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ABSTRACT 
CanX-2, which was launched in April 2008, is a Canadian “triple-CubeSat” satellite that carries a dual-
frequency GPS receiver to assess the feasibility of ionospheric profiling from a nanosatellite platform. A 
NovAtel OEM4-G2L receiver is employed on CanX-2, which offers geodetic grade measurements at favorably 
low power. While various other CubeSats have carried GPS receivers into space before, CanX-2 is apparently 
the first mission to successfully deliver GPS navigation fixes and raw measurements thanks to proper attitude 
control and onboard data handling systems. Even though the achieved signal quality falls below expectations 
due to limitations of the employed antenna system, the receiver provides both L1 C/A tracking and semi-
codeless L2 P(Y) tracking on a regular basis. The paper presents the CanX-2 GPS subsystem, the receiver 
qualification for space use and the necessary tasks for receiver operations. The in-flight performance is 
characterized in terms of tracking coverage, raw measurements and navigation accuracy. Furthermore, short-
arc precise orbit determination results based on dual-frequency carrier phase measurements are presented, 
which are considered to be accurate to the meter level. 
 

1. CANX-2 MISSION AND SPACECRAFT OVERVIEW 
Over the past decade, nanosatellites have gained increasing attention in the space community. Beyond a purely 
educational purpose, nanosatellites have triggered the development of highly miniaturized system components 
and novel mission concepts. With moderate overall cost and short time to mission, nanosatellites have also 
become attractive for researchers and a wide range of applications have been proposed for their scientific use 
([1]-[2]). 
 

 

 

Fig. 1 Technical drawing of the CanX-2 satellite [3].  Fig. 2 The partially assembled satellite bus [3]. 
 
Within the Canadian Advanced Nanospace eXperiment (CanX) program, the Space Flight Laboratory (SFL) at 
the University of Toronto Institute for Aerospace Studies (UTIAS) has so far built and launched a total of four 
nanosatellite missions in the 1-10 kg class and is currently preparing various other nanosatellites such as CanX-
3/BRITE and the CanX-4/-5 formation flying mission. CanX-2 (Figs. 1-2), is a “triple-CubeSat” with an outer 
dimension of 10 × 10 × 34 cm and a total mass of 3.5 kg [3]. Key experiments on board CanX-2 include a GPS 
radio occultation experiment from the University of Calgary, an ARGUS 1000 spectrometer for measuring 
greenhouse gases and atmospheric pollution from York University, and, finally, the Advanced Surface Material 



 
Degradation Experiment (ASME) from the University of Toronto. The spacecraft was launched on a PSLV 
launch vehicle from Sriharikota, India, on April 28th, 2008 along with the CartoSat-2A prime passenger and a 
total of seven other CubeSats and nanosatellites. CanX-2 orbits the Earth in a Sun-synchronous polar orbit with 
a 635 km altitude and a 9:30 am descending node [4].  
 
Aside from a conventional UHF link, CanX-2 is equipped with an S-band communication system, which 
enables the downlink of science and payload data at rates of 32-256 kbit/s using BPSK or QPSK modulation. 
Electrical power for the operation of the spacecraft bus and payload (1.25 W average, 7 W peak) is provided by 
a total of 20 triple-junction GaAs solar cells and buffered by a rechargeable Li-ion battery with a capacity of 4.8 
Ah at a nominal voltage of 4 V[4]. As a result of the orbital plane orientation, CanX-2 spends roughly one third 
of each orbit in eclipse, which results in temperature variations of 7 °C to 44 °C on the structural panels. The 
day-night orbit also imposes tight constraints on the available power budget for operation of the GPS receiver 
experiment. Typically, the receiver is allowed to be operated for up to 85 minutes and a total of 1 MByte of data 
may be collected between consecutive data dumps.  
 
A key feature of CanX-2 is an advanced attitude determination and control subsystem (ADCS). The ADCS 
employs six Sun sensors and a boom-mounted magnetometer (Fig. 1) for attitude determination with a target 
accuracy of 1.5 ° outside eclipses. Three magnetorquer coils and a reaction wheel are used for attitude control 
and stabilization. In nominal flight orientation, the longitudinal (+Y) axis of the CanX-2 spacecraft (Fig. 1) is 
aligned with the orbit normal vector in a Y-Thomson configuration. The reaction wheel enables a fine pitch 
control about the Y-axis, in order to point specific CanX-2 payloads in the desired directions. The ADCS is 
critical for the operation of the GPS experiment because it enables the orientation of the GPS antenna towards 
zenith (for navigation and orbit determination) or the horizon (for radio occultation data takes). Tests conducted 
during the first year of operation have demonstrated the capability to align the GPS antenna bore sight (or, 
equivalently, the +Z body axis) towards zenith with 5 ° accuracy and approximately 1.5 ° stability [4]. 
 

