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ABSTRACT  
 
 GNSS signal processing for a receiver in a 
geostationary environment is more difficult than for a 
classical receiver on Earth in normal conditions. There are 
numerous differences between the GNSS signals that an 
Earth user receives and the signals that a geostationary 
satellite receives. The specific and main characteristics of 
the GNSS signal received by a geostationary satellite are 
the following: high C/No values only for ray tangential to 
the earth, with C/N0 more frequently between 20dBHz 
and 24dBHz, very important Doppler values (+/-15kHz), 
and poor Dilution Of Precision factor (usually higher than 
5). To cope with these particular constraints we propose 
to elaborate a GPS signal processing strategy that has the 
particularity to be autonomous, that is the receiver does 
not use "aiding data" downloaded from Earth to compute 
its position. In that case, the complexity of the receiver as 
well as its cost is lowered. Its integration in the satellite 
payload is eased too. The geostationary receiver position 
is computed along the day mainly through an acquisition 
snapshot process and an orbital filter.  
As the Doppler range is too large to be processed, as a 
preliminary step of the strategy, we reduce the Doppler 
uncertainty by computing the GPS satellite position 
thanks to almanacs data previously demodulated.  
This preliminary step is investigated in the first part of the 
paper. To be able to process enough GPS signals all along 
the day, with a geometry as good as possible but still 
limited due to the situation, we implement an acquisition 
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method that is able to cope with C/N0 signal values as 
low as 20 dBHz. Thus, three techniques have been studied 
and evaluated: the FFT acquisition method, the Half Bit 
method and the last one is called the Double Block Zero 
Padding method. Yet, in parallel to that, we have to 
ensure that the receiver may be autonomous in that it is 
able to know enough valid ephemeris data from visible 
satellites to compute its position thanks to the 
pseudorange measurements. Indeed, the position of the 
GPS satellites computed thanks to almanacs data is not 
enough accurate to compute the geostationary satellite 
receiver position. It has been shown in [2] that the data 
demodulation threshold must be lowered down to 25 
dBHz to be sure to see at least four GPS satellites with 
valid ephemeris data at any time during the day.  
Once we have fixed the demodulation threshold to ensure 
the autonomy of the receiver, the position is computed 
through acquisition snapshots. But the position estimate 
obtained after the acquisition process depends on the 
accuracy of the peak detection and so, it depends on the 
sampling rate. The results obtained by using the three 
above mentioned acquisition schemes do not lead to an 
accurate position calculation mainly because of the 
geometry of the acquired GPS satellites. That is why we 
propose to implement a peak extrapolation technique to 
improve the accuracy of the peak detection and thus, the 
accuracy of the estimated pseudorange measurement. 
Last, in order to improve the position estimate accuracy, 
we propose to implement an orbital filter to be coupled 
with the GNSS measurements elaborated at the output of 
the acquisition process, that takes into account the main 
forces which drive the movement of a geostationary 
satellite. The performance of this filter is analyzed in the 
last part of the paper. The aim of the paper is to present 
and assess the performance of the global strategy outlined 
above to process GPS signals with a receiver onboard a 
geostationary satellite based on the former characteristics. 
This paper is organized as follows: first, the constraints 
due to the geostationary orbit are briefly remined, then the 
strategy is presented in a second part, particularly we 
stress the means to have an autonomous receiver. A third 
part is dedicated to the three acquisition techniques and 
their performances in term of position accuracy and 
availability are presented. A peak acquisition 
extrapolation is also detailed. In the last part, a Kalman 
filter using a simple force model to describe the satellite 
motion is studied to improve the accuracy of the 
navigation solution. The computational cost of the 
strategy is also investigated. 
 
INTRODUCTION 
  
There is a growing interest in achieving geostationary 
satellites localization by using GNSS signals. However, 
we recall the GPS signal received in a geostationary orbit 
is somewhat different from the signal that a classic earth 
user can encounter. The specific and main characteristics 

of the signal received by a geostationary satellite are the 
following: the C/No values are spread around 15dBHz-
25dBHz and roughly go up to 45dBHz; the Doppler 
values are very important (+/-15kHz), and the Dilution Of 
Precision factors are usually higher than 5. 
 A GNSS receiver onboard a geostationary satellite will 
have to deal with these specific constraints.  Several 
acquisition strategies can be used to cope with these 
constraints and to produce an accurate position. Our aim 
in this work is to use acquisition techniques which work 
in a global autonomous acquisition strategy with a 
minimum computational cost to save energy. So the 
receiver does not use any "aiding data", such as GPS 
ephemeris or almanacs uploaded from the earth. Then, the 
complexity, the cost and the adaptability of the receiver is 
lowered, which is consistent with low energy 
consumption and simple integration within the payload. 
With these operating constraints, we have studied three 
different acquisition techniques to achieve the positioning 
and a Kalman filter to improve the accuracy of the 
calculated position. 
The first part of this paper recalls the characteristics of the 
GPS signal when processing it on a geostationary orbit. 
The problems we face in the geostationary orbit to 
develop an autonomous signal processing are also 
presented. The next part details the solutions used to get 
rid of these problems; notably a solution to increase the 
number of GPS satellites with valid ephemeris the 
receiver can acquire is depicted. It also shows the 
developed strategy to reduce the number of operation the 
receiver carries out along the day. 
The third part of this paper briefly presents three different 
acquisition techniques used to compute the geostationary 
satellite position: the first one is the classic FFT 
acquisition method, the second one is called the Half Bit 
method and the last one is called the Double Block Zero 
Padding method. The results over an entire day are 
presented with a classic least square estimation to 
estimate the position. A peak acquisition extrapolation 
technique is proposed to improve the accuracy of the 
estimated delay whose resolution is limited by the 
sampling frequency. The accuracy of the GEO satellite 
position is then improved. 
The last part of the study proposes a Kalman filter to 
improve the accuracy of the position solution. The 
Kalman filter uses a simple force model to describe the 
geostationary satellite motion. Finally, the computational 
cost of the three acquisition techniques and the Kalman 
Filter are presented 
 
