  Pulse width variation of the clock steering process for the OEM4-
G2L receiver 
 

Concerning the PolaRx2 receiver, the drift of the oscillator 
frequency caused by environmental effects such as radiation is 
compensated by a clock steering mechanism. Fig. 12 depicts 
the clock drift of the radiated receiver. At 9.3 krad(air), the 
clock generator for the MachZ microprocessor broke; 
however, one day later, it functioned properly again. 
 

 
Fig. 12.  Clock drifts of the test receiver as a function of TID for PolaRx2 
receiver 

C. Navigation Accuracy 
The accuracy of the navigation solution was evaluated by 

computing the position and velocity residuals between the 
navigation fixes obtained by the test receivers and a static 
reference position. 

During the TID test, the Orion receiver #20 (see Fig. 13) 
showed pronounced and frequent navigation errors (position 
and velocity readings with peak errors of up to 340 m and 135 
m/s, respectively) and data outages (ranging from a few 
seconds up to several minutes) were encountered and are 
related to the loss of satellite. 
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Fig. 13.  Position and velocity residuals of the Orion #20 (test #4) with respect 
to a static reference position 
 
However, outliers in the velocity records were likewise 
observed in other tests with the Orion and Phoenix receiver, 
but considerably less frequent. For example, during the 

Phoenix unit #2 test, sporadic outliers could be identified from 
the very beginning of the irradiation (see Fig. 14). A gradual 
increase on the number of these outliers could be noticed, up 
to the absolute value of 9.5 m/s. Moreover, such errors were 
found to occur more frequently during tests with high dose 
rates, which suggest a further dependency of the tracking 
problems on the applied dose rate. In general, the Orion 
receivers turned out to be more sensitive to radiation exposure 
than the Phoenix hardware, at least with regard to the 
navigation solution. 
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Fig. 14.  Velocity errors obtained during test #2 for the Phoenix unit #2 and 
the reference receiver 
 
For completeness, test #3a performed with Phoenix #1 at a 
dose rate of 0.25 rad(air)/s was the only test in which no 
tracking nor navigation anomalies were recognized. This 
suggests that the degradation is not only a function of the total 
dose but also of the dose rate. 

Other than for the Orion and Phoenix receiver, the position 
and velocity solutions generated by the OEM4-G2L and 
PolaRx2 receivers did not exhibit any outliers that would 
indicate instability of the tracking process as a result of the 
radiation exposure. 

D. Signal Tracking and Raw Data Evaluation 
The overall receiver performance has been assessed by 

comparing the number of satellites tracked by the DUTs and 
the reference sensor. All test and reference receivers tracked 
an identical number of satellites through the irradiation except 
the Orion #20 which showed an highly instable signal 
tracking. A comparison of navigation and tracking data 
recorded during this test #4 revealed a strong correlation 
between the loss of a satellite and the navigation errors 
mentioned above. 

The employed “zero-baseline” configuration allows the 
elimination of all systematic errors on the raw data by forming 
double differences between GPS measurements from two 
satellites obtained by two receivers operated at a common 
antenna. Remaining errors on the observables are receiver 
measurement noise and effects caused by anomalies on 
individual tracking channels, like cycle slips on the carrier 
phase data. 

The obtained raw measurement accuracy for the Orion and 
Phoenix receivers of about 0.3-0.6 m r.m.s. for the pseudo 
ranges and 0.07 m/s r.m.s for the Doppler based range-rates is 
in good agreement with values typically encountered in GPS 
signal simulator tests and during normal ground operation (see 
Table VI). From the recorded data no evidence was found for 
a potential impact of the TID onto the pseudorange and 
Doppler frequency tracking in the receiver. Concerning carrier 



 

 

phase measurements, however, an exceptional number of 
discontinuities was noticed, which could be attributed to cycle 
slips by one or a few integer cycles of the L1 carrier 
frequency. Only for Phoenix #1, no such anomalies could be 
identified. Following the elimination of the integer cycle slips 
in the phase measurements a still slightly increased noise level 
of about 2.0 mm r.m.s. was determined (see Table VI) 
compared to values of 0.5-0.7 mm typically found in 
previously performed receiver tests. This increase could be 
mainly attributed to numerous outliers recognized in the direct 
vicinity of the cycle slips (and obviously associated with the 
tracking loop relaxation after a sudden jump in the 
observations). Moreover, the number of cycle slips increased 
as a function of dose as depicted by the histogram in Fig. 15. 
It is speculated, that short-term frequency instabilities in the 
reference oscillator or similar effects induced by the radiation 
are the most likely cause for the encountered tracking 
instability. 
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Fig. 15.  Statistical distribution of cycle slips detected during test #2 (Phoenix 
#2, 5 rad(air)/s) versus absorbed dose rate 
 
Furthermore, for each recognized cycle slip a corresponding 
outlier in the velocity solution at the same epoch could be 
identified. This was however not surprising, as the receiver 
computes velocity fixes internally from range-rates which are 
derived form consecutive carrier phase samples. 