2. THE CANX-2 GPS SUBSYSTEM 
Global Positioning System (GPS) receivers provide an increasingly attractive means for spacecraft navigation 
and timing applications and are nowadays considered a standard subsystem for most satellites launched in low 
Earth orbit (LEO) [5]. Early experiments in GPS tracking from nanosatellites were successfully conducted on 
the SNAP-1 [6] and PCsat [7] satellites, both of which have an outer envelope of approximately 25 × 25 × 25 
cm and were equipped with single frequency receivers based on the Mitel GPS Orion prototype design. Within 
the CubeSat spacecraft family, miniaturized GPS receivers have also been flown on MAST [8] and COMPASS-
1 [9] but failed to provide valid navigation fixes due to improper antennas and lacking attitude stabilization. 
With this background, the CanX-2 GPS radio occultation experiment team defined a specifically ambitious goal 
of tracking GPS satellites with a dual-frequency GPS receiver. It will ultimately help to assess the feasibility of 
Global Navigation Satellite System (GNSS) radio science and atmospheric parameter studies from miniaturized 
low cost satellite platforms.  

A. GPS RECEIVER 
The NovAtel OEM4-G2 receiver and its functionally equivalent but slightly smaller -G2L variant are geodetic 
grade dual-frequency GPS receivers originally designed for terrestrial and aeronautical applications. Based on 
the positive experience gained from the use of commercial-off-the-shelf (COTS) single-frequency receivers on 
various satellites, a test and qualification program was earlier set up by the German Aerospace Centre (DLR) 
and the University of New Brunswick (UNB) to validate the OEM4-G2(L) receiver for in-orbit applications. 
These tests included simulator tests to validate the signal acquisition and tracking performance, as well as 
radiation and thermal-vacuum tests to demonstrate the survivability of the receiver under space conditions. In 
view of highly promising test results and the modest hardware cost, the OEM4-G2L receiver has been selected 
for the GPS Attitude and Profiling (GAP) instrument of the Canadian CAScade Demonstrator Smallsat and 
Ionospheric Polar Explorer (CASSIOPE) mission, which is currently scheduled for launch in 2011 ([10]-[11]). 
The same receiver will also be employed for the joint Japanese Canadian JC2Sat formation flying mission, 
where differential GPS measurements provide the backbone for relative navigation and control of the two 
satellites ([12]-[13]).  
 
The OEM4-G2L receiver board shown in Fig. 3 has a size of 100 × 60 × 16 mm at a mass of roughly 60 g. The 
small form factor, and more importantly the low power consumption of only 1.6 W (at 3.3 V regulated power), 
made the OEM4-G2L the first dual-frequency receiver that could potentially be accommodated and operated on 



 
a CubeSat bus. The receiver is based on the MINOS4 correlator chip and provides L1 C/A and semi-codeless L2 
P(Y) tracking for up to 12 satellites.  
 

 
 

Fig. 3 NovAtel OEM4-G2L dual-frequency receiver board 
 
Within the early signal simulator tests [14] it could be demonstrated that no special aiding was required to assist 
an initial acquisition in case of a zenith pointing antenna and adequate signal levels. Without any user 
intervention, a first satellite was usually acquired within a minute after booting the receiver. Subject to the 
availability of an almanac, the remaining GPS satellites were typically acquired within a minute after the first 
position fix, and a 3D navigation solution was achieved in 2-12 minutes. At a representative carrier-to-noise-
density ratio (C/N0) of 45 dB-Hz, a noise level of 0.3 m and 0.8 mm was obtained on the L1 frequency for un-
smoothed pseudo-range and carrier phase measurements respectively. Almost identical values (0.3 m and 1 mm) 
were obtained for semi-codeless L2 P(Y) tracking at the corresponding C/N0 ratio of 39 dB-Hz. Compared to 
other candidate receivers for scientific applications in LEO, the OEM4-G2(L) receiver exhibits a higher overall 
measurement noise and slightly higher inter-signal and timing biases [15]. However, these potential 
disadvantages are far outweighed by the highly favourable size and power budgets of the receiver, and the 
measurement performance is in any case fully compatible with requirements of the aforementioned missions. As 
an example, cm-level relative navigation using OEM4-G2(L) differential carrier phase measurements has been 
demonstrated in [13] and [16]. 
 