GPS SIGNAL CHARACTERISTICS FOR A 
GEOSTATIONARY ORBIT RECEIVER 
 
The conditions for GPS signal processing are not as 
optimal for a GEO receiver as for an earth-based receiver. 
As depicted in figure 1, the GEO satellites are higher 
above the Earth than the GPS constellation orbit. Then, 
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for most of the time, the GPS antenna does not point in 
the direction of the GEO satellite antenna.  
Let us denote zone 1the area covered by the main lobe of 
the GPS antenna and zone 2 the area covered by the side 
lobe of the GPS antenna. Due to the directivity of the GPS 
antenna and the GEO receiver antenna, the received 
signal strength quickly decreases if the GPS signal is not 
emitted through the main lobe of the GPS antenna. Thus, 
the signals have more power when they are emitted by 
satellites in zone 1, at the opposite of the GEO satellite 
toward the earth. But, at each epoch, the number of GPS 
satellites located in this area is not large and the minimum 
of four satellites required to compute a position 
measurement is not met. The GEO only see 3 satellites for 
less than 60% of the time in this case and it is not 
sufficient to compute its position. 

 
Figure 1:Geostationary satellite visibility 

 
Besides, as in [1], the delay introduced by the crossing of 
the ionosphere for a signal tangent to the earth can 
fluctuate a lot and the delay can be as important as more 
than 100m. To protect ourselves from such a bias, we 
consider an earth masking for the following of the study, 
i.e we assume that the masking radius of the earth is the 
normal radius plus 1000km which stands for the 
ionosphere layer. The signals coming from that direction 
are not considered and thus, the number of “visible” 
satellites is lowered. 
So, in order to increase the number of visible satellites as 
well as their visibility duration, signals emitted through 
side lobes of the GPS antenna, that is from zone 2, are 
considered. The received signal strength becomes far 
lower in this case while the elevation of the GPS satellite 
decreases. With the assumptions made in [1] (notably the 
GEO and GPS antenna gain pattern), the C/No of the 
received signals depending on the elevation of the GPS 
satellite towards the GEO is computed as illustrated in 
figure 2. The noise power density is set to -201dBHz. 

 

Figure 2: Global C/No from the receiver point of view   
with GPS (L1) satellites, C/No=f (

2

π - elevation)  

 
Teta GEO is the off-boresight angle of the GEO antenna. 
The figure 2 shows that the C/No ranges from 45 dBHz to 
less than 15 dBHz when considering the side lobes 
signals. The signal strength is weaker than for an Earth 
user in normal conditions. Most of the received signals 
have strength between 20 and 27 dBHz. So, to benefit 
from extra measurements, the acquisition techniques will 
have to work at least down to these values. In this case, it 
is a trade off between the low signal levels  and the gain 
in the visibility duration of the GPS satellites. The figure 
3 depicts the number of satellites the GEO satellite can 
see with a C/No higher than 20 dBHz and 25 dBHz. The 
visibility is computed for the geostationary satellite 
Artemis which is one of the EGNOS satellites. 
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Figure 3:Probability to see at least N satellites with 
C/No>20 dBHz (left)  and C/No>25dBHz (right) 
 
By processing signals down to 20 dBHz, 9 satellites are 
always visible and more than 12 are visible for more than 
50% of the time. So, the receiver should be able to 
compute a point position. We note that the number of 
visible satellites significantly decreases when we want 
signals with a C/No higher than 25dBHz. In this case, it is 
possible to see 3 satellites at any time. 
In addition to the global visibility problem, the period 
where each GPS satellite signal is received with a C/No 
higher than the data demodulation threshold (DDT) is a 
problem. Indeed, the signal of each GPS satellite is strong 
(i.e above the DDT) only for short periods and these 
periods can be spaced by several hours as it is depicted by 
figure 4. 

Zone 2 
Zone 1 
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Figure 4:Evolution of the C/No , C/No=f(time) (left) 
and duration of the C/No>27dBHz (right) for the 24 
GPS satellites over one day 
 
The usual DDT is set to 27dBHz for L1 C/A. The 
corresponding BER is 6.10-6. The duration for each GPS 
satellite where their C/No is above this value is not long. 
The sum of the visibility intervals is within 100-200 
minutes for most of the GPS PRN as shown in figure 4, 
where the total observation time is one day (1440 
minutes).   
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Figure 5: Received C/No (blue) and C/No>20dBHZ 
+valid ephemeris period (red) for PRN 3 along the day 
 
The red curve shows the period where the received signal 
incoming from PRN3 has a C/No larger than 20dBHz and 
valid demodulated ephemeris with a 27dBHz DDT. As 
shown on figure 5, long periods without the possibility to 
demodulate the data are expected, and as a consequence, 
the ephemeris data exceed their 4hours validity period. 
So, we cannot use those satellites to compute the GEO 
position, even if the received signal is above 20 dBHz. 
Thus, we would like to ease the demodulation of the data.  
 
