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Figure 8. Position Measurement Residuals from Batch Post-Processing Algorithm Using Position Fixes As Measurements.

Figure 9. Velocity Measurement Residuals from Batch Post-Processing Algorithm Using Position Fixes as Measurements.

Figure 10. Position Measurement Residuals on January 10, 2011 from Batch Post-Processing Algorithm Using Position Fixes As Measurements
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where kth superscript refers to the kth GPS satellite, 	
	     is the range of the kth GPS satellite to the GPS 
receiver, c is the speed of light,        is the receiver clock 
offset, and       represents the combined effect of all 
other errors such as ionospheric modeling, and other 
residual errors.  (Misra and Enge, 2004).  To obtain the 
GPS satellite positions, RINEX files for the days that 
were analyzed were downloaded and propagated to 
obtain the correct GPS satellite ephemeris data at the 
desired time.

In this case, measurements were processed even if 
the GPS message from the satellite did not show the sat-
ellites were position-fixing at that time, which allowed 
more measurements to be processed. Figure 11 shows 
a representative sample of data showing the magnitude 
of the pseudo-range measurement residuals for the 
same days as with the previous post-processing case 
for comparison. Only those days where downloaded 
messages with enough pseudo-range measurements to 
generate a post-processed solution were analyzed.  It is 
shown that in this sample, for most processed days, the 
majority of the measurement residuals are below 100 
meters.  Although these accuracies are larger than stan-
dard GPS position fixes, the batch solutions obtained 
validate the on-orbit position fixes that were recorded.

In this scenario, the measurement residuals were 
larger than the previous case, because at any particular 
time, there were not enough reported GPS measure-
ments for the satellite to obtain a good clock bias 
estimate which  must be removed to obtain accurate 
range measurements. This performance is due to the 
lack of an attitude control system, which causes the 
GPS antenna to point in less than ideal directions 
some of the time.  However, a nominal trajectory esti-
mate was still achieved in post-processing.   

5.3 GPS Receiver Attitude Estimation Capabilities
 
The GPS receivers on board FASTRAC are capable 

of estimating the real-time attitude of the spacecraft in 
a sensor fusion algorithm that combines the signal-to-
noise (SNR) measurements from a single GPS antenna 
for each of the GPS signals that it is tracking with mea-
surements from an on-board magnetometer as dis-
cussed in (Stewart and Holt, 2005) and (Greenbaum,  
et al., 2008). A sample of the reported attitude solutions 
from January 10, 2011 from one of the satellites’ GPS 
receivers is presented in Figure 12. 

Figure 13 shows the three-axis standard deviation 
of the reported attitude solutions shown on the previ-
ous plot.  This plot shows that the reported accuracy 
of the attitude solution is below 10 degrees for all so-
lutions except for the first data point.  This data point 
corresponds to the time when the GPS receiver was just 
starting to acquire a position fix, which explains the 
higher level of uncertainty.  The other data points all 
have a reported standard deviation below 10 degrees, 
which agrees with the expected accuracy of the GPS at-
titude determination algorithm as discussed in (Green-
baum, et al., 2008) and (Stewart and Holt, 2005).

It should be noted that since magnetometer mea-
surements are used to generate these attitude solu-
tions, the solutions are most accurate when a current 
position fix is available, as this knowledge is used to 
compare the magnetometer measurements against an 
on-board geomagnetic model.  These sample attitude 
solutions show that in stacked configuration, the satel-
lites were rotating roughly at 0.6 deg / min in the roll 
axis, 0.1 deg / min in the pitch axis, and 0.1 deg / min 
in the yaw axis when these samples were taken. These 

Figure 11. Range Measurement Residuals from Batch Post-Processing 
Algorithm Using Pseudo Range Measurements.
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measurements were taken on January 10, 2011, prior to 
spacecraft separation and confirm that the combined 
satellite stack was rotating slower prior to separation 
on March 22, 2011.

6. Conclusion and Future Plans

During the first year of operations, the FASTRAC 
satellites have been continuously operational and have 
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Figure 12. Reported GPS Receiver Attitude Solutions from January 10, 2011.

Figure 13. Reported Attitude Solution 3-Axis Standard Deviation from January 10, 2011. 

performed within expected bounds. All of subsystems 
have been verified and both satellites are still produc-
ing valuable data that will continue to be analyzed as 
long as the satellites remain healthy.  At this point, the 
minimum success criteria for all of the mission objec-
tives have been met, or work is in progress to complete 
them.  The only full success mission objective that is 
not expected to be met is that of the satellites’ comput-
ing real-time relative navigation solutions, since one of 
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the on-board microcontrollers that operates the GPS 
receiver on Sara Lily has stopped responding to ground 
commands.  The data that have been gathered and 
analyzed thus far from the first year of operation have 
shown that the GPS receivers on board both satellites 
have operated as expected. 

The post-processed nominal trajectory solutions 
have also shown that the GPS receiver has been per-
forming within the expected bounds by comparison 
with results obtained from pre-flight GPS simulations. 
The GPS receiver performance is normal for the ob-
served satellite rotation rates, which are due to the lack 
of an attitude stabilization system on these satellites. 
This analysis has validated the GPS receiver’s perfor-
mance and its capabilities as a space GPS receiver.  A 
sample of attitude solutions obtained from the GPS 
receiver has also demonstrated reasonable attitude de-
termination performance within expected accuracies 
according to ground simulations.  

As part of the University Nanosatellite Program, 
the FASTRAC project was designed, built, tested, and 
operated by a team of university students with pro-
fessional advice and assistance.  More than a year of 
successful space operation for FASTRAC validates the 
student-built satellite model.  While many costs of this 
process are not fully known, there is unquestioned edu-
cational benefit. FASTRAC simultaneously performed 
a relevant space technology demonstration mission 
and provided a unique training experience for dozens 
of students, many of whom have entered the workforce 
since graduation and are now contributing engineers 
and scientists at aerospace companies, government re-
search labs, and academia.

	 The FASTRAC team expects to continue op-
erating the satellites in primary mode, to obtain more 
data through at least the end of summer 2012.  After 
this is finished, the satellites will be made available for 
the amateur radio operator community so that they 
can be used as digipeaters.  The satellites will also be 
made available as training tools in satellite operations 
for the Satellite Design Lab, as well as by other schools 
that are participating in the University Nanosat Pro-
gram to verify the operation of their ground stations.  
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