Even though some deficiencies of the on-board navigation solution were identified in the signal simulator test 
bed (namely a systematic radial offset and a larger than expected scatter), the overall position accuracy of 10-20 
m is well within typical real-time positioning requirements. Overall, the tests demonstrated that high-precision 
dual-frequency tracking of LEO satellites using an OEM4-G2(L) receiver is feasible with even an unmodified, 
standard firmware (except for the necessary release of altitude and speed limitations). Operation of the receiver 
at the higher than normal signal dynamics is made possible by a safe cold start capability and robust tracking 
loop settings. 
 
Complementary to tracking and thermal-vacuum tests, dedicated total ionizing dose radiation tests have been 
performed using a Cobalt-60 gamma-ray source [17]. In accord with the requirements of the CASSIOPE 
mission, the exposure has been limited to a total dose of 10 krad. No degradation of the raw GPS measurements 
under the impact of an increased radiation dose could be identified. In particular, stable carrier tracking was 
ensured and no cycle slips were encountered even at low elevation angles and C/N0 ratios. While the receiver 
itself remained fully functional up to the specified total dose, a voltage monitor used to reset the processor in 
case of power drops was found to fail at a total dose of about 6 krad. 

B. GPS ANTENNA 
The AeroAntenna AT2775-103 antenna selected for CanX-2 is a dual frequency (L1/L2) patch antenna with 26 
dB active amplification and an outer envelope of 7.6 × 5.5 × 2.2 cm. Its built-in low noise amplifier (LNA) is 
fed by the receiver with a 3.3V DC supply through the 30 cm, RG 316 gauge, coaxial antenna cable and 
consumes approximately 0.1 W of power. The antenna is primarily designed for vehicle tracking and covered 
with a radome made from a PC/PTB Alloy (J. Guitteau, priv. comm.).  
 
The X-POD satellite deployment mechanism posed a limit on how far satellite structural elements could extend 
beyond the standard CubeSat frame, with the result that the antenna is mounted within the body of the satellite 
and protrudes from a milled opening in the face panel. While some antenna components sit below the satellite 



 
face panel, care was taken to ensure that the antenna patch was level with or above the panel in order to reduce 
the likelihood of altering the antenna gain pattern (Fig. 2.). The antenna does not benefit from a ground plane. 
Testing of the integrated antenna’s gain pattern was carried out prior to launch, when the satellite was still a 
double CubeSat design. The test results were consistent with the manufacturer’s claim, and are expected to be 
equally representative for the final triple CubeSat design.  

C. GPS OPERATIONS 
As briefly mentioned above, the operation of the CanX-2 GPS receiver is typically limited to short data takes of 
substantially less than one orbit. Besides power and onboard data storage constraints, active attitude control for 
antenna pointing can best be performed in sunlight with the use of Sun sensors. Durations of 5 minutes have 
achieved the best results for radio occultation trials, while data collections for navigation purposes were 
generally constrained to 85 minutes and began as CanX-2 entered sunlight to minimize operation on the night 
side of the Earth. The only two receiver settings which have been adjusted for operation in space are the carrier 
smoothing, which has been minimized,  and the receiver’s tracking elevation mask, which has been set to a 
value of -45 ° ensuring occultations events are observable down to Earth’s surface.  
 
With twelve tracking channels, cold start times of 5-15 minutes are commonly achieved by space borne GPS 
receivers in LEO applications. Similar values have also been obtained in signal simulator tests of the OEM4-
G2L receiver, despite the fact that the standard 10 kHz Doppler search space has been retained ([14]-[15]). 
However, to make the most of the data collection opportunities a warm start concept was deemed necessary for 
CanX-2, which minimizes the acquisition time and ensures a position fix even with antenna pointing rearward. 
In some cases dedicated space receivers ([18]-[19]) may employ built-in orbit propagators (e.g., Keplerian or 
SGP4) for channel allocation and coarse Doppler prediction to speed up the signal search and achieve warm 
start times of one to two minutes; however, no such modification was feasible for the commercial off the shelf 
CanX-2 receiver. An alternative strategy was therefore pursued to assist the initial signal acquisition and speed 
up the Time to First Fix (TTFF).  
 
To this end dedicated scripts were generated on ground for each data take, which were then executed onboard in 
a time-tagged manner [20]. The scripts control the receiver activation and data storage along with native OEM4-
G2L commands to control the receiver configuration. Besides basic commands for setting the output data rate, 
dedicated channel allocation commands are issued that control the set of satellites to be acquired and tracked. 
The set of visible GPS satellites in the field of view and the expected Doppler shift is pre-computed on the 
ground based on known CanX-2 orbit information (NORAD two line elements) and GPS constellation data 
(YUMA almanac). Using the receiver’s ASSIGN command [21], individual channels can then be assigned to 
each search for a specific GPS satellite in a selected bandwidth around the predicted Doppler shift. If only a 
subset of the available twelve channels are assigned to specific satellites for the initial acquisition or occultation 
data takes, the remaining channels are set to the default auto acquisition mode and can then be reallocated by the 
receiver if the constellation of visible satellites changes during the data take. As a by-product of this operation 
concept, a given GPS satellite may occasionally be tracked on more than one hardware channel. While such 
duplication is generally undesired it gives the (unintended) opportunity to derive the receiver noise by simple 
differencing of measurements from common satellites across two channels. We will later make use of this 
“feature” to characterize the code and carrier phase quality achieved in orbit and to compare it with the 
laboratory performance.  
 