Another important characteristic of the signals received in 
the geostationary environment is their Doppler frequency 
values. Indeed, the velocity of the GEO is around 4km/s 
in the Earth Centred Inertial coordinate system, and then, 
the rate of change in the distance between the GEO 
satellite and the GPS satellite can reach very important 
figure in some configurations, faster than for an earth 
user. So, the Doppler frequency for a GEO satellite ranges 
from +/- 15kHZ, which is 3 times higher than for an earth 
user. When using GPS satellite with C/No>20 dBHZ, this 
figure falls down to +/-13kHz, nevertheless this figure 

remains high and it implies too many operations during 
the acquisition process if the receiver has to cover this 
range.  
The Dilution of Precision factors are not good in the 
geostationary case because the GPS satellite the GEO 
satellite sees are not numerous and they are not uniformly 
distributed in the space, they are inside a cone of 40° half-
angle. By processing satellites with a C/No>20dBHz, the 
receiver can use more satellites, and yet the PDOP factor 
remain higher than 10 for the GEO receiver. It implies a 
degradation of the position accuracy.  
 
Finally, the main challenges encountered to design an 
autonomous and low cost GEO receiver are: 

- The width of the doppler range which requires to 
predict the doppler. By roughly predicting the 
doppler, it enables the receiver to explore a 
reduced doppler range. This method reduces the 
processing cost (in term of energy consumption 
and processing time), as the remaining doppler 
uncertainty must be far lower than the initial  +/- 
15kHZ global doppler range.  

- The short and spaced period to demodulate the 
navigation data and especially the ephemeris and 
clock correction data: the ephemeris previously 
demodulated may lose their validity because of 
the inability of the receiver to update the last 
demodulated ephemeris. Thus, it is no more   
possible to compute the GEO position. To 
prevent from this problem, lowering the usual 
data demodulation threshold is investigated in 
the next section. 

The next section presents the solution to face these 
problems and the strategy for the autonomous and low 
cost receiver. 
 
 
AUTONOMOUS RECEIVER STRATEGY 
 
As already mentioned, the aim of this paper is to present 
an autonomous receiver which does not use “aided data” 
downloaded from Earth to compute its position. The 
complexity and the electric consumption of the receiver 
must be as low as possible. 
The geostationary receiver position is computed along the 
day through an acquisition snapshot process. In the 
strategy, the position is not obtained with tracking loop 
only as in a classic receiver, notably to reduce the 
processing. The tracking loop channels used to 
demodulate the ephemeris and the almanacs are yet used 
to provide extra pseudorange measurements while they 
are functioning. 
To reduce the energy consumption and the processing 
time, we must first reduce the doppler range.  Indeed, the 
uncertainty on the Doppler frequency has a direct impact 
on the acquisition computation complexity. The number 
of Doppler bins to explore during the acquisition process 
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depends on the Doppler uncertainty which is the deviation 
between the true Doppler and the predicted doppler. With 
the unreduced Doppler uncertainty mentioned in the 
previous section (+/-15kHz), the calculation would be too 
expensive in terms of time and energy consumption. So, 
we need to reduce the Doppler uncertainty. One 
interesting solution to reduce the Doppler uncertainty is to 
know the almanacs or even better all the ephemeris data 
of the visible satellites. So, we consider that at least valid 
almanacs (not older than 1 week) are stored in the 
memory of the receiver: 

• Cold Start 
 If it is the first ever start of the receiver, we consider that 
almanacs have been loaded before the geostationary 
satellite launching. 
 If the receiver has already worked in live conditions, the 
receiver uses the almanacs data which have been 
demodulated during this last processing. To remain valid, 
the almanacs should not be older than 1 week, so the 
receiver should not be shut down for more than a week. 

• Warm Start 
The receiver uses the current valid almanacs demodulated 
during the last 24 hours. It is always possible to 
demodulate the almanacs for the whole GPS constellation 
within one day. Indeed, to get it, the receiver must be able 
to demodulate the data over 12.5 minutes, which is the 
duration of the entire almanacs data. This process is done 
thanks to a tracking loop channel. It is only required to 
demodulate a set of almanac once a week. So the receiver 
needs just one tracking channel continuously operating 
for 12.5 minutes in a week to achieve the demodulation of 
the almanacs. As depicted on figure 4 (left) and 5, it is 
possible to receive a strong signal with C/No >27dBHz 
for more than 12.5 minutes over one day. So, the almanac 
demodulation is achievable with only one tracking 
channel and an almanac demodulation process must be 
launched at least once a week. It is the minimum 
requirement. A better recommendation would be to 
demodulate the almanacs once a day to improve their 
accuracy. 
Knowing the almanacs data and so an approximate 
position of the GPS satellites, the remaining Doppler 
uncertainty only depends on: 

- the uncertainty on the GEO receiver position set 
to 100km 

-  the time uncertainty between the receiver time 
and the  GPS time set to +/-3seconds 

-  the uncertainty the local oscillator drift (we 
assume a 1 p.p.m oscillator grade).  

The Doppler uncertainty falls down to only +/-2000Hz 
with these assumptions, and it can be even lowered by a 
reduction of the local oscillator drift once the first 
Pseudorange is computed. With such a doppler 
uncertainty, the number of doppler bins to search during 
the acquisition process are reduced and so, the number of 
operations decreases too. Then, the computation time and 
the energy consumption are well reduced. 