For the NovAtel and Septentrio receivers, no influence of 
the radiation on the raw measurement could be recognized. 

V. POST-IRRADIATION RECEIVER EVALUATION 
Analysis of post-annealing data was conducted in order to 

see its effects on key electrical parameters of the irradiated 
receivers as well as their tracking and navigation performance. 
The purpose of such failure analysis after DUT breakdown 
was also to identify the components of the board responsible 
for the breakdown of the receiver. 

A. Orion and Phoenix GPS Receivers 
A few minutes after end of radiation exposure most test 

receivers resumed data transmission but with heavily 
corrupted transmitted messages and frequent receiver reboots. 
Thus, the receivers were unable to acquire satellite signals or 
to achieve 3D navigation and therefore no further receiver 
evaluation could be carried through at that stage. 

Approximately three hours following the end of the 
radiation test, Phoenix unit #3 provided again continuous and 
valid sentences. Due to evidently available initialization data 
stored in the receivers NVM (i.e. time, almanac), a sufficient 
number of GPS satellites for computing a navigation solution 
could be acquired within a few minutes after activation. 
However, the receiver continued to exhibit a significantly 
unstable operating behavior, indicated by still frequent reboots 
in irregular intervals of a few seconds up to several minutes. A 
comparable behavior could be observed for all other tested 
devices except for Phoenix receiver #1, which couldn’t be 
reactivated at all. For Orion unit #19, a closer hardware 
inspection revealed that apparently the I/F board caused the 
hardware-breakdown. Connected to a non-irradiated I/F-board 
the receiver was functioning almost nominal while the 
irradiated I/F-unit delivered a supply voltage of only 2.5 V to 
the interface connector’s power-out pin (5V needed). 

Table VII provides a comparison of current consumption 
values measured close to the receiver break-down and 
readings obtained approximately four weeks after end of tests. 
Throughout the post-irradiation tests only marginal variations 
in the power consumption were observed and no indication 
was given for neither a further degradation of the electronic 
devices subsequent to the end of exposure, nor for any kind of 
recovery or self-healing effect. This suggests that the 
recognized increase in the power drain results essentially from 
a permanent degradation of the electronic components due to 
the absorbed TID, rather than a temporary effect. 

Another post-radiation assessment was the evaluation of the 
oscillator offset parameter recorded over a period of more 
than 2 weeks after the end of exposure. Fig. 16 illustrates the 
apparent recover of the reference oscillator of Phoenix unit 
#3. The other irradiated GPS receivers exhibited a rather 
similar oscillator behavior during the performed 
investigations. Other then for the increase in the current 
consumption, the radiation induced changes in the oscillator 
can be considered as a temporary effects and the device 
obviously features a certain self-heal capability. 

TABLE VI 
STANDARD DEVIATION OF PHOENIX #2 RAW DATA OBTAINED FROM TEST #2 
(C1=PSEUDORANGE, L1=CARRIER PHASE, D1=RANGE RATE FROM DOPPLER) 

# PRN C1 [m] L1 [mm] D1 [m/s] 

1 5-6 0.37 1.96 0.06 
2 9-14 0.57 1.39 0.08 
3 17-24 0.31 2.09 0.07 
4 25-30 0.32 2.16 0.06 

TABLE VII 
TEST RECEIVER CURRENT CONSUMPTION MEASURED BRIEFLY BEFORE THE 
HARDWARE BREAK-DOWN AND ABOUT FOUR WEEK THEREAFTER IN THE 

LABORATORY 

Receiver Current Drain 
 Receiver Breakdown After Annealing 

Phoenix #3 199 mA @ 5 V 195 mA @ 5 V 
Phoenix #2 232 mA @ 5 V 219 mA @ 5 V 

Phoenix #1 200 mA @ 5 V 110 mA @ 5 V 
(non-functioning) 

Orion #19 234 mA @ 12 V 210 mA @ 12 V 
Orion #20 363 mA @ 5 V 375 mA @ 5 V 



 

 

 

0

5

10

15

20

25

30

25/11/03
0:00

27/11/03
0:00

29/11/03
0:00

1/12/03
0:00

3/12/03
0:00

5/12/03
0:00

Date and UTC time [d/mm/yy h:mm]

O
sc

illa
to

r o
ffs

et
 [k

H
z]

 
Fig. 16.  Oscillator relaxation observed in the post-irradiation tests for 
Phoenix receiver #3 
 

Finally, a still notably increased number of cycle slips could 
be recognized throughout the post-radiation inspections for all 
functioning receivers. This indicates an obviously still 
severely degraded carrier phase tracking performance 
resulting in frequent velocity outliers as observed during the 
radiation exposure. 

B. PolaRx2 GPS Receiver 
One day after the end of the radiation exposure of the 

board, due to the self-healing properties of the oscillator 
crystal, the device recovered significantly since it came back 
to life. No extensive post-radiation tests were performed so 
that the faulty parts could not be identified. 