Within the Doppler prediction, the accuracy of a priori orbit information for CanX-2 and the GPS satellites is 
always more than accurate enough to forecast the geometric range rate with better than 100 m/s (equivalent to 
500 Hz Doppler shift at the L1 frequency). However it was found that the frequency offset of the internal 
reference oscillator at start-up showed exceptional values that required special attention. While the performance 
on ground was well within the expected range (1-2 ppm) for common temperature controlled oscillators 
(TCXOs), values of 3-5 ppm (equivalent to a 4.5-7.5 kHz offset from the nominal L1 frequency) were 
experienced in orbit. As shown in Fig. 4, the oscillator exhibits a gradual variation over the mission lifetime, 
which appears incompatible with temperature induced frequency variations and suggests accumulated total 
ionization dose as the most plausible explanation.  
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Fig. 4 Variation of the OEM4-G2L reference oscillator frequency (relative to a nominal value of 1575.42 MHz) throughout 
the CanX-2 mission.  

 
Similar, radiation induced TCXO frequency variations have earlier been observed in Co-60 tests of other GPS 
receivers [22]. At a sensitivity of 2-3 kHz/krad, the observed gradient would indicate an accumulated total 
ionization dose of approximately 3 krad over the first 3 years of the CanX-2 mission. While different rates may 
apply for the specific oscillator employed in the OEM4-G2L receiver, the inferred total dose appears generally 
consistent with expected radiation levels for the given orbit and altitude.  
 
Since the secular variation of the reference oscillator frequency is sufficiently small and smooth, an a priori 
oscillator offset can easily be considered in the total Doppler prediction and does not sacrifice the manual 
channel assignment concept. Overall representative TTFF values of 2-5 minutes were achieved with this warm 
start approach for the CanX-2 GPS receiver [20]. 
 

3. FLIGHT RESULTS 

D. TRACKING AND SIGNAL QUALITY 
For navigation data takes, the CanX-2 body axes are aligned with the along-track (s/c +X), cross-track (s/c +Y) 
and radial (s/c +Z) direction and the GPS antenna bore sight is actively kept within 5 ° of the zenith direction 
during day-side operation. A small set of channels (usually 5) are assigned manually to facilitate the initial 
acquisition and ensure a fast TTFF. The remaining channels are configured for automatic channel allocation and 
can thus be reallocated by the receiver in accord with the varying constellation once the receiver has valid 
position information and is able to predict the set of visible satellites by itself. As the GPS satellites assigned to 
specific receiver channels set behind Earth, the assigned channels are also released to the automatic search 
algorithm. 
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Fig. 5 a) b) Histograms of tracked satellites for a set of four 85 minute navigation data takes performed on November 19, 
2010. Satellites tracked on more than one channel are only counted once.  
 



 
As shown in Fig. 5a for a sample set of four data takes collected over one day in the fall of 2010, an average of 
6-7 unique satellites can be tracked on both the L1 and L2 frequency when channels are assigned, in spite of the 
duplicate data resulting from channel assignment. There are, however, a large number of epochs without the 
requisite four satellites for a position fix. These unexpected losses of lock appear to be tied to either the forced 
channels or duplicate data, but the root cause has not been investigated in detail. Alternately, Fig. 5b shows that 
when all channels have been freed approximately 40 minutes into the data collections, an average of 9-10 
satellites are tracked on L1 and 8-9 on L2, and no loss of lock occurs.  
 
The distribution of viewing direction on the celestial sphere, Fig. 6, shows a slight asymmetry with respect to 
the flight direction, which is due to the use of a very low (-25 °) elevation mask in conjunction with the sub-
optimal gain of the antenna system. Lock is only achieved on GPS satellites rising ahead of CanX-2 at 
elevations of 20-30 °, while GPS satellites setting behind CanX-2 continue to be tracked at negative elevations 
as they approach Earth. The uneven distribution, or poor geometry, combined with the lower number of 
satellites tracked with duplicate channels, directly degrades the achievable positioning accuracy. 
 