To be autonomous, the receiver must be able to compute 
the accurate position of at least four GPS satellites at each 
epoch. The accurate GPS positions are obtained thanks to 
the demodulated ephemeris.  As shown in the previous 
section, for each PRN, long periods with signal power 
under the classic data demodulation threshold prevent 
from having continuously valid ephemeris. A solution is 
to decrease the data demodulation threshold, so that the 
period the receiver is able to demodulate the data will 
increase. As a consequence, the periods between two 
ephemeris demodulations will be shortened and we can 
expect we come close to a continuous availability of the 
ephemeris along a day. So, in the developed method, the 
data demodulation technique does not differ from a 
classic technique, but as the receiver try to demodulate 
data with a low power, then the BER may increase. The 
data demodulation threshold depends on the probability of 
bit error we accept during the processing of the data. the 
classic DDT is 27 dBHZ which corresponds to a BER of 
6.10-6. As shown in [2], a DDT set to 25dBHz (BER of 
2.10-4) is a good trade off between the number of satellites 
we can use to compute a position with valid ephemeris 
and the probability to demodulate the entire ephemeris 
data with no error.  
 
Figure 6 shows the number of visible PRN with valid 
ephemeris and C/No>20 by using a 25 dBHz data 
demodulation threshold for the Artemis geostationary 
satellite. 
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Figure 6:Number of visible PRN with valid ephemeris 

and C/No>20 and DDT=25dBHz 
 
There is only a short period where the GEO cannot use 4 
satellites with valid ephemeris to compute its position. 
These periods only last 11 minutes with only 2 or 3 GPS 
satellites available. The average number of useable 
satellite is 6.6 with DDT=25 dBHz.  
In conclusion, to ensure the GPS receiver is autonomous, 
the acquisition method which is implemented in the GEO 
receiver has to work at least down to 20 dBHz with the 
Data Demodulation Threshold equals to 25 dBHz.  
 
Moreover, to reduce the number of operations carried out 
by the receiver during a day, it is possible to use the fact 
that the path of the geostationary satellite is predictable 
with a good accuracy. The almanacs give the position of 
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the GPS satellites with less than 1km error. The position 
of the geostationary satellite is known with a weak error. 
If it is the first start of the receiver, it is assume the GEO 
position is known with an error below 100km (the Kepler 
parameters loaded before launching the satellite can 
achieve this performance). If the receiver is running, the 
receiver uses the last calculated position whose error is 
less than 1 km (see the last section). 
Knowing the GPS almanacs and the approximate position 
of the GEO, it is possible to foresee the elevation of the 
GPS satellites with regards to the GEO satellites. As the 
C/No is a function of the elevation angle as depicted by 
figure 2, the receiver is able to foresee the C/No signals of 
the different PRN.  
The prediction can be made for several hours. Once a 
GEO position/velocity is calculated for a given epoch, its 
position can be accurately propagated with a simple force 
model, as the residual uncertainty on the GPS satellites 
position and the GEO propagated position does not affect 
significantly the accuracy of the elevation computation. 
For the strategy presented in this paper, the acquisition 
snapshot process happens every 30 seconds. Then, the 
propagation of the GEO position is updated from each 
new calculated position, i.e every 30 sec. The propagation 
module works as shown on figure 7, with a GEO satellite 
position propagation time of 2 hours for example. 
             

 
Figure 7: C/No prediction module 

 
The main advantages of such a strategy are the following: 
- the receiver only  acquire PRN  with a predicted    
C/No>20 dBHz. As a consequence, it reduces the number 
of acquisition channel simultaneously working and the 
number of operations done. 
- the receiver begins tracking signal only when the signal 
is strong. It reduced the risk of loss of lock.  

- The number of coherent (C) and non coherent (NC) 
integration are defined to achieve a given probability of 
detection for a given C/No. The knowledge of the C/No 
allow the receiver to chose the optimum C and NC for the 
next acquisition process of the satellite as the receiver 
knows the C/No of the signal. Thus, the number of 
operation is optimised. With such a principle, no 
acquisition or tracking will be achieved for nothing, i.e 
with signal power too weak to be processed successfully. 
Furthermore, it is possible to determine the number of 
operations the GEO receiver will achieve over one day for 
acquiring the GPS satellites by determining the C/No of 
every received signal as a function of the time. 
The current set up strategy cope with an autonomous 
receiver and it allow to reduce the number of 
acquisition/tracking process to its minimum, and so to 
reduce the number of operation carried out. 
The next section shows the acquisition algorithm used to 
compute the GEO satellite position.  
 
 
AUTONOMOUS ACQUISITION ALGORITHM 
AND RESULTS 
 
In this section, the three acquisition methods used to 
compute the GEO satellite receiver position are briefly 
presented. They have already been presented in [2].  
 
1+1ms FFT acquisition method 
The structure of the acquisition loop is presented in 
figure8. We assume that the signal has already been 
filtered by the RF front end filter and down-converted to 

the intermediate frequencyIf . 

When it enters the acquisition loop, the signal has the 
following expression 
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Figure8:Acquisition loop structure 
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new computed GEO position 

 

Acquisition or Tracking process 
launched depending on the C/No 

fs
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The principle of the acquisition depicted in figure 8 is as 
follows: once Tp seconds of the signal have been 
correlated in the FFT correlator, it is squared, and then the 
magnitude is stored into memory. Another Tp seconds of 
signal enters the loop and is processed as previously 
described. The magnitude is added to the previous result. 
This process is repeated M times, M being the non-
coherent integration parameter. The whole process is 
repeated for each Doppler bin. The result of the 
processing is the classic acquisition matrix T. The 
maximum of the acquisition matrix gives the right [delay 

– Doppler] of the received signal. Let dF  be the Doppler 

uncertainty, f∆ be the size of the Doppler bins (Hz) and 

fdN the number of Doppler bins. 

f

F
N d

fd ∆
=   with 

Tp
f

2

1=∆  

The size along the code delay dimension depends on the 
sampling frequency the receiver uses. In this study, the 
sampling frequency is 2fc. This values implies less 
processing but a lower resolution in the estimated delay. 
The size of the T matrix is then: 

2046.22046 ×=× FdTpN fd
 

Consequently, the number of operations are straigth away 

linked to dF and Tp.  

