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Abstract: This research reports the availability of multipath error to jeopardise the performance of
a GNSS (Global Navigation Satellite System) based navigation system and also reports the
improvements in the performance of the navigation system after mitigating multipath errors. A variety
of different environments is selected to observe the availability of Multipath effects and the
performance of the navigation system has also been observed after mitigation of multipath effects in
each environment.  The combined impact of satellite mask elevation angle and multipath effects is
then observed over the performance of the system. A GPS system is developed consisting of a Javad
JGG20 GPS receiver, a Motorola Oncore GPS antenna, a battery and a laptop PC. The established
system is capable of observing and mitigating multipath effects using signal-processing techniques.
Then the performance criteria and methodology are set to measure the performance of the system.
These experiments are conducted in a variety of different environments. In this aspect, ten different
positioning scenarios are selected where a pedestrian may pass frequently in everyday walking. The
selected positioning scenarios are semi-covered, in between buildings and trees, in a car park, under
a top-covered and sides open building, in a narrow path between two tall buildings, underneath a
thickly covered tree, at a pedestrians’ footpath, in a public park, in a shopping centre and in open sky
environments. From the experimental results, it is observed that the performance of the system is
significantly improved in the environments of a narrow path between tall buildings, top-covered sides-
open and semi-urban. The system also mitigated multipath effects in all the other environments apart
from the open sky environment, where negligible multipath effects were observed. Another set of
experiments was conducted to demonstrate the combined impact of multipath effects and satellite mask
elevation angle over the performance of the navigation system. The experimental results showed that
the accuracy of the system increased when the mask elevation angle was increased, provided a
minimum of four satellites were tracked. The experimental results recommended the development of
a handheld unit based on a Javad JGG20 GPS receiver to combat multipath effects for pedestrians’
guidance.
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INTRODUCTION

The research on the impact of multipath effects over the performance of the navigation systems have been
since 1973 (Hagerman, 1973). A theoretical model was produced to observe multipath effects in a virtual
environment, by turning off all error sources apart from multipath and thermal noise. (Townsend, et al, 1995).
Recorded data included time of measurement, pseudoranges and integrated Doppler. The results include the
commonality of error behaviour among a variety of receiver types observing multipath effects. (Braasch, 
1996). A method was introduced to reduce multipath errors for both stationary and mobile applications by
continuously moving the antenna of a GPS receiver Van den (Brekel et al., 1992). Then signal propagation
was studied in different complex scenarios. Simulation was performed to predict multipath signal propagation
and the corresponding errors. These measurements in complex real scenario for detecting multipath signal
propagation were time consuming and cost intensive (Julg, 1996). In the aforementioned research, the
simulation was conducted for two consecutive days to identify and reduce the multipath effects. The theoretical
analyses were carried on to study the performance of a GPS receiver in the case where the signal is affected
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by different multipaths (Macabiau, et al, 2000). The principle of GPS-based attitude determination was
discussed and multipath effect was observed as its chief limiting factor Pasetti and (Giulicchi, 1999). Two GPS
antennas were placed at the distance of 1m at the two ends of a baseline to conduct static tests on the top of
roof. This research showed three different techniques to mitigate multipath effects.

For stationary users and base stations, antenna techniques are reasonably effective to stop most of
multipath signals before they enter the GPS receiver’s antenna. However, a moving user has no control of
constant orientation, nor is able to outfit the platform with a large antenna array. Many applications that require
high accuracy navigation systems are undergoing constant change in their locations. The answer to these
problems is receiver processing techniques. It has been discovered in the research carried out that variation
factors such as timing schemes, Doppler observations and normalisation of the discriminator can often lead
significant changes in the magnitudes of the errors (Kelly and Braasch, 2001). The experimental validation of
signal processing techniques was demonstrated by conducting static tests and low dynamic tests (Zhdanov et
al., 1999). These experiments were conducted using Javad JGG20 GPS receiver in two environments i.e. static
with mounting the antenna on the top of roof and low dynamic environment by placing an antenna on the roof
of a car. The car was moving with 4 miles per hour speed (Wohlert, 1999; Zhdanov et al., 1999). 