The signal quality achieved onboard CanX-2 is illustrated by a plot of C/N0 versus elevation (Fig. 7) for the 
same data set. For the direct tracking of the C/A code signal on L1, peak values of 37 dB-Hz are obtained on 
average near high elevations, or, equivalently, small bore sight angles. At 15-20 ° elevation, the C/N0 values 
drop below a 30 dB-Hz threshold, which is usually deemed necessary for proper signal lock. Nevertheless, 
tracking can still be performed down to -25 ° elevation with a minimum reported C/N0 of about 27 dB-Hz. 
While the reception of signals from below the antenna ground plane may be surprising at first sight, it should be 
kept in mind that the dimension of the CubeSat structure is at the level of the GPS wavelength which induces 
notable deformations of the antenna gain and phase patterns.  
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Fig. 6 Distribution on the Celestial Sphere for a set of 
four 85 minute navigation data takes performed on 
November 19, 2010. 

 Fig. 7 Carrier-to-noise-density ratio (C/N0) obtained 
in the July 30 - August 6, 2010 timeframe for L1 and 
L2 tracking. Elevation refers to the mathematical 
horizon but is approximately equal to elevation 
relative to the antenna ground plane.  

 
For L2, the measured C/N0 values exhibit a notably larger scatter, but follow the same general trend as the L1 
values. As noted in [15], the OEM4-G2(L) receiver differs from other dual-frequency receivers by not taking 
into account the semi-codeless tracking losses in the reported L2 C/N0. As such the L2 values are roughly 
comparable to those of the L1 tracking, but both values are substantially less than expected from ground tests 
with standard geodetic antennas (where values of 40 dB-Hz for low elevations and 50 dB-Hz for high elevations 
are commonly obtained). 
 
Close analysis of the results from a live signal test conducted shortly before launch reveals the low carrier to 
noise density problem already existed. Interference caused by the close proximity of the antenna, receiver board, 
and possibly other electronic components was observed to reduce C/N0 during preparation of the MAST mission 
(M. Markgraf, priv. comm.) and may be a factor. Additionally, the lacking ground plane, the partial blockage of 
the antenna, or changes made to the CanX-2 satellite between the early testing and launch are considered 
potential causes. 



 
 
Although it is impossible to determine the exact cause of the reduced C/N0, a second set of components similar 
to those on CanX-2 were ground tested on live signals, in parallel with an enclosed OEM4 receiver, heavier 
gauge cable and geodetic antenna as a control case. While the ‘survey’ setup consistently outperformed the 
‘CubeSat’ setup on the order of 5 to 10 dB-Hz, in keeping with CanX-2 orbital results, it was impossible to 
isolate one component as the weak point. A best guess would be that the above listed causes may each 
contribute a loss of one or two dB-Hz, resulting in a significant combined effect. The impact of having some 
antenna components below the face panel was not investigated during these tests. A proper shielding and a 
careful matching of the receiver and antenna LNA are strongly recommended for any future CubeSat GPS 
systems, along with a careful pre-mission test and validation.  

E. MEASUREMENT NOISE 
The GPS data provided by the CanX-2 receiver enables different analysis concepts for assessing the receiver 
noise. In the first instance, the pseudorange measurements can be differenced against an ionosphere-corrected 
dual-frequency carrier phase combination to obtain a geometry- and ionosphere-free combination that retains 
only code noise and multipath. By sampling the value of this “multipath combination” in a predefined grid of 
azimuth, elevation, or C/N0 bins, the variation of systematic and random pseudorange errors with the viewing 
direction and/or the signal conditions may be analysed.  
 
As a second option, measurements may be differenced across channels, if the same GPS satellite is 
simultaneously tracked on two channels. This situation is normally avoided in standard receiver operations, but 
occurs naturally in the CanX-2 mission as a result of the warm start concept described in the previous section. 
The analysis of inter-channel differences is applicable to both pseudorange and carrier phase measurements and 
does not require dual-frequency tracking, but may result in overly optimistic performance estimated due to the 
cancellation of common errors between channels. Finally, the measurement residuals from a GPS based orbit 
determination can provide an estimate of the average code and carrier phase errors, albeit only for the 
ionosphere-free linear combination.  
 
Results of the first two methods are plotted in Fig. 8 and compared with pre-mission calibrations from a signal 
simulator test. From the multipath combination, noise values between 1-1.5 m (at high elevation and C/N0) and 
2-2.5 m (low elevation, low C/N0) are obtained. In case of the L1 C/A code tracking this result is in close accord 
with the laboratory calibration of noise versus C/N0 whereas the L2 P(Y) code errors appear generally larger 
than in the ground tests. On the other hand notably lower noise levels are obtained from the inter-channel 
pseudorange differences. Lower noise values are derived from the inter-channel single-differences which 
indicate the presence of correlated errors on top of a purely thermal pseudorange noise.   
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Fig. 8 Comparison of laboratory noise characterization (solid lines, [14][15]) with CanX-2 flight results using the dual-
frequency multipath combination (MP) and inter-channel single differences (SD).  
 