C. OEM4-G2L Receiver 
Even though the first test receiver presented in this 

document showed no evidence of radiation induced 
degradation during continuous operation up to 10 krad(air) 
TID, it failed to operate after reactivation several days later. 
Additional tests involving regular power cycles during the 
irradiation repeatedly showed that the OEM4-G2L receiver 
fails to boot after experiencing a total dose of 5-7 krad(air). 
The ADM811 voltage monitor used to reset the processor in 
case of power drops was identified as susceptible component 
(by the mean of a by-pass of this part resulting in a normal 
operation after manual switching of the receiver out of the 
reset condition); indeed, most of such monitoring components 
contain a band gap reference which is susceptible to radiation. 

VI. CONCLUSION 
Within a series of TID tests, several single-frequency DLR 

Orion and Phoenix GPS receivers as well as a NovAtel 
OEM4-G2L and Septentrio PolaRx2 dual-frequency receivers 
have been evaluated with regard to their tolerance against 
radiation encountered in LEO space applications. These tests 
have been carried out at the Fraunhofer Institute for 
Technological Trend Analysis using a Cobalt-60 gamma 
radiation source.  

The obtained test results show that all four receiver types 
operate faultless up to accumulated ionizing doses of more 
than 9 krad(air) which is acceptable for LEO missions. The 
analysis of the raw and navigation data from all four receivers 
has revealed no obvious anomalies in the tracking and 
navigation performance. A significantly increased number of 

outliers was only encountered in case of an unrealistically 
high dose-rate (5 rad(air)/s), which exceeds the natural low 
dose-rate of mrad(air)/s order of magnitude. Moreover, for 
Orion and Phoenix receivers, carrier phase readings exhibited 
integer cycle slips. As expected, a continuous increase of the 
current consumption was observed during the radiation 
exposure. It reached a maximum of roughly 10-20 % of the 
pre-radiation value for the Orion, about 25-45 % for the 
Phoenix receivers, approximately 6 % for the NovAtel 
receiver and 1 % for the PolaRx2 device. Furthermore, for the 
Phoenix and Orion receivers during all tests, the oscillator 
drift in the frequency of the TCXO reference oscillator was 
found to be proportional to the total accumulated dose 
(approximately –1.5 ppm/krad(air)). The PolaRx2 clock 
generator has been found to be radiation sensitive for a high 
dose rate of 1 rad(air)/s. No such phenomena could be 
observed for the OEM4-G2L receiver. 

In the results related to the Orion and Phoenix receivers 
tested at different dose rates, there was evidence of a dose rate 
impact on the parameters of current consumption (and 
therefore effect on the total dose tolerance), oscillator drift, 
navigation accuracy; another effect was identified on the 
probability of cycle slips which is increased at high dose rate. 

Recent tests (June 2007) performed on three Phoenix 
receiver units from a same new production lot gave 
comparable results [13] and therefore consolidate the results 
presented here. 

Post-radiation tests on Orion and Phoenix units and on the 
PolaRx2 receiver showed a gradual relaxation of their 
frequency offset parameter. Therefore, the self-healing might 
just compensate the degradation caused by the incident 
ionizing radiation at low radiation doses and oscillator offsets 
might not be a concern for real space applications. For DLR 
receivers, no recovery was observed in terms of current 
consumption which remained degraded even after an 
annealing period of about four weeks. In an annealing phase, 
hardware investigations on the OEM4-G2L board enabled to 
precisely localize the failure on the ADM811 reset monitor 
component. 

This paper focused on TID testing; however, 
complementary to the Phoenix TID tests an initial series of 
SEE tests has been conducted with the Phoenix receiver at the 
proton cyclotron of the Research Centre Jülich, Germany. 
Numerous receiver upsets were encountered throughout all 
performed test runs (all tests conducted with a constant beam 
energy of about 32 MeV), resulting in system freezes. 
Following such an event (“soft” error), normal receiver 
operation could be restored by power cycling the system. 
Surprisingly, no single event latch-ups were encountered (no 
large currents detected) during any of the three performed test 
runs, which indicate a good overall resistance of the system 
against energetic particle induced destructive short-circuit 
latch-ups. Although a total of three tests is evidently not 
enough to draw a final conclusion regarding the sensitivity of 
the receiver to energetic proton radiation, it still provides 
valuable information about the capability to survive in a near-
Earth orbit. 

These system-level tests have not been carried out in full 
compliance with current ESA or NASA specifications for 



 

 

radiation testing of electronic components, yet, this test 
approach contribute to a better understanding of how the 
receiver will behave in a space radiation environment. The 
tests provide valuable information of the survivability of 
COTS GPS receivers in a space environment. Overall, they 
demonstrated a rather high robustness towards ionizing 
radiation despite the use of non hardened components. 
However, susceptibility to SEE of the hardware of all type of 
receivers should be studied in future work; in particular, a 
latch-up protection circuit may be included in the design of 
each receiver interface to avoid the risk of irreparable receiver 
damages. 
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