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ABSTRACT 

While spaceborne GPS receivers can in general be consid-
ered as a well established tracking tool for low Earth orbit 
(LEO) satellites, their use on micro- or nano-satellites 
poses multiple problems from a systems engineering point 
of view. Representative examples include the mass budget, 
the lack of a suitable attitude stabilization, antenna alloca-
tion problems, restricted command and telemetry links as 
well as limited onboard power resources. The recent flight 
of a small GPS receiver onboard the PCsat Prototype 
Communications satellite provides an illustrative example 
 

of GPS operations on a 10 kg class of micro-satellites. 
PCsat was built by the United States Naval Academy 
(USNA), Annapolis, and carries a 12 channel C/A GPS 
receiver for C/A code tracking developed at the German 
Space Operations Center (GSOC). It was launched into an 
800 km/67° orbit on 30 Sept. 2001 by an Athena 1 rocket 
from Kodiak, Alaska. During a period of full Sun orbits in 
January 2002, the receiver could be operated almost con-
tinuously for more than ten days with telemetry data col-
lected by a world wide net of radio amateurs. Using an 
analytical orbit model for Doppler and visibility prediction, 
the receiver was able to acquire tracking autonomously 
within a few minutes after power up and hot starts were 
always performed within less than 60 s. On average the 
receiver tracked 10-11 out of 13-15 GPS satellites visible 
above the Earth�s rim using a simple monopole antenna. In 
a ground based postprocessing an rms pseudorange accu-
racy of 2.5m has been determined, which includes the 
effect of uncorrected ionospheric path delays. However, a 
notable number of outliers with errors of 10-100m exists 
that restrict the real-time navigation accuracy to about 10 -
15m rms in each axis. These outliers are typically encoun-
tered at the acquisition of GPS signals, which occur rather 
frequently due to the tumbling motion of PCsat and its 
constantly changing antenna orientation.  

 

Fig. 1 The PCsat microsatellite prior to launcher integra-
tion at Kodiak Island, Alaska 



THE PCSAT PROTOTYPE COMMUNICATION 
SATELLITE 

The PCsat Prototype Communication Satellite (Fig. 1) 
has been designed and built by midshipmen of the US 
Naval Academy (USNA), Annapolis. It serves as a 
spaceborne extension of the terrestrial Amateur Radio 
Automatic Position Reporting System (APRS), which 
allows the distribution of position/status reports and short 
messages using handheld or mobile radios [1]. PCsat is a 
cubic satellite of 10� (25 cm) size. Solar cells on five 
faces of the spacecraft provide a typical power of 7 W in 
full Sun, which is buffered in a set of 12 NiCd cells to 
allow operations during eclipses. The minimum power 
consumption amounts to 3.5 W when sending only safe 
mode beacon messages, thus leaving a best case value of 
3.5 W for thermal control, user communications, and 
experiment operations.  

 
Fig. 2 Block diagram of PCsat Telemetry, Command and 
Control System 

Unlike most other satellites PCsat contains no board 
computer. Instead, the entire telemetry and com-
mand/control system (Fig. 2) was built from an off-the-
shelf Kantronics PK-9612Plus Terminal Node Controller 
(TNC). The TNC provides telemetry, beacon, and com-
munications capability including a digipeater as well as 
command/control channels.  

For use on PCsat the original TNC has been modified to 
gain a total of 16 telemetry channels for housekeeping 
data (power, temperature, etc.) as well 8 configurable 
command or I/O bits, four on/off command bits and one 
input bit. For redundancy, PCsat is equipped with two 
independent receivers/transmitter systems and associated 
TNCs. By default, the two chains are configured for 1200 
baud VHF (channel A) and 9600 baud 
UHF(up)/VHF(down) communication (channel B). 