For carrier phase measurements, inter-channel differences provide the only direct means for assessing the 
individual tracking errors of each signal and frequency. Representative noise levels of 0.5-1 mm and 2.0-4.0 
mm are obtained for L1 and L2, respectively, at C/N0 levels of 28-38 dB-Hz. While the L2 results are in good 
accord with the laboratory testing, a much lower L1 carrier phase noise level is derived from the flight data. 



 
This may be attributed to the presence of additional phase errors in the “virtual zero-baseline” test concept 
employed in the signal simulator testing [15]). 
 
Even though the overall noise level of the carrier phase data appears fully acceptable, their use in precise 
navigation applications is seriously hampered by the occurrence of frequent cycle slips. Even though a given 
satellite may remain in the antenna field of view for up to 30 minutes, continuous tracking (on both frequencies) 
was mostly limited to 1-3 minutes with a few rare arcs of up to ten minutes duration. A high probability of cycle 
slips was observed for C/N0 values below 30 dB-Hz at which point the carrier phase data becomes useless for 
precise positioning techniques. As expected, the semi-codeless L2 tracking is more sensitive to cycle slips than 
the direct L1 tracking, which limits their use to higher elevations.  
 

 
 

Fig. 9 Residuals of ionosphere-free L1/L2 code and carrier phase combinations from a reduced dynamics orbit 
determination of CanX-2.  
 
For comparison with the above results, the residuals of pseudorange and carrier phase measurements with 
respect to a precise orbit solution of CanX-2 are illustrated in Fig. 9. On average a 5 m noise level is obtained 
for the ionosphere-free combination of L1 and L2 code measurements, while the respective carrier phase 
combination exhibits a noise level of about 1 cm. Assuming, for simplicity, equal errors on both frequencies, the 
ionosphere-free combination amplifies the noise of the individual measurements by a factor of 3, which results 
in an average code and phase noise of about 1.6 m and 3.3 mm, respectively. These values are again in good 
accord with the code noise assessment based on the multipath combination, but indicate higher carrier phase 
errors (at least for L1) than the inter-channel differences. However, it must be kept in mind that the carrier phase 
residuals are also affected by uncalibrated phase centre variations, which are cancelled in the inter-channel 
difference.  

F. NAVIGATION ACCURACY 
The OEM4-G2L receiver provides the instantaneous position and velocity in an Earth-fixed reference frame 
when four or more GPS satellites are tracked. The quality of this navigation solution has been assessed for a 
selected set of four 85 minute data takes performed on November 19, 2010, during which both raw GPS data 
and navigation solutions were recorded.  
 
A precise reference orbit was first computed from the dual-frequency pseudorange and carrier phase 
measurements using the GPS High precision Orbit determination Software Tools (GHOST). Within the orbit 
determination process, the initial state vector, epoch-wise clock offsets and pass-by-pass carrier phase biases are 
adjusted to best represent the measurements using a high-fidelity reduced dynamic trajectory model [24]. As 
demonstrated in numerous geodetic space missions, the processing of ionosphere-free dual-frequency GPS 
carrier phase measurements along with the use of precise GPS orbit and clock products can provide an orbit 
restitution accuracy at the sub-decimetre level. In the case of CanX-2 this accuracy is unlikely to be achieved 
due to the higher than average noise level of the raw measurements, a pronounced number of cycle slips in the 
carrier phase data and the very short data arcs. Nevertheless, a 1 m level accuracy can be inferred from the 
consistency of alternative orbit determination concepts (single frequency processing, filtering of kinematic 
position fixes, etc.) and data combinations. The reduced dynamic orbit determination is thus well suited to 



 
assess the quality of the receiver internal navigation solution, which is typically one order of magnitude less 
accurate. Results for the aforementioned data sets are summarized in Tables 1 and 2 for the position solutions 
and Tables 3 and 4 for the velocity solutions. All navigation solutions indicated as valid have been retained for 
the comparison irrespective of the quality indicator.  
 
Table 1 Error of the OEM4-G2L position solution in comparison with a CanX-2 precise orbit determination for four 
selected 85 minute data takes during the period when at least one channel had been manually assigned.  
 