The minimum Tp value is 1ms.  The process used in our 
algorithm differs a bit from the one described in figure 9. 
With Tp=1ms, the FFT correlation is made on 2ms of 
signal with 2ms of local code as shown in figure9: 
 

         
Figure 9: 1+1ms FFT correlation process 

 
The incoming signal samples are put into a 2 ms data 
buffer, half of which will be replaced in a first-in first-out 
manner every 1 ms. The FFT of the incoming signal 
samples over 2 ms is taken. The extended local code 
replica is formed by appending 1 ms of zeros after the 1 
ms of local code. The complex conjugate of the FFT of 
the extended replica is then computed.  
The next correlation process will be carried out with 
block B and block C which is the millisecond coming 
after the block B. 
This technique avoids the correlation losses that can 
happen if a bit transition data occurs inside the block A. 
Thanks to the 1ms zero padding, the FFT correlation over 
2ms is not affected by the data bit transition. The switch 

in the sign of the samples within block A after the bit 
transition and block B is compensated by the way the FFT 
correlation works. 
 
Half Bit acquisition method 
 
The second acquisition method we investigate is the half 
bit method which is developed in [3]. The basic idea is to 
get rid of the losses due to a data bit transition occurring 
during a coherent summation of the signal by performing 
summation over time intervals which are not affected by a 
data bit transition. The principle of this method is to use 
10 ms coherent integration time and to try two different 
intervals. The second interval is delayed by 10 
milliseconds from the first.  The acquisition process is the 
same as in the first acquisition method for each of the two 
sets corresponding to the two different intervals. As a 
consequence, for each set, the size of the T matrix 
depends of the parameter in the same manner as it is 
describes in the previous method.  

 
Figure 10:Construction of the 2 sets 

 
With this temporal cut out, we are sure that at least one of 
the two intervals does not contain a data bit transition 
because transitions are separated by multiples of 20 
milliseconds, the duration of a data bit. Thus, one of the 
two sets does not undergo losses due to a data bit 
transition. Moreover, the receiver does not need any 
knowledge about the data bit transition time. As long as 
the synchro bit is not carried out, the acquisition process 
could face important losses due to coherent integration 
over a data bit transition time. Thanks to this method, one 
of the set is guaranteed to have no bit transitions in any of 
its presquaring summation intervals. 
Obviously, since this method processes an acquisition 
scheme over two sets of signals, the computational cost is 
more important than with the first method. The 
calculation is done over more than twice more signal 
length than with the first method. 
 
Double Block Zero Padding Method 
 
Whereas the first two acquisition methods described in 
this section compute the classic acquisition matrix in 
order to find the right delay and the right Doppler 
frequency which affect the signal, in this method, the 
delay-doppler research is not achieved following that kind 
of time-frequency research with the double block zero 
padding algorithm. The method is described in [4], [5], 
[6], [7]. 

Set 1 Set 1 Set 1 Set 2 Set 2 Set 2 

10ms 

Data Bit transition 

Block A : 
1ms of signal 

Block B : 
1ms of signal 

1ms of local code 1ms of zero 
padding 

FFT 

FFT 

IFFT 

conj 

Block 0  Block C 

          Set1 :   Jo=0                         J1=20                        J2=40 

                  Set2: Jo=10                        J1=30                      J2=50 
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The approach to achieve signal acquisition here is to split 
N milliseconds of data sample into M blocks. Then, 
partial correlations (i.e on less than 1ms of signal) on the 
M blocks are made to find the delay and the Doppler.  
The number of operation to achieve this acquisition 
scheme is far less than the two other processing methods. 
The performances of the three acquisition methods 
described in this section are evaluated in the next 
subsection for a geostationary orbit, notably the position 
error is computed thanks to a least square algorithm.  
 
Acquisition results 
 
The simulations are conducted over 24 hours. The GPS 
signals are simulated under MATLAB.  
The simulated data carry the characteristics the GPS 
signals should have if they were processed by a real 
receiver on a geostationary orbit. For each epoch, the 
elevations of the GPS satellites as well as their distances 
with the GEO satellite are used to compute the C/No of 
the signals reaching the receiver.  The Doppler and the 
transmission delay are also obtained by simulating the 
GEO orbit and the GPS satellites orbits. 
The lowest acceptable signal strength to process the GPS 
signals is set to 20 dBHz. With a predicted C/No under 
that threshold, we will not try to acquire the 
corresponding satellite.  
The acquisition of all visible PRN with valid ephemeris 
and with a C/No>20 dBHz is performed every 30 seconds 
during the 24 hours of simulation. At each epoch, thanks 
to the delay measured by the acquisition process the 
estimated position of the user is computed as well as the 
positioning error. 
To achieve the performances described after, the duration 
of the signal can be as long as 3 seconds. 
Depending on the C/No the receiver should get the signal 
coming from a PRN, we define the number of coherent 
and non-coherent integration carried on during the 
acquisition process for the first two method. We remind 
that the double block zero padding method does not use 
coherent nor non-coherent integration. 
 