As part of the Kodiak Star mission, PCsat has been 
launched on an Athena 1 rocket on 30 September 2001 
from Kodiak Island, Alaska. It orbits the Earth at an alti-
 

tude of 800 km and an inclination of 67° with respect to 
the equator. US and European radio amateurs can access 
the satellite for up to six passes of 10-15 min each per 
day. Due the Earth�s oblateness the ascending node of the 
orbital plane on the equator recedes at a rate of 2.6° per 
day. About twice per year, the orbital plane is roughly 
perpendicular to the Sun direction yielding a disk-dawn 
orbit with a continuous Sun illumination. 

PCsat lacks a gravity gradient stabilization, which leaves 
its attitude essentially uncontrolled. Some torques of 
unknown size are exerted due to different coloring of the 
band shaped VHF/UHF antennas (intended to ensure a 
small spin and avoid excessive heating of the spacecraft 
on a single side) and a simple magnet (intended to yield a 
preferable antenna orientation over the continental US). 
From an observed tumbling period of about 20 s right 
after launch, the spacecraft has calmed down during the 
first three months in orbit after which it was found to 
rotate/nutate on time scales of about 100 s. 

THE PCSAT GPS SYSTEM 

While the main purpose of PCsat consists in the relaying 
of APRS communication messages, it also carries an 
experimental GPS receiver built by DLR�s German Space 
Operations Center (GSOC). The Orion receiver is based 
on a prototype design for the GP2000 chipset and allows 
L1 C/A code tracking on a total of 12 channels. It is 
complemented by a low noise preamplifier and a quarter-
wavelength monopole antenna mounted in one corner of 
the satellite. The receiver unit measures a total of 
2�x3�x5� at a weight of 260g (including housing and 
preamplifier) and consumes a power of 2.5 W (Fig. 3). 

 
Fig. 3 GPS Orion receiver (PCsat flight unit) 

Receiver Description 

The GPS Orion receiver used in the present study repre-
sents a prototype design of a terrestrial GPS receiver built 
around the Mitel (now Zarlink) GP2000 chipset [2]. 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. The 
main receiver board measures about 5 cm x 10 cm and is 
complemented by an equally sized interface in the proto-
type receiver design. A supplementary interface board 
carries a switching regulator, line drivers for the two 
serial I/O ports as well as a rechargeable NiCd battery to 
maintain the real-time clock and non-volatile memory 
inside the receiver while disconnected from the main 
power supply. The power consumption of the receiver 
itself amounts to 2 W at 5 V supply voltage, resulting in a 
total of 2.4 W when accounting for the losses of the 
switching regulator.  
 
The receiver software is stored in two EPROMs with a 
capacity of 256kB and loaded into a twice as large RAM 
memory at boot time. Typical code sizes of software 
versions in current use range from 160-200 kB. A task 
switching operating system allows a quasi-concurrent 
execution of high- and low priority activities and flexible 
activation cycles for individual receiver tasks. To support 
user specific software adaptations for the GPS Orion 
receiver, the GPS Architect [3] development kit has ear-
lier been made available by Mitel Semiconductors. The 
Architect receiver is essentially hardware compatible to 
the Orion receiver but allows software uploads and de-
bugging via a supplementary serial interface port. On the 
other hand, the Architect does not support a battery buff-
ered non-volatile memory and real-time clock.  
 
Originally designed for terrestrial applications, the Orion 
receiver has received numerous modifications and fixes 
to provide accurate and reliable tracking under the highly 
varying signal dynamics encountered in space applica-
tions. Based on the assumption of a low speed vehicle the 
original firmware neglects the user velocity in the Dop-
pler prediction, the topocentric frame rotation in the 
spherical formulation of the single point positioning, the 
acceleration in the subsequent filtering of the navigation 
solution and a 1 ms time tagging error of the raw meas-
urements.  
 