The majority of multipath research was focused on static or highly dynamic applications like aeronautics.
Very few experiments were found to show the impact of multipath effects on pedestrians’ applications in
selection of environments. Most of these cases show two scenarios i.e. urban or complex and clear scenarios. 
A contribution report has taken five different scenarios for the impact of multipath effects over the location
positioning applications. The proposed five scenarios mentioned in this report were rural, sub-urban, urban, bad
urban and indoor urban scenarios (Wohlert, 1999). Another report shows the GPS experiments conducted in
four different environments i.e. bushy (in trees), built-up (having tall buildings), clear environment and inside
water (Talbot and Zhang, 2000).

Aim of the Project:
The aim of this research is to observe and mitigate multipath effects in a selection of different

environments for the navigation of pedestrians and also demonstrate the combined effect of multipath errors
and their relevance with the satellite mask elevation angle over the performance of the developed system (Shah,
2002).

Construction of a Gnss-based System:
A GNSS navigation system is established based on Javad JGG20 (Javad GPS-GLONASS-tracking up to

20 satellites) GNSS receiver, capable of observing and mitigating multipath effects. The developed system also
included a Motorola Oncore GPS antenna, a laptop PC and a battery as shown in Fig.1 (Shah, 2002).

Fig. 1: Javad receiver-based GPS System.

The Javad JGG20 receiver has an state of art hardware approach for mitigating multipath effects. It also
removes any possibility of false lock points. The false lock points could occasionally introduce substantial

4698



Aust. J. Basic & Appl. Sci., 3(4): 4697-4710, 2009

error, when strong multipath-distance in the range of 30 to 300 meters appears. For acquisition of satellite
signals under low signal/noise condition, the receiver uses an algorithm that improves such acquisitions by a
factor of 10. It is based on much longer energy integration time at acquisition when signal synchronisation is
not achieved yet. The local oscillator in Javad JGG20 receiver can optionally be locked to the GPS timing
system. This prevents drifts in the data that are generated by local frequency offset. The locked frequency is
also available as an output signal of 20-MHz that has long term stability of the cluster of Caesium clocks
maintained by the GNSS Control Segment (Javad Manual, 2000).

Performance Measurement Criteria:
As per the measurement criteria standards GPS (Navstar, 1995), the below-mentioned rules are observed

to measure the predictable accuracy of the designed DGPS (Differential GPS) system. 
• The data records where the numbers of visible and tracked satellites are less than four are truncated.
• The data records having no GPS fix or 2-D (2-Dimensional) fixes are also deleted.
• All the records having higher than 6.0 PDOP value are deleted, following GPS performance standards GPS

Navstar, (1995).
•  To find the accuracy for each record, the following formula is used.

  (1)� � � �2 2

m ref m refH E E N N� � � � �

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.
The calculated results shown in this research depict  2s i.e. 95% accuracy of the system (GPS Navstar, 1995).

Methodology:
The reference positions of the points are measured from the British Ordnance Survey map (1:1250 of the

Brunel University campus) (Ordnance Survey, 1996) at those particular points, and certain benchmarks are used
to measure the best approximation of the reference co-ordinates at those particular points, where the multipath
experiments are conducted. Each experiment is recorded at two different timings i.e. in the morning and
evening with the difference of 11 hours and 58 minutes (i.e. one full satellite constellation). The main purpose
for that is to collect data with same multipath effects. In each environment, two different points are selected
to measure multipath effects with different satellite geometry and blockage from obstacles at two different
places. Each experiment is conducted in two modes of the constructed system, i.e. by activating the multipath
mitigation technique and then deactivating the multipath mitigation technique to quantify the quantification of
multipath errors and their mitigation in that particular environment (Javad Manual, 2000).

Positioning Scenarios for Multipath Experiments:
Ten different scenarios are chosen to observe the performance of the developed navigation system in

different environments as under: 

1. Semi-covered Environment (in between buildings)
2. In between trees and buildings environment.
3. In a car park environment.
4. Under a Top-covered and sides-open building environment.
5. In a narrow path (between two tall buildings) environment.
6. Underneath a thickly covered tree environment.
7. At a pedestrian’s footpath environment.
8. In a public park environment.
9. In a shopping centre (Semi-urban environment).
10. In a Cricket playing ground (Open sky environment) (Shah, 2002).