Period Radial [m] Along-track [m] Cross-track [m] Pos (3D rms) Peak 
2010/11/19 04:18 - 05:01 -9.2 ± 16.2 0.1 ± 10.6 -0.4 ± 7.8 22.7 m 81 m 
2010/11/19 10:47 - 11:23 -18.6 ± 20.2 -5.3 ± 33.8 -3.6 ± 12.0 45.4 m 159 m 
2010/11/19 18:53 - 19:31 -18.3 ± 15.0 2.5 ± 7.5 -2.5 ± 14.8 29.0 m 81 m 
2010/11/19 20:30 - 21:11 -3.6 ± 25.2 -16.5 ± 43.0 -8.7 ± 16.2 55.5 m 133 m 

 
Table 2 Error of the OEM4-G2L position solution in comparison with a CanX-2 precise orbit determination for four 
selected 85 minute data takes during the period after all assigned channels were released.  
 

Period Radial [m] Along-track [m] Cross-track [m] Pos (3D rms) Peak 
2010/11/19 05:01 - 05:40 -8.3 ± 11.6 -2.9 ± 6.3 -0.7 ± 3.1 16.1 m 54 m 
2010/11/19 11:23 - 12:09 -13.9 ± 13.8 0.4 ± 5.2 -1.0 ± 3.7 20.6 m 76 m 
2010/11/19 19:31 - 20:13 -9.7 ± 4.5 0.5 ± 1.5 0.2 ± 1.4 10.8 m 20 m 
2010/11/19 21:11 - 21:53 -15.3 ± 20.0 3.4 ± 15.6 -1.0 ± 5.2 30.2 m 182 m 

 
Table 3 Error of the OEM4-G2L velocity solution in comparison with a CanX-2 precise orbit determination for four selected 
85 minute data takes during the period when at least one channel had been manually assigned. 
 

Period Radial [m/s] Along-track [m/s] Cross-track [m/s] Vel (3D rms) Peak 
2010/11/19 04:18 - 05:01 -0.05 ± 0.20 -0.04 ± 0.18 0.01 ± 0.10 0.29 m/s 0.7 m/s 
2010/11/19 10:47 - 11:23 -0.05 ± 0.51 -0.04 ± 0.46 0.00 ± 0.13 0.70 m/s 3.9 m/s 
2010/11/19 18:53 - 19:31 -0.06 ± 0.18 0.01 ± 0.06 0.01 ± 0.05 0.20 m/s 1.2 m/s 
2010/11/19 20:30 - 21:11 -0.06 ± 0.19 0.05 ± 0.28 0.01 ± 0.11 0.36 m/s 0.8 m/s 

 
Table 4 Error of the OEM4-G2L velocity solution in comparison with a CanX-2 precise orbit determination for four selected 
85 minute data takes during the period after all assigned channels were released. 
 

Period Radial [m/s] Along-track [m/s] Cross-track [m/s] Vel (3D rms) Peak 
2010/11/19 05:01 - 05:40 -0.02 ± 0.15 -0.02 ± 0.09 -0.01 ± 0.05 0.18 m/s 0.7 m/s 
2010/11/19 11:23 - 12:09 -0.07 ± 0.17 -0.00 ± 0.07 0.01 ± 0.05 0.20 m/s 1.0 m/s 
2010/11/19 19:31 - 20:13 -0.04 ± 0.09 -0.01 ± 0.04 0.01 ± 0.03 0.11 m/s 0.2 m/s 
2010/11/19 21:11 - 21:53 -0.08 ± 0.24 0.03 ± 0.21 -0.01 ± 0.06 0.34 m/s 2.7 m/s 

 
The overall performance is clearly far below expectations for a geodetic grade receiver but can largely be 
understood by the combination of a sub-optimal signal quality, an unfavourable geometric distribution of 
tracked satellites and a lack of screening for bad navigation solutions. In all cases a systematic radial bias of 
about -17 m may be recognized that has earlier been noted in the signal simulator testing of the OEM4-G2(L) 
receiver. The bias is almost certainly caused by the application of a tropospheric model irrespective of receiver 
altitude, along with a mapping function which dramatically increases the effect for low or negative elevation 
GPS satellites. Fig. 10 shows tropospheric corrections logged during a navigation data take on March 29, 2011. 
For missions making use of the receiver’s internal navigation solution a version of the NovAtel receiver 
firmware with the tropospheric correction disabled should be used. The raw measurements are not impacted by 
this correction.  
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Fig. 10 Tropospheric corrections logged during a navigation data take March 29, 2011. 
 