Aside from corresponding fixes, multiple extensions have 
been made to the command and telemetry interface of the 
receiver to allow convenient and flexible operation of the 
receiver via a remote data link and to adapt the receiver 
output to the available downlink capacity. For use on 
PCsat, port B (connected to the 1200 baud VHF teleme-
try chain) outputs APRS compatible position messages in 
NMEA $GPGGA format once per 30 s, while Port A 
(connected to the 9600 baud UHF telemetry chain) gen-
erates a multiplexed sequence of state vector, raw 
measurements and channel status messages in a 
proprietary ASCII format. The nominal time interval 
between Port A outputs is likewise set to 30 s but is 
freely configurable for debugging and analysis purposes. 
 

for debugging and analysis purposes. While the original 
Orion firmware collects measurements at equidistant time 
steps beginning at boot time, an active alignment of 
measurements epochs and navigations solutions to the 
integer second of GPS time has been implemented in the 
revised PCsat software version. Commanding of the 
receiver can be performed via either of the two serial 
ports to provide enough redundancy in case of a trans-
ceiver or terminal node controller failure. 
 
To ensure a robust tracking and rapid signal acquisition 
under the conditions of a high-dynamics space vehicle an 
open-loop Doppler and visibility prediction algorithm has 
been added to the receiver code. For use on low Earth 
orbiting (LEO) satellites the receiver makes use of the 
SGP4 analytical orbit model [4] to predict the coarse 
position and velocity of the host satellite and uses this 
information for the prediction of visible satellites and the 
steering of the Doppler search. The model is fed by stan-
dard twoline elements that are routinely generated by 
NORAD and distributed for public use. At the orbiting 
altitude of PCsat, updates of the twoline elements need to 
be commanded at intervals of about one to two weeks, 
which provides an only minor effort for the ground op-
erations.  
 
A series of hardware-in-the-loop tests using a 10 channel 
STR2760 GPS simulator were performed to demonstrate 
the Doppler aiding implementation and the overall re-
ceiver performance in a low Earth orbit scenario [5]. The 
hot start capability of the receiver was validated by 
switching the receiver on and off during a 4 h simulation 
session thus simulating the discontinuous activation pro-
file onboard a micro- or nano-satellite with limited power 
resources. Irrespective of the duration of deactivation 
(ranging from 1 min to 57 min) the receiver was able to 
obtain 3D navigation with 6-9 tracked satellites within in 
20 seconds after switch on in all cases. 
 
During the actual mission, where the output sampling 
interval was reduced to 30-60 s, the receiver was found to 
be back on track within 60 s after various power cyclings 
due to temporary battery shortages. In case of extended 
off-times that exceeded the validity of broadcast ephem-
eris parameters stored in non-volatile memory, represen-
tative times-to-first fix of 3 minutes were achieved. 



 
Fig. 4 The λ/4 monopole antenna used for GPS tracking 
on PCsat 

Antenna System 
The GPS receiver is fed by passive antenna and a sepa-
rate low noise amplifier with a gain of +28dB that is 
integrated into the receiver housing (Fig. 3). Due to a 
lacking surface area for the accommodation of a standard 
antenna patch, a quarter-wavelength monopole mounted 
in the corner of the cubic spacecraft structure is used 
instead (Fig. 4). It provides a roughly toroidal antenna 
diagram with a sensitivity dip in the boresight direction, 
but allows tracking down to negative elevations with 
respect to the antenna equator. Other than a patch or 
helical antenna, the monopole is linearly polarized and 
does not provide a rigorous impedance matching. As a 
result of the sub-optimal antenna system, signal-to-noise 
ratios are, on average, 3-4 dB less than observed other-
wise with the same receiver. 

LAUNCH AND EARLY OPERATIONS PHASE 

Following the separation and initial checkout of PCsat, 
the Orion GPS receiver was activated within less than 24 
hours after launch. Within the subsequent days it had not 
been possible, however, to achieve a 3D navigation solu-
tion since the receiver failed to acquire more than two 
GPS satellites at a time. This is attributed to the unfavor-
able spin rate after separation from the launcher in com-
bination with the satellite selection strategy implemented 
in the receiver software. Using selected passes of high 
rate telemetry, the signal levels were found to exhibit 
pronounced variations over time scales of 20-30 s along 
with the changing spacecraft attitude and antenna orienta-
tion [7]. Following an initial acquisition, tracking was 
typically lost again within a few tens of seconds and a 
stable frame lock could only rarely achieved. Once the 
receiver failed to reliably track a GPS satellite on a given 
channel in the predicted Doppler bin for about two min-
utes, it started to search neighboring bins up to a maxi-
mum shift of ±15 kHz. This search pattern was intended 
 