• 1+1ms FFT acquisition method 
 

 
Signal strength 

 

Coherent 
acquisition 

(ms) 

Non-Coherent 
acquisition 

Signal 
Duration 

(s) 
C/No>30 1 100 0.1 

30>C/No>26.5 1 200 0.2 
26.5>C/No>24 5 200 1 
24>C/No>22 10 150 1.5 

C/No<22 10 250 2.5 

 
 
 
 
 
 
 

 
• Half Bit acquisition method 
 

 
Signal strength 

 

Coherent 
acquisition 

(ms) 

Non-Coherent 
acquisition 

Total Signal 
Duration (s)/ 

Signal set 
duration 

C/No>30 10 20 0.2/0.1 
30>C/No>26.5 10 40 0.4/0.2 
26.5>C/No>24 10 150 1.5/0.75 
24>C/No>22 10 250 2.5/1.25 

C/No<22 10 350 3.5/1.75 

 
• Double Block Zero Padding Method 
 

Signal strength 
 

Signal Duration 
(ms) 

C/No>30 100 
30>C/No>26 500 
26>C/No>22 1000 

C/No<22 1500 

 
For each epoch, the three algorithms compute the code 
delay for each visible satellite (with C/NO>20 dBHz) 
with valid ephemeris data. With these information, the 
pseudoranges measurements are computed. We can 
compute them because we make the assumption that the 
GEO position is known with the uncertainty of less than 
300km (which is the distance covered by 1ms of signal). 
Since the GEO satellite is on orbit and that orbit does not 
fluctuate fast, we consider our assumption to be realistic. 
The computed delays represent the estimated position 
within a 300km uncertainty. 
The GEO position is estimated thanks to a classic Least 
Square method. 
The geostationary orbit simulated is the Artemis 
(PRN124) orbit. 
The mean position errors are summed up in the following 
table for the three different acquisition method. 
 

 1 +1 ms 
method 

Half Bit 
method 

Double Block 
Zero Padding 

method 
Along track  
Error (m) 

101.1 102.4 
 

211 
 

Radial track 
Error (m) 

742 745   1659 

Tangent track  
Error (m) 

67.8 69.3 136 

Geometric error (m) 751 755 1677 
time proportion with 
more than 4 satellites 
acquired successfully 

 
97% 

 
96.8% 

 
88% 

Mean position error for the three acquisition methods 
 

The error is much more significant along the radial track 
This is due to the configuration of the GPS satellites. 
They are all usually located in front of the GEO satellite, 
inside a little area, so that the accuracy of the 
measurements is not good along the radial track. The 
different GPS satellites do not provide enough 
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information to compute a position with a good accuracy 
along this axis.  
The results are similar with the Half Bit method and the 
1+1ms method.  Due tot the delay resolution, the mean 
error is covariance 150 geometric error 
 
Peak extrapolation technique 
 
The previous results are obtained by computing the 
position thanks to a classic Least Square method. 
However, we must stress the fact that the accuracy on the 
code delay is only ½ chip as the sampling frequency is 
taken to cf2 , where cf is the code frequency. Thus, the 

accuracy on the estimated pseudorange for each satellite 
cannot be better than 150 meters (length of ½ chip). 
Combined with the poor DOP value for the GEO receiver, 
it explains the low accuracy concerning the GEO satellite 
positioning. 
To achieve a better positioning, a simple extrapolation 
technique is used. The aim is to improve the accuracy of 
the code delay estimation. It is based on the extrapolation 
of the acquisition matrix. 
It assumes that the autocorrelation function of the code is 
a perfect triangle with opposite slope on both side of the 

peak.  Once the maximum ( dF ˆ,τ̂ ) of the acquisition 

matrix is located, the algorithm applies that property to 
extrapolate the location of the peak as shown on figure 
11. 

                              
Figure 11: Extrapolation of the estimated code delayτ  
 
The amplitude of the sample after the peak and before the 
peak is compared. The sample with the lowest amplitude 
indicates that the slope (in absolute value) between the 
peak and this sample is the highest (-a in figure 11). A 
straight line with the slope +a is drawn passing by the 
sample with the highest amplitude. The intersection 
between the two straight lines gives the extrapolated Tau. 
This simple extrapolation technique provides an average 
good improvement in the accuracy of the estimated Tau 
and then, a good improvement in the accuracy of the GEO 
position. 

The extrapolation technique cannot work with the Double 
Block Zero Padding method as it does not use the classic 
acquisition matrix to find the right delay-doppler. 
 

Position error with 
satellites with valid 

ephemeris (improvement 
compared without  extrapolation) 

 
1+1ms     
method 

 
Half Bit 
Method 

Along track 
Error (m) 

68 (32%) 62 (39%) 

Radial track 
Error (m) 

539 (27%) 465 (37.5%) 

Tangent track  
Error (m) 

37 (44%) 39.9 (42%) 

Geometric error (m) 544 
(27.5%) 

470.8 
(37.7%) 

Position error with peak extrapolation technique 
 

The comparison shows the improvement thanks to this 
simple extrapolation. The position accuracy increases by 
30 to 45% compared to positions computed with the 
initial measurements. However, the positioning error 
remains high in spite of the improvement leads by the 
extrapolation technique. In order to improve the 
positioning accuracy, an orbital filter is developed to be 
implemented within a Kalman Filter in the next section. 
 
ORBIT DETERMINATION WITH A KALMAN 
FILTER 
 
The motion of the geostationary satellite can be described 
by all the forces applying on him. Indeed, thanks to the 3rd 
Newton law, linking the acceleration to the forces 
applying to the satellite, it is possible to accurately 
calculate the position and the velocity of the satellite. The 
accuracy of the computed position depends on the force 
model complexity. For a geostationary satellite, the main 
force is the earth gravitational attraction. But other 
perturbing forces drive the movement of GEO satellite 
too. They are listed in the next table with their order of 
magnitude of the associated acceleration in m.s-2. 
 

