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Abstract: This research demonstrates the impact of various performance parameters over a satellite
based DGPS (Differential Global Positioning System) system. The four performance parameters
selected for this research were number of satellites tracked, PDOP (Positioning Dilution of Precision),
Age of differential correction data and selective availability (S/A). To analyze the impact of these
parameters over the performance of the system, the experiments were performed with the DGPS
system having Motorola GPS receiver based mobile unit and external antenna. The experimental data
was collected for approximately 24 hours (i.e. 2-full satellite constellation period). The unreliable data
was truncated following the standards of Navstar GPS specifications. The remaining data was
processed and accuracy was calculated for the individual results. The impact of satellites in view and
PDOP was measured and it was demonstrated that less PDOP provides better accuracy and vice versa
and the accuracy of the system also depends upon the number of satellites tracked, that means if more
satellites are tracked, the system provides much better accuracy. Another important set of experiments
was performed to find the impact of age of differential correction data over the accuracy of the
system. It was observed that the age of correction data has adverse impacts over the accuracy of the
system in the presence of S/A and it has an extremely minute impact over the accuracy of the system
in the absence of S/A.
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INTRODUCTION

Global Positioning System (GPS) is a well-known satellite-based radio navigation system. It offers
continuous 24 hours coverage a day, seven days a week and it also offers 3-D position, i.e. latitude, longitude
and altitude. The GPS provides two types of services: the Standard Positioning Service (SPS) and the Precise
Positioning Service (PPS). The SPS is designated for civil community, where as the PPS is restricted for US
authorized military and selected Government agency users (Kaplan, 1996). A method to improve the positioning
accuracy of SPS service is to use Differential GPS (DGPS) service. The DGPS is a phenomenon to make
standalone GPS more accurate. DGPS works by cancelling out most of the natural and manmade correlated
errors, which creep into normal GPS measurements. DGPS technique uses two or more than two GPS
receivers, one of them has had its position surveyed and its precise position is known, that receiver is known
as a reference base station. The other receivers in the system are known as mobile receivers that move about
and known as ‘rovers’, and they are in the line of sight to the reference station. The reference station calculates
pseudo range measurements, but as the reference station knows its precise position, it can calculate the biases
for each measurement, known as differential corrections. These differential correction data are combined with
the position obtained by the rover receiver to find the position with the DGPS accuracy (Hurn, 1993).  The
Selective Availability is an intentional degradation of the GPS signal by the U.S Government, with the
objective to deny full accuracy to unauthorized users. The S/A is a part of the SPS, which was formally
implemented on March 25, 1990. It was lifted completely on May 1, 2000 with the orders by American
Presidency (Press Release, 2000). The degradation was accomplished through manipulation of the broadcast
ephemeris data (orbital error component), referred as epsilon (g-process) and through dithering of the satellite
clock (clock error component), referred as sigma (d-process). The d-process was achieved by introducing
varying errors into the fundamental frequency of the satellite clock. The satellite clock bias has a direct impact
on the pseudo-range, which is derived from a comparison of the satellite clock and receiver clock. Due to the
fact that the S/A is generated at the transmitter side (i.e. the satellite), this error component is spatially
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correlated. It means that there is a strong relation between the error at one location and the error at a nearby
location. The g-process was the truncation of the orbital information in the transmitted navigation message,
so that the co-ordinates of the satellites can not accurately be computed. The error in satellite position roughly
translates into a like position error of the receiver. These orbital errors cause pseudo-range errors. The
broadcast ephemeris data contain different parameters, which mean that the error could be induced in various
ways (Kaplan, 1996). The relationship between pseudo-range error and the total computed position can be
determined by geometric factors as shown in Equation 3.31, known as DOP (Dilution of Precision). The DOP
depends upon the number and the geometry of the satellites used. If four satellites are clustered near one
another, then one meter of error in measuring distance may result in tens or hundreds of meters of error in
position. But if many satellites are scattered widely around the sky, then the position error may be less than
1.5 meters for every meter of error in measuring distances. The effect of geometry of the satellite in the
position error is called Geometric Dilution of Precision (GDOP), which can be interpreted as ratio of
positioning error to the pseudo-range error. The PDOP is the most effective part of GDOP to degrade the
performance of a DGPS navigation system (Kaplan, 1996). Another important performance parameter is Age
of Differential Correction Data. The age of correction data shows how many seconds before the differential
correction data are calculated by the DGPS reference base station. In the presence of S/A, the clock errors are
higher. Therefore the differential correction data can be very effective against clock errors, their validity
decreases with time. As S/A has relatively large and random magnitudes, therefore it dominates the error
growth. The DGPS positioning error, therefore, grows as the DGPS correction ages (Parkinson and Spiker,
1996). The discussed performance parameters can be measured by using various DGPS Navigation systems,
but to mitigate the impacts of multipath errors, a special GNSS receiver is required, such as Javad JGG20
receiver, that can demonstrate a reasonable improvement in the performance of the system after mitigating
multipath effects (Shah et al., 2002a).

2. Aim of the Research:
The aim of this research is to observe the impact of PDOP and the no. of satellites tracked over the

performance of the DGPS system and quantify the impact of age of differential correction data over the
performance of the system when S/A was on and measure the improvements in the performance of the system
when the S/A was turned off.

3. The Development of the DGPS Navigation System:
A DGPS system has been constructed that consists of Focus FM-based differential corrections and a host

PC on reference station side, and a laptop PC, Motorola M12 GPS receiver and Motorola M12 Oncore antenna.
The connection between reference station and the mobile unit was established simply by connecting a serial
cable, as both parts of the navigation system were inside the laboratory. This system is developed to measure
the impact of various performance parameters and error sources over the DGPS navigation system. To measure
the impact of the performance parameters, the experimental data of 2-full satellite constellations are required
(i.e. 23-hours and 56-minutes). Therefore it was essential to conduct these experiments inside a building with
an external antenna mounted on the top of the building roof. Hence the DGPS system was established based
on Motorola M12 Oncore GPS receiver to measure the impact of discussed parameters over the performance
of the DGPS system with an external Motorola Oncore antenna (Shah, 2002b). The block diagram of
constructed DGPS system is shown in Fig. 1.

3.1 Motorola M12 Oncore GPS Receiver:
Motorola M12 Oncore GPS receiver is a 12 parallel channel receiver. It can track 12 simultaneous

satellites. It is smaller in size i.e. 40 x 60 x 10 mm (1.57 x 2.36 x 0.39 inches). It weighs only 25 grams. The
M12 Oncore GPS receiver has a 2.75 to 3.2 supply voltage. It includes support capability for Inverse DGPS
navigation systems. It also includes RTCM (Radio Technical Commission for Maritime Services) differential
GPS support, NMEA (National Marine Electronics Association) 0183 output, two communication ports and
an antenna sense circuit. A right angle power/data connector allows for space saving vertical mounting and
an optical straight power/data connector is available for a mount against the host circuit board. It uses standard
datum WGS-84 format and is also compatible with British National grid system, used in this research. It
provides output messages in latitude, longitude and height. It provides DGPS corrections at 9600 baud on Com-
1 port and RTCM SC (Special Committee)-104 format messages for DGPS at 2400, 4800 or 9600 baud on
Com-2 port (Motorola and Manual, 1999).
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Fig. 1: DGPS Navigation System constructed for Performance Measurement.

3.2 Motorola Oncore Active GPS Antenna:
The Oncore active GPS antenna is designed to operate with Motorola M12 GPS receiver. It is also

compatible with many other GPS receivers from Motorola and other manufacturers as well. It is a low profile
active microstrip patch and electrically shielded LNA (Low Noise Amplifier) assembly. Its input impedance
is 50 ohms. It is right hand circular polarised with azimuth coverage of 360 degrees and elevation coverage
of 0 degrees to 90 degrees. The antenna module is designed and tuned to efficiently collect the L1 band
signals transmitted from GPS satellites at a nominal frequency of 1575.42 MHz. Once collected, the signals
are amplified and relayed to the M12 GPS receiver. Signal pre-amplification within the antenna module is
made possible by external power supplied by the M12 GPS receiver. The antenna module draws approximately
20mA of current at 5Vdc, directly from the antenna connector on the M12 GPS receiver. To measure the
performance of the system, this antenna is mounted on the roof of the building to have all possible satellites
in view.

3.3 Connection of Host Station and Mobile Unit:
DGPS system consists of Focus FM-based differential corrections and a host PC on reference station side,

and a laptop PC, Motorola M12 GPS receiver and Motorola M12 Oncore antenna. The connection between
reference station and the mobile unit was established simply by connecting a serial cable, as both parts of the
navigation system were inside the building. This system was established to measure the impact of discussed
parameters over the performance of the navigation system. As Motorola receiver uses an external antenna,
therefore all the performance experiments were measured with the system for 2 periodic satellite constellations
(i.e. nearly 24-hurs) inside the building.

4. Performance Measurement Criteria:
The experimental results were recorded into log files and then processed to find the accuracy of the

developed system. As per the measurement criteria standards (GPS Navstar, 1995), the following rules were
observed to measure the predictable accuracy of the designed DGPS system. 

• The data records where the numbers of visible and tracked satellites were less than four were truncated.
• The data records having no GPS fix or 2-D fixes were also deleted.
• The records where the DGPS fix was not available were truncated as the performance parameters and

impact were measured in DGPS mode.
• All the records having higher than 6.0 PDOP value were deleted, following GPS performance standards

(GPS Navstar, 1995).
• All the records where the age of correction data was more than 60 seconds were deleted in DGPS mode

(GPS Navstar, 1996).
• The measured latitudes and longitudes for every record were converted into Easting and Northing values

following the conversion method.
• To find the accuracy for each record, the following formula was used.    
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where Em and Nm are measured values of Easting and Northing, and Eref and Nref are the  reference values in
Easting and Northing showing the position of the reference antenna and  �H shows the accuracy in meters.

These records were analyzed as per the nature of experiment and according to (D)GPS standards 50th &
95th percentiles were calculated to find 50% and 95% accuracy of the recorded data. 50th & 95th percentiles
show 1s and 2s accuracy of the system (Parkinson and Spiker,m 1996). All the results in the following sections
where percentiles are not shown are calculated with 95% accuracy 

5. Methodology Adopted for Experiments:
• Each set of experiment was conducted for 24 hours and the data was recorded into corresponding log files

for post-processing.
• In log files, each row contained columns representing latitude, longitude, height, PDOP, fix status (0 =

Number fix, 2 = 2-D or 3 = 3-D), DGPS availability (No DGPS=0, DGPS=1), Number of satellites visible,
Number of satellites tracked, Number of satellites for whom differential corrections were available and the
age of correction data.

•  As GPS satellites complete one full constellation in 11 hours and 58 minutes, therefore the records were
limited to 23 hours and 56 minutes to have the data for 2 full satellite constellations (GPS Navstar, 1995).

•  As Excel can process a maximum number of 64000 records, therefore the DGPS receiver was set to
record the data with a time interval of 2 seconds to have 43080 records for the period of 23 hours and
56 minutes. (In case of 1-second time interval, the maximum number of records would be 86160 and that
number exceeds the Excel data sheet’s processing limit, therefore 2 seconds interval was selected).

•  For Systems 1-4, the number of records where the DGPS fix was not available, were truncated as well,
as the performance parameters and impact were measured in DGPS mode.

•  All the records where the age of DGPS correction data was more than 60 seconds were deleted as per
the DGPS standards (Parkinson and Spiker, 1996).

•  The overall deleted number of records counted less than 1% of all the available records, therefore more
than 99% data were valid and utilized in performance analyses.

•  These records were analyzed as per the nature of experiment and according to (D)GPS standards 50th &
95th percentiles were calculated to find 50% and 95% accuracy of the collected data.

•  The details of these performance measurement experiments are shown in the following sections. These
experiments show the impact of PDOP, number of satellites tracked and the age of correction data when
the S/A was off and when it was on respectively, over the accuracy of the developed DGPS navigation
system (Shah, 2002b).

6. Experimental Results and Analysis:
The following experiments are performed to find the impact of PDOP, No of satellites tracked, Age of

correction data in case of presence and absence of S/A.