to allow a safe acquisition even in case of large oscillator 
or twoline elements errors but interfered adversely with 
signal interrupts due to the spacecraft rotation. In effect, 
it became unlikely that a given or GPS satellite was in 
view while the correct bin was searched, thus decreasing 
the total number of simultaneously tracked satellites to 
less than four.  

Aside from these acquisition problems, the receiver was 
found to work nominally. This conclusion is supported by 
repeated bit and frame locks on individual channels as 
well as the acquisition of a GPS almanac for week 1134. 
The observed signals level were uncomfortable but 
matched those encountered on ground with the given 
antenna system. The GPS satellite visibility and the ex-
pected Doppler shifts were accurately predicted once a 
first set of twoline elements had been loaded. This con-
firmed the proper function of the hot start algorithms 
employed in the flight software. Also, the real-time clock 
and non-volatile memory have been working to full satis-
faction despite a two month off-period before the launch. 

A new effort to activate the GPS receiver was made after 
a on month hibernation during the morning pass over the 
USNA ground station on 31 October 2001. Following an 
upload of a current twoline elements set, the receiver 
started to track 11-12 GPS satellites simultaneously and 
to produce valid navigation data. Obviously, PCsat had 
achieved a more favorable orientation by then, which 
offered proper visibility conditions for the GPS receiver.  

JANUARY 2002 CAMPAIGN 

An extended activation of the GPS receiver became pos-
sible in mid-January, when PCsat was in a full-Sun orbit 
for almost two weeks.  

Experiment Operations 

The tracking campaign started on January 10 and was 
continued for a total of 12 days. During this time interval 
the PCsat telemetry system was dedicated to GPS data 
transmission and APRS user communication was dis-
couraged to minimize a loss of GPS packages. All space-
craft related operations including power control and TNC 
allocation as well as the commanding of the GPS receiver 
were exclusively performed from the USNA ground 
station.  

The receiver was activated near noon, Jan. 10, and con-
figured with a set of NORAD twoline elements (valid for 
Jan. 7.09) during an initial pass over the USNA ground 
station. Within less than two minutes, the receiver gener-
ated valid navigation solutions from a total of eight 
tracked GPS satellites thus confirming a proper function 
of the hardware and adequate signal conditions. No fur-
ther updates of orbital elements were performed before 
the end of the GPS tracking campaign. Except for some 
early trials, the receiver was operated with a default set-
ting of �15° for the elevation mask. Thus all tracked 



signals pass the Earth at a minimum altitude of 550 km, 
i.e. well above the ionospheric bulge. 
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Fig. 5 GPS data coverage for 1200 baud telemetry with 
NMEA position messages (bottom) and 9600 baud te-
lemetry with state vector, raw data and channel status 
messages (top) 

Telemetry data were transmitted via a 1200 baud VHF 
channel broadcasting NMEA position messages and a 
9600 baud UHF channel broadcasting more detailed 
navigation data, channel status information and raw 
measurements. Following reports on the successful GPS 
activation in the AMSAT bulletin board and associated 
support requests a growing number of radio amateurs 
started to track PCsat and collect GPS and housekeeping 
telemetry data.  

A particularly good coverage was achieved for NMEA 
position messages due to the popularity of low rate VHF 
systems and the full compatibility of these messages with 
the APRS standard. Frequently, the received data were 
directly provided to APRS internet servers thus allowing 
a fully automatic data collection in near-real time. In 
total, 1700 $GPGGA messages corresponding to a cumu-
lative data arc of about 28 h were obtained during the 12 
day campaign. As illustrated in Fig. 5, the majority of 
these data was collected while PCsat was visible over the 
continental US and Europe, but extensive data were also 
received at stations in South Africa, Antarctica, Australia 
and East Asia.  
 