Force Related acceleration 
magnitude (m.s-2) 

spherically symmetric earth's gravity 0.22 
Non spherical part of earth's gravitational 

potential 
10-6 

Attractions due to sun, moon 
/Other planet 

10-5 

/10-9 
Solar radiation pressure 10-7 
solar corpuscular wind 10-10 

orbit maneuvers 10-3 
satellite attitude control maneuvers 10-10 

Acceleration magnitude of the forces driving the GEO 
motion 

 Most of the forces have natural origin and most of them 
can be analytically predicted. The forces created by the 
satellite ground control in attempting to manipulate its 
position and orientation in space are punctual and they are 
taken into account. 

½ chip ½ chip 

y =  ax+c 

 

τ  

Extrapolated τ  

tau-1/2 
chip Tau+1/2 

chip 

y = - a.x+b 

2396



Due to the non spherical symmetric earth, the earth 
gravity is decomposed into spherically symmetric earth's 
gravity potential P1 and the non spherically part of earth's 
gravitational potential P2. The earth gravity potential is: 
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where mlP,  are the Legendre functions of degree l and order 

m. ,r ϕ  and λ  are , respectively the geocentric distance, 

latitude, and longitude of the GEO satellite. mlC , and 

mlS , are harmonics coefficients of the earth potential of 

degre l and order m.  The acceleration of the satellite is 
the gradient of the potential function U. In this study, the 
earth gravity potential is limited to: 
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The influence of the other term in P2 are negligible 
compared to the retained term with 

0,2C . 

The moon and sun gravity force depends on the sun and 
moon position with regards to the geostationary satellite. 
Their positions are calculated thanks to the algorithm 
described in [9]. It just requires the GPS time. The 
corresponding acceleration is calculated by: 
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Where SunSMS

��
/  is the satellite to Moon/Sun vector and  

SunOMO
��

/  is the earth gravity centre to Moon/Sun vector. 
 The tidal acceleration due to the sun and moon is not 
taken into account as well as the force due to the other 
planet. The solar radiation pressure and the solar 
corpuscular wind are not used to compute the satellite 
motion in this study. Finally, only the first three forces of 
the previous table are used to compute the satellite 
equation motion and the total acceleration is: 
 

moonsuntot aaUdagra
���� ++−= )(  

 
This equation of the GEO satellite motion is used as the 
state propagation model of the Kalman filter. As it is non 
linear an extended Kalman filter (EKF) solution is 
implemented. The role of this filter is to provide estimates 
of the position and velocity of the GEO using GPS 
pseudorange measurements.  
This filter is described below: 

• The state vector is defined as 
],,,,,,,[ cdbzyxzyxX ɺɺɺ= , where zyxzyx ,,,,, ɺɺɺ  are the 

GEO satellite velocity and position in the Earth Centred 

Inertial frame, and cdb,  are the GEO satellite clock bias 

and drift. 
• The state transition equation, kkk WXfX +=+ )(1  

is not linear as the acceleration depends on both x, y and 
z. The transition state equation of the EKF is obtained by 
linearization and discretization of the GEO satellite 
motion equation. 
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T is the time interval between two epochs of the EKF and 

the state noise vector kw  is normal distributed 

(
kw ~ ( )kQN ,0 ). 

• The relationship between observation vector Y 
and the state vector X at the instant n is: 

kkk VXhY += )(  

with kv ~ ),0( kRN , kR  being the measurement noise 

covariance matrix.  
The size of the vector kY  is equal to the number of 

processed GPS satellites at epoch k. Assuming the 
number of measurement is M, kR  is a MM ×  matrix 

that consists in the estimates of the pseudorange error 
variance for each GPS satellite. It is a diagonal matrix, as 
each measurement is assumed to be independent with the 
others, with a constant value: 22 150=PseudRangeσ ; 150m 

standing for the remaining uncertainty on the pseudorange 
due to the uncertainty on the code-delay measurement      
( chip2

1 ).  

The expression of h for the ith satellite is given by: 
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Now let us remind the equations of the EKF: 
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11 ++ kkP and kkP 1+ are respectively the a posteriori and a 

priori covariance of the Kalman filter. The a posteriori 
covariance gives the uncertainty in the determination of 

the satellite orbit. 0P , the initial covariance matrix, is an 

8x8 diagonal matrix with velP ,0  the first three elements of 

the diagonal, posP ,0  the next three and clP ,0  the last two.  

1+kK is the gain of the Kalman filter. 

The state noise covariance matrix Q models the effects of 
both linearization, discretisation error and unmodeled 
dynamics. Here, Q is a 8x8 matrix.  
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posQ and velQ are constant. 7,7Q ,…, 8,8Q  depends on the 

type of the receiver clock. It is assumed that the oscillator 
of the receiver is an OCXO. The covariance for the clock 
receiver is then computed thanks to the Allan variance 
with classic OCXO parameter. 
 