For further illustration, Fig. 11 shows the errors in radial, along-track and cross-track direction for a July 30, 
2010 test case. A large scatter of the solution may be recognized 10-20 minutes and 25-35 minutes into the data 
arc, both while some channels are still manually assigned. Considering only data with a reported standard 
deviation of less than 15 m (3D), roughly 20% of all epochs are discarded and the 3D rms error for this data set 
is reduced from 34 m to 23 m. At the same time the peak position error decreases by roughly a factor of two 
from 213 m to 97 m. As such, the receiver internal quality assessment can provide some figure of merit for the 
data screening, but does not allow a rigorous outlier screening. Also worth noting is the significant improvement 
in the scatter after 40 minutes, at which point the last of the assigned channels has been released and the receiver 
is operating autonomously and without duplicate data. 
 
Similar to the position data, the velocity solution exhibits a much higher noise level than in the laboratory 
testing due to the lower C/N0. In general, the onboard solution is accurate to 0.5 m/s, while better than 0.1 m/s 
accuracy was achieved in the laboratory. Systematic radial velocity errors of about -0.05 m/s that have been 
identified in [14] and are attributed to a small timing bias in the Doppler (range-rate) measurements, cannot be 
clearly discerned in the CanX-2 flight data at the present stage.  
 

 
 
Fig. 11 CanX-2 navigation solution error relative to a precise reference orbit. 

G. PRECISE ORBIT DETERMINATION ACCURACY 
Longer orbital arcs bridging up to two days were formed using the sparse CanX-2 data collections. Fig. 12 
compares the six precise orbit solutions calculated over a 15 hour span between data takes on December 2, 2010 



 
(day 335). The solutions were formed with three combinations of input data (all data from day 334 to 335, only 
data from day 335, and all data from day 335 to 336) and dual and single frequency processing techniques. The 
day 335 dual frequency arc is used as the reference. The six arcs agree on the 50 m level, indicating the 
achieved post processed positioning accuracy over this time period.  
 

 
 
Fig. 12 Agreement of various precise orbit solutions during a 15 hour period December 2, 2010. 

4. SUMMARY AND CONCLUSIONS 
The CanX-2 mission has, for the first time, demonstrated successful dual-frequency GPS tracking and 
navigation from a low cost CubeSat platform. Key factors enabling this achievement include the availability of 
an active attitude determination and control system for proper pointing of the GPS antenna as well as an 
onboard data handling and telemetry system. The antenna system performance was found to be sub-optimal, 
which is reflected in low carrier-to-noise-density ratios. In particular, this limits the L2 signal tracking, which 
suffers most from the inherent losses of the semi-codeless processing technique and exhibits a substantial 
number of cycle slips.  
 
Representative noise levels of 1-2 m and 1-5 mm for pseudorange and carrier phase measurements, respectively, 
have been derived from an analysis of inter-channel single-differences of commonly tracked satellites. Given 
the low signal power, the OEM4-G2L receiver performed as expected from the laboratory testing. Concerning 
onboard and on ground navigation, the raw data communicated through the CanX-2 telemetry can be used to 
establish short arc orbit solutions with an estimated accuracy of 1 m, or long arc solutions bridging GPS outages 
with 10-100 m accuracy if the receiver is activated for at least half an orbit per day. The receiver internal 
navigation solutions were found to exhibit position errors at the 10-100 m level and a velocity accuracy of 0.1-
0.5 m/s due to a generally very low number and unfavourable geometric distribution of the tracked satellites, 
combined with a version of the receiver firmware unsuitable for orbital altitude due to the application of a 
tropospheric correction. 
  
With respect to GPS radio science, exemplary ionospheric path delay profiles have been derived, but the current 
system is not able to deliver tropospheric or even low elevation ionospheric occultation measurements due to 
the low carrier-to-noise-density ratios. At present, little work has been carried out towards producing 
atmospheric profiles although high rate (up to 1000 Hz) measurements are supported by the employed OEM4-
G2L receiver.  
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In view of tight onboard resources, GPS data collections onboard CanX-2 are limited in time. The single, rear 
pointing GPS antenna and time sensitive GPS data collections required for radio occultation observations make 
cold starting the receiver unsuitable for this mission. As an alternative, a manual channel allocation with pre-
computed Doppler values is performed to speed up the acquisition. This constitutes a major operational burden, 
but would not be required for larger spacecraft such as CASSIOPE and JC2sat, which enable continuous 
receiver operation.  
 
During the first three years of the mission the receiver has operated properly. The accumulated on-time is still 
moderate due to a rotating experiment schedule, and does not enable independent conclusions on the 
survivability of the OEM4-G2L receiver board under ionizing and high energy particle radiation. Further 
experience from a long-duration mission with extended activation cycles will therefore be required to further 
assess the suitability of COTS GPS receiver technology for low cost science missions.  
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