 

Proprietary GPS telemetry from the 9600 baud UHF 
channel was collected at USNA Annapolis as well as a 
small number of stations in the US, Europe, Australia, 
and Japan. Aside from the limited global coverage, this 
data set suffers from heavy interference with terrestrial 
communication channels in North America and the fact 
that long messages were split into up to three APRS data 
frames. As a consequence, extensive manual editing was 
required to reconstruct the original message format and to 
fix corrupt messages to the extend possible. Despite these 
restrictions, the obtained GPS navigation, status and raw 
data were indispensable for a detailed and quantitative 
assessment of the receiver performance. In total, about 
230 sets of raw pseudorange and range rate (Doppler) 
measurements, 220 channel status messages and 380 
position/velocity vectors at 30-60 s intervals were re-
ceived, which cover a cumulative data arc of about 3-4 h. 
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Tracking and Acquisition Performance 

Valid 3D position fixes were obtained in roughly 95% of 
the NMEA $GPGGA messages. On average the receiver 
tracked 10-11 GPS satellites at these times, which may be 
compared to representative values of 13-15 visible GPS 
satellites above the �15° elevation mask. A histogram of 
the number of tracked satellites (Fig. 6) shows a near 
random distribution except for an evident cut-off at the 
number of 12 available tracking channels. It clearly re-
sembles the distribution of the number of visible satellites 
but has a roughly 75% smaller mean value. Given the 
near random antenna orientation caused by the spacecraft 
spin and tumbling, this result suggests a very favorable 
sky coverage of the employed monopole antenna and 
provides an a posteriori justification for the chosen de-
sign approach.  
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For further reference, Fig. 7 illustrates the distribution of 
elevation values for the tracked GPS satellites. It is rea-
sonably homogeneous, but shows a small preference for 
low elevation values. By tracking satellites at both high 
and low (including negative) elevations a favorable view-
ing geometry is achieved with results in dilution-of-
precision values near unity for all axes. 

Aside from a validation of the antenna concept, the large 
number of tracked satellites confirms a proper function of 
the channel allocation algorithm and the underlying Dop-
pler and visibility prediction. Further evidence is ob-
tained from successful hot starts of the receiver after 
temporary battery shortages near the end of the tracking 
campaign. In all of these cases, the receiver was found to 
generate valid 3D navigation fixes within 60 s (i.e. two 
telemetry frames) following the power cycling. In case of 
extended off-times that exceeded the validity of broadcast 
ephemeris parameters stored in non-volatile memory 
(warm start condition), representative times-to-first fix of 
3 minutes were achieved. 

A sample set of signal-to-noise ratios (SNR) provided by 
the receiver is shown in Fig. 8 for a representative ten 
minutes interval on Jan. 15. The results show a notable 
scatter with SNR values ranging from a lower tracking 
threshold of typically 5dB up to peak values of 19dB. 
Pronounced variations over typical timescales of 100 s 
are present on most channels, which clearly indicates a 
rotation or tumbling of the spacecraft at a period of simi-
lar order. However, it was not possible to perform a more 
detailed analysis of the spacecraft attitude variation from 
the available data, due to the limited time resolution (60s) 
of the channel status telemetry and the lack of a concise 
antenna diagram.  
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Measurement and Navigation Accuracy 