The next table illustrates the figures used to initialize the 
Kalman filter in our implementation. 
 

velQ  0.012 (m/s)2 

posQ  12 (m)2 

7,7Q 8,7Q 7,8Q 8,8Q  1.07   0.037   0.037    0.107 
(m)2 

velP ,0
 22 (m/s)2 

posP ,0
 2002(km/s)2 

clP ,0
 0.1 (m)2 

           Kalman filter parameter 
 
Finally, the functioning of the Kalman filter is depicted on 
figure12: 

 
Figure 12: Kalman Filter functioning 

 
It is assumed that pseudoranges measurements are 
available only every 30 seconds: the duration between 
two Kalman filter state vector estimates updates is then 
30s. Between these epochs, every second, the estimated 
position is propagated thanks to the modelised forces 
only. The linearised satellite motion equation is used to 
compute the transition state equation of the Kalman filter 
and to propagate the position between two Kalman filter 
epochs 
 
Kalman Filter Results 
 
The observations correspond to the pseudoranges 
calculated at the output of the acquisition process. The 
acquisition process supply pseudoranges every 30 seconds 
in our strategy. Thus, the epoch of the Kalman filter are 
spaced by 30 seconds too. However, it is possible to 
propagate the position of the GEO satellite during this 30s 
interval with the orbital filter, i.e to use only the state 
transition equation to propagate the GEO position 
between two GPS measurements. In this case, the 
covariance matrix has to be propagated between two 30s-
spaced epochs to express the position and velocity 
derivation due to the orbital filter. It is propagated as in 
equation (1). The position error and the velocity error are 
given in figure 13 and figure14. 
 

t = to 

PseudoRanges measurements 
provided by the acquisition stage 

Extended Kalman Filter 

 

Modelled Forces : 
Simple earth gravity potential 

+ moon and sun gravity 

Estimated position 

t = t +1 

t = to +30 ? 
No Yes 
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Figure 13: Geometric position error with the Kalman 

filter 
The mean error significantly decreases with the Kalman 
filtering. It falls down to 125.1 m. Compared to the 750m 
error with the acquisition snapshot only (for method 1 and 
method 2) and 450 to 550 m error obtained with the peak 
extrapolation technique, the improvement provided here 
is really interesting. Even with an initial error of 50km on 
each axis, the kalman filter converges at the first iteration.  
 

 
Figure 14: Velocity error with the Kalman filter 

 
Besides, the mean velocity error is only of 0.17m/s with 
the Kalman filter. 
The use of the Kalman filter enables us to overcome the 
problem due to the high PDOP value which degraded the 
position measurements obtained only thanks to 
acquisition snapshot process. 
 
Computational Cost Over one Day 
 
Last in this section we illustrate the computational cost of 
our strategy. 
The computational cost is estimated for the three 
acquisition techniques. It also includes the number of 
operations carried out to produce a position thanks to the 
Kalman filter. Using the C/NO prediction module, the 
computational cost of the three different acquisition 
methods is computed by taking into account the expected 
C/No of the received signal along the day for every  
satellite and the corresponding coherent acquisition 

duration and number of non coherent integration. For a 
given epoch, the receiver tries to acquire only useful 
satellites and their C/No are predicted. Thus, the number 
of operation carried out by the receiver at each epoch can 
be estimated which leads to the total number of operations 
carried out over one day. 

Number of operations carried out for one day of 
positioning 

 
The number of operations related to the Kalman filter 
plays a little part in the total amount of operation. 
The first two methods show similar amount of operation. 
Whereas the Half Bit method uses two sets of data and as 
a consequence, a longer signal duration needed for 
processing than with the 1+1ms FFT method, the number 
of operations are not more numerous. In fact, in the first 
method, each 1ms correlation operation are done with 
2ms of signal. Thus, the FFT operations are calculated 
over twice the number of points it is done with the Half 
Bit method. Moreover, the signal duration of one set of 
data in the Haf Bit method is shorter than for the 1+1ms 
FFT method (Table1). It explains the higher number of 
operation for the first method compared to the second 
one. As expected, the number of operation carried out 
with the DBZP is 100 times lower than the two other 
methods. The signal duration used is shorter and this 
method does not try different local Doppler compensation 
as it is done when computing the matrix acquisition with 
the first two methods. However, the position error is well 
higher.     
  
  
CONCLUSION 
  
A method to provide autonomous positioning for 
geostationary satellite has been presented in this study. To 
provide continuous positioning with no outage, we 
propose to lower the Data Demodulation Threshold down 
to 25dBHz. A mean to reduce the number of operations 
carried out by the receiver and so to reduce the energy 
consumption is done thanks to a C/No prediction module. 
In this study, the GEO satellite position is obtained thanks 
to acquisition snapshot once every 30 seconds. Between 
two snapshots, the receiver does not work, except if a 
tracking process is used to demodulate ephemeris or 
almanacs: this also allows reducing the energy 
consumption.  Three acquisition techniques are embraced 
in this study: they provide positioning with large error 
even with a peak acquisition extrapolation technique. This 
is due to the high PDOP values and the pseudorange 
resolution at the output of the acquisition process. To 

 1+1 ms 
FFT 
method 

Half Bit  
Method 

DBZP 
method 

Kalman 
Filter 

Number of 
multiplication 

5.75.1014 4.86.1014 2.49.1012 1.05.108 

Number of 
application 

3.47.1014 2.92.1014 1.24.1012 1.35.108 
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improve the accuracy of the positioning, a Kalman Filter 
is implemented. A simple force model is used to compute 
the state transition model. The pseudo ranges 
measurements obtained with the acquisition process are 
used as the observations of the filter. Between two GPS 
measurements (30 seconds), the position of the GEO 
satellite is propagated using the simple forces model only. 
With this principle, the GEO positioning mean error is 
significantly reduced and it falls down to 125 meters.  
Last, the number of operations to achieve the acquisition 
process and the Kalman filter operations has been 
investigated. Thanks to the C/NO prediction module, the 
receiver can foresee the C/NO of the received signals. 
Thus, it can assess the length and the number of 
correlations it will do over a day. It is then possible to 
compute the total number of operations carried out by the 
receiver over a day to obtain the GEO position. A future 
work will be to convert this number of operation into a 
number of cycles for a given processor. This can lead to 
the total energy consumption required for the receiver to 
compute its position over a day.   
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