Environment-1: Semi-covered Environment (In Between Buildings):
This environment is selected within the University campus area in between campus buildings from all the

sides. Fig 2 shows a picture of the selected environment. The small red circle shows the place where the
system is placed to record the data. The right hand side building is nearly 30m high and left side building is
nearly 25 m high. The purpose of selecting this environment is to find the impact of multipath especially on
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low mask-elevation angle satellites. These signals normally come to the system via indirect reflected paths.
Possible signal blockage and reflected signals are also shown in Fig. 2 coming from low elevation satellites,
which add multipath to the measurement.

Fig. 2: Semi-covered Environment (in between buildings).

Fig 3. shows the experimental results recorded with no multipath mitigation option and the improvement
in the accuracy of the navigation system after mitigating multipath effects. The graph shows the accuracy of
the system in metres against the type of measurement data i.e. with or without multipath mitigation. In Fig
3, MP represents the accuracy of the system in that particular environment when the multipath mitigation is
applied and No MP shows the accuracy of the system when multipath mitigation is not applied. It is evident
from Fig. 3 that after multipath mitigation technique, the accuracy of the system is improved from 11.2 metres
to 7.0 metres i.e. 37.5% improvement is achieved in the positioning accuracy of the system after multipath
mitigation.

Fig. 3: Graph showing multipath mitigation in a partially covered environment.

Environment-2: Between Trees and Buildings Environment.:
This environment is also selected within the University campus area, specifically at points to show the

impact of blockage of signal from trees and reflected multipath signals. Fig. 4 shows one of the areas where
experiments are conducted for this environment. From Fig. 4, it is clear that one side of the area is partially
covered by the University buildings and the other side of the area is partially covered by trees. Here the right
side building is nearly 30 m high and the left side building is nearly 25 m high. The small red circle in the
picture shows the place where the mobile unit is placed. The main purpose of selecting this environment is
to observe the multipath effects from the buildings and shadowing effects from the trees degrading the
performance of the system. The possible blockage and reflected satellite signals are shown in the environment. 

Fig. 5 shows the performance results recorded without activating multipath mitigation option and then the
improvements in the system accuracy after activating multipath mitigation. It is clear from the graph that the
accuracy of the developed system is improved while mitigating the multipath effects from 12.5 metres to 8.6
metres, which is 31.2% improvement in the accuracy of the system, calculated in that environment.
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Fig. 4: Between trees and buildings environment.

Fig. 5: Multipath mitigation between trees and buildings environment.

Environment-3: in a Car Park Environment:
This environment is particularly selected to show the system performance in car parks. In urban and semi-

urban environments, car parks are available and may come in the way of partially sighted and blind
pedestrians. These experiments are conducted in a car park within the University area. The experiments are
conducted specially near big lorries and wagon parked in the car park as shown in Fig 6. It shows one of the
areas where the experiments are conducted in the car park. The small red circle shows the place where the
mobile navigation unit is placed. The purpose of selecting this environment is to observe the impact of
multipath errors in car park area where some of the satellite signals are received after deviation from the
wagon and car roofs. The satellite signals blockage and reflected paths are also shown in the Fig. 6.

Fig. 6: Car park Environment.
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Fig. 7 shows the graph of the accuracy plotted against two different types of measurements, i.e. without
mitigating the multipath effects and when multipath mitigation is applied. From the graph, it is evident that
the system accuracy is improved while mitigating the multipath effects from 11.8 metres to 7.6 metres, which
shows 35.6% improvements in the accuracy of the system.

Fig. 7: Multipath mitigation in a car-park environment.

Environment-4: under a Top-covered and Sides-open Building Environment:
This environment is selected within the University area under special buildings whose tops are covered

and through their sides system can access the open sky area. The building shown is 25 m tall. The signals
from the satellites with high mask elevation angles may reach here via indirect and deviated paths or may be
blocked as shown in Fig. 8. On the other side, the signals from the low mask elevation angles may reach the
system via direct path. As the signals from the low mask elevation angles have less signal strength, therefore
the multipath effects are expected more in this environment from high elevation angle satellites.  Fig. 8 shows
one of the places where the experiments for this environment are conducted. The small red circle shows the
exact place where the mobile unit is placed. This environment is different from others as in contrast the high
elevation angle satellite signals reach the system via reflected paths and low elevation angle satellites reach
the system via direct path.