For a quantitative assessment of the achieved tracking 
accuracy, single point navigation solutions were com-
puted offline from the available pseudorange and rang-
rate (Doppler) measurements. The analysis made use of 
precise IGS orbits and clock solutions for the GPS satel-
lites to eliminate the effect of broadcast ephemeris errors. 
Due to the absence of a suitable model for ionospheric 
path delays at the 800 km altitude no media corrections 
were applied in the modeling of predicted ranges and 
range rates. A priori state vectors for the least squares 
estimation single point positions and velocities were 
obtained from twoline elements. Coarse outliers resulting 
from data transmission errors could thus be readily elimi-
nated. After obtaining a navigation solution from all 
available raw measurements at a given epoch, the meas-
urement residuals with respect to this solution were com-
puted. If any of these exceeded a threshold of 10 m or 2.5 
m/s the corresponding measurement was rejected and the 
solution was recomputed with the reduced data set. If 
necessary, this process was repeated until all bad meas-
urements were removed or less than seven measurements 
were retained.  
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The resulting distribution of pseudorange and range-rate 
residuals is shown in Figs. 9 and 10, respectively. All 
non- rejected measurements clearly exhibit a random 
error distribution with standard deviations of 2.4 m and 
0.55 m/s. For comparison, a pseudorange noise of 1 m 
and a range-rate (Doppler) accuracy of 0.2 m/s obtained 
in signal simulator tests ([7], [8]).  
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In case of the pseudorange measurements, the apparent 
degradation can in part be attributed to ionospheric path 
delays that have been neglected in the flight data analysis. 
Due to the high altitude of PCsat and a near alignment of 
the orbital plane normal vector with the Sun direction 
during the test campaign, ionospheric effects are at a 
minimum and barely discernible from the random data 
noise. A systematic pseudorange residual of about 2 m 
may, however, be recognized at elevations down to �15°, 
which appears compatible with the increased noise level 
of the flight data. The increased range-rate noise, in con-
trast, can be understood by notably smaller average sig-
nal-to-noise ratios that degrade the Doppler tracking 
accuracy in comparison to the laboratory test results. 

About 7.5% of the pseuorange and range-rate measure-
ments exhibit errors outside a 4σ limit (10-100 m, 2.5-
30 m/s) and have been rejected in accord with the editing 
criterion described above. These outliers are typically 
encountered at (re-)acquisitions of GPS signals, which 
occur rather frequently due to the tumbling motion of 
PCsat and its constantly changing antenna orientation.  

Even though the bad measurements can be readily elimi-
nated in the off-line processing, they do affect the on-
board navigation solution computed inside the receiver. 
Taking into account the rejected measurements, the stan-
dard deviation of the pseudorange errors increases to 
11 m, while the range-rate values exhibit an rms error of 
3.3 m/s. Despite a favorable geometry with representative 
DOP values near 1.0, the outliers thus restrict the accu-
racy of the $GPGGA position message to typically 10 �
15 m in each axis. This has further been confirmed by 
 

batch filtering of the GPS position data in a dynamical 
orbit determination system, which yielded r.m.s. accura-
cies of about 15 m (cf. Fig 11).  
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SUMMARY AND OUTLOOK 

The PCsat mission provides an illustrative example of 
GPS usage on a micro-satellite. Major restrictions result 
from the onboard power constraints and a lacking attitude 
control. Receiver operations are further complicated by 
the absence of a data handling system and the implied 
need for a direct communication link. The onboard limi-
tations are � at least in part � accounted for by a hot start 
capability of the Orion GPS receiver, which offers short 
initial acquisition times, as well as a corner mounted 
monopole antenna, which provides a large sky coverage.  
 
Within the ground based postpropcessing an rms. pseudo-
range and Doppler tracking accuracy of ca. 2.5 m, 0.5 m/s 
has been demonstrated which is a factor of 2-3 worse 
than encountered in a more benign GPS signal simulator 
environment. Despite PDOP values near unity, the on-
board navigation accuracy is further limited to roughly 
20 m (3D rms) due to a large number of outliers. Both the 
increased data noise and the large percentage of outliers 
is attributed to pronounced signal level variations and 
frequent signal losses/re-acquisitions caused by the con-
tinuously changing spacecraft attitude.  
 
Despite these limitations, the employed Orion receiver 
has met all expectations and demonstrated that accurate 
navigation can be achieved even on a micro-satellite 
platform. Potential improvements for future missions 
include the use of a more efficient antenna and preampli-
fier system as well as various receiver software modifica-
tions. These should allow a better control of the signal 
acquisition process with special consideration of intermit-
ted GPS visibility. 
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