6.1 The Impact of PDOP on the Performance of the System:
The performance of DGPS systems is mainly affected by two factors i.e. the satellite geometry causing

PDOP and the ranging errors (�) and RMS positioning error = PDOP * � (Parkinson and Spiker, 1996). For
the recorded constellation and results calculated following the criteria discussed, the Average PDOP calculated
by the system was 2.7. The PDOP was varied between 1.63 and 8.0 for the recorded data. Following the GPS
performance characteristics, all the records were deleted where the PDOP was less than 6.0. (GPS navstar,
1995). Fig. 2 shows the graph between PDOP and Accuracy. The sky-blue colour bricks show the 50% and
dark-red colour bricks show 95% accuracy. It is evident from the graph that less PDOP provides better
accuracy and vice versa. The horizontal axis shows the PDOP and vertical axis shows the accuracy recorded
in meters in Fig. 2.
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Fig. 2: Graph Showing PDOP against Accuracy.

As the experiments conducted shown in Fig. 2 show clearly that when the PDOP increases, it affects and
degrades the accuracy of the DGPS system. A comparative research (Kaplan, 1996) has also been conducted
to show the changing values of DOP in different cities. These experiments have been conducted in Anchorage,
Berlin, Boston and Sydney. These experimental data have been recorded with the 1-minute interval over 24-
hours period in contrast to the experiments conducted for this research with 2-second time interval. These
experiments also reveal different DOP distributions at different locations (Kaplan, 1996).

6.2  Impact of the Number of Satellites Tracked on the Accuracy of the System:
Another set of experiments was conducted to find the impact of satellites tracked over the performance

of the developed DGPS navigation system following the discussed criteria. The minimum number of satellites
required to calculate the position in a DGPS system is four, but it is desirable that five or more be in view
at all times. When one satellite is going out of view, the user receiver must begin to transition to another
satellite as per replacement. Furthermore, as the number of satellites tracked will increase; it will provide a
sufficiently low PDOP and less number of satellites provides higher PDOP because of poor geometry at certain
times (Parkinson and Spiker, 1996). Following the standards discussed, the performance of the designed
navigation system was observed for 2 full constellations. The constraints were the values of PDOP (i.e. less
than 6) and satellite mask angle (i.e. 5�). As shown in Fig. 3, an average of 8 satellites was trackable for most
of the time in the University area. Very seldom a user sees only 4 satellites, when all 24 satellites are
providing usable ranging signals. Fig. 3 shows the number of satellites tracked over the period of two satellite
constellations in percentage format. The horizontal axis shows the number of satellites tracked and the vertical
axis shows the % of time over 24 hours period approximately (i.e. 2 satellites constellation) (GSP Navstar,
1995).

Fig. 3: Graph showing Satellites Visibility in Brunel over 24 hours Time Period.

Fig. 4 shows the relevance between the number of satellites tracked over the accuracy of the navigation
system. In Fig. 4, the horizontal axis shows the number of satellites tracked and the vertical axis shows the
accuracy recorded in meters against the number of tracked satellites. It is shown that when more satellites are
in view, the more satellites will be tracked and they provide better geometry, hence there will be less PDOP
and it improves the accuracy of the system and with the less number of satellites tracked, the accuracy of the
system degrades. 
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Fig. 4: Graph Showing Accuracy against the Number of Visible Satellites.

The satellite visibility experiments shown in Fig. 3 are conducted in Brunel University area. In these
experiments, the average number of visible satellites was eight. Another comparative research shows the
satellite visibility experiments conducted in various parts of the world at different latitudes. The results have
been averaged over all user position longitudes at that latitude. Fig. 5 shows the satellite visibility profiles at
0°, 35°, 40° and 90° latitudes respectively. The majority of the time there are 7 or 8 satellites are visible apart
from the results at 0°-latitude, where 9 satellites were visible for more than half of the time period (Parkinson
and Spiker, 1996). These experiments have also been conducted like Brunel research experiments with 5°
satellite mask elevation angle.

Fig. 5(a): Satellite Visibility Profile at 0-Latitude.

Fig. 5(b): Satellite Visibility Profile at 35-Latitude.

Fig. 5(c): Satellite Visibility Profile at 40-Latitude.
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Fig. 5(d): Satellite Visibility Profile at 90-Latitude.

6.3 The Impact of Age of Correction Data on the Accuracy of the System:
The mobile station records the age of correction data as it combines the differential corrections with the

positioning information. If the mobile station does not receive the differential correction data for next calculated
position, it combines the previously received DGPS correction data with the calculated position (Blanchard,
1995). The age of correction data has totally different impact over the accuracy of the positioning system in
the presence and absence of Selective Availability (Ptasinski et al., 2000). Therefore a number of experiments
were performed to find the impact of age of correction data over the developed navigation system. These
experiments were subdivided into two main categories i.e.:

1. The impact of age of correction data over the accuracy of the developed DGPS system in the presence
of S/A.

2. The impact of age of correction data over the accuracy of the developed DGPS system in the absence of
S/A.

6.3.1 The Impact of Age of Correction Data in the Presence of S/A:
In the presence of S/A, clock errors have higher values, i.e. in the range of 20-30 meters (Parkinson and

Spiker, 1996). The validity of clock errors decreases with time and does not decrease with distance. As S/A
has relatively large and random velocity and acceleration magnitudes, therefore it dominates the error growth
in the presence of S/A. In this connection, a set of experiments was conducted and the data was sorted with
the reference to the age of differential corrections. Fig 6 shows the graph between the age of differential
correction data against the observed accuracy of the developed navigation system, in the presence of S/A. It
is evident from the graph that as the age of correction data increases, the accuracy of the DGPS system
decreases. The light-colour blocks show the 50% accuracy and the dark-colour blocks show the 95% accuracy
of the navigation system.

6.3.2 The Impact of Age of Correction Data in the Absence of S/A.:
In the absence of S/A, the clock errors have smaller values in contrast to the clock errors in presence of

S/A. Therefore the clock errors change very slowly. During periods when S/A was not activated, the clock
errors were measured as 1-2 meters (Parkinson and Spiker, 1996). Fig 7 shows the graph between the age of
differential correction data against the measured accuracy of the developed navigation system in the absence
of age of correction data. The graph shows clearly that the age of correction data does not have any significant
impact over the accuracy of the system. Here in this graph the light-colour blocks show the 50% accuracy and
the dark-colour blocks show the 95% accuracy of the system. 

The age of correction data experiments have been conducted before and after the removal of S/A, i.e. 1st

May 2000. The experimental results reveal that the performance of the DGPS navigation system is significantly
improved after S/A was turned off. A similar type of research (Parkinson and Spiker, 1996) also shows that
the performance of the DGPS system is degraded when the age of correction data increases in the presence
of S/A. The experiments conducted in Brunel University also prove that in the absence of S/A, the age of
differential correction data does not have any significant impact over the performance of the system. Therefore
if the DGPS corrections are unavailable for a short period of time, the system’s performance will less likely
be affected (Ptasinski et al., 2000).
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Fig. 6: Accuracy against the Age of Correction Data when S/A is on

Fig. 7: Accuracy against the Age of Correction Data when S/A is Off.

Conclusions:
To analyze the impact of various parameters over the performance of the system, the experiments were

performed with the DGPS Navigation system having Motorola GPS receiver based mobile unit and external
antenna. The impact of satellites in view and PDOP were measured and it was demonstrated that less PDOP
provides better accuracy and vice versa and the accuracy of the system also depends upon the number of
satellites tracked, that means if more satellites are tracked, the system provides better accuracy. A similar
research has also been discussed to conduct DOP experiments in various cities around the world having
different latitudes. Another important set of experiments was performed to find the impact of age of differential
correction data over the accuracy of the system. It was observed that the age of correction data has adverse
impact over the accuracy of the system in the presence of S/A and it has a negligible impact over the accuracy
of the system in the absence of S/A.

Future Work:
The following modifications are suggested to be implemented in the system for further improvements.

The use of a combined GPS-GLONASS-Galileo receiver to obtain better satellites coverage and visibility of
the system.

Use a special GNSS receiver to combat and mitigate multipath effects that is expected to further improve
the performance of the navigation system.

Use of a combined gyroscope-based Dead-reckoning navigation system, when GNSS data are lost or
become unreliable or differential service becomes unavailable (Ptasinski et al, 1999).

Effective utilization of Kalman filtering to refine the performance of the DGPS navigation system.
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