Fig. 8: Top-covered and sides-open building environment.

Fig. 9 shows the graph plotted in Environment-4 between accuracy and the type of recorded data discussed
in previous graphs. It is clear from the graph that the system accuracy is degraded significantly due to the
indirect signals from the high mask elevation angle satellites. However, the mobile unit reduced a significant
amount of multipath errors in this case i.e. from 20.4 metres to 10.9 metres, which is a significant
improvement of 46.6% in the accuracy of the system after applying multipath mitigation techniques.
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Fig. 9: Multipath mitigation in a top-covered, sides-open environment.

Environment-5: at a Narrow Path Between Two Tall Buildings Environment:
This is a typical environment selected to observe the worst impacts of the multipath errors over the

performance of the navigation system. These experiments are conducted in narrow paths in between two taller
buildings where most of the signals are expected to reach the system via indirect deviated paths. One of the
places where the experiments are conducted is shown in Fig. 10. The position where the mobile unit is placed
is shown with small red circle. From the Fig. 10, it is clear that the area is covered from the three sides with
tall buildings of approximately 25 m. The mobile unit has access to sky from only one side and narrow top,
where it can receive direct satellite signals and from the other sides, it mostly receives indirect and deviated
signals. The indirect deviated signals with possible reflections are also shown in the Fig. 10 with the satellite
signals reaching the system via direct paths.

Fig. 10: narrow path between two tall buildings environment.

Fig. 11 shows the graph of the accuracy results in this environment. From this graph, it is clear that the
system accuracy is degraded due to the presence of multipath effects. It is also clear from the graph that the
system significantly removes the multipath effects and improved the accuracy of the system in this environment
i.e. from 27.1 metres to 12.6 metres. It shows 53.5% improvement in the accuracy of the system.

Environment –6: Underneath a Thickly Covered Tree Environment:
These experiments are conducted under tall covered trees within and outside the University areas. The

main purpose of these experiments is to measure the multipath and shadowing effects under a tree. Fig. 12
shows one of the places where the experiments are conducted. The small red circle shown is the exact place
where the mobile unit is placed to record the shadowing effects. The satellite signals are shown which come
to the system via reflected paths or blocked by the tree shown in Fig. 12. The approximate height of the tree
is 15 m. Some satellites signals may become weaker after passing from tree branches and hence degrade the
system performance in that environment.
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Fig. 11: Multipath mitigation between two tall buildings environment.

Fig. 12: Underneath a thickly covered tree environment.

Fig. 13 shows the graph of the results recorded in Environment-6. All the experiments are conducted
without multipath mitigation option and then repeated by applying multipath mitigation effects. The graph
shows significant improvement in the performance of the system by applying multipath mitigation technique.
Due to mitigation of multipath and shadowing effects, the accuracy of the system is improved from 17.5 metres
to 11.1 metres, which shows 36.6% improvement in the performance of the system by mitigating multipath
effects.

Fig. 13: Multipath mitigation underneath a thickly covered tree environment.
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Environment-7: at a Pedestrian’s Footpath Environment:
This environment is selected to observe the impacts of multipath effects at an environment where building

blocks one side of the road and on the other side, there are moving vehicles passing by the system. These
experiments are conducted on footpath near heavy traffic roads outside the University area. Fig. 14 shows one
of the places where the experimental data is recorded for environment-7. The small red circle shows the exact
location where the system is placed. The university building blocking the satellite signals from left side is
nearly 15m high. This place is selected as foot path is a common scenario of everyday life which mostly
comes in the way of blind and partially sighted pedestrians and observations recorded here will be useful in
developing the navigation system for the guidance of blind pedestrians.

Fig. 14: Pedestrian’s footpath environment.

Fig. 15 shows the graph of the accuracy data calculated in Environment-7 against the type of measurement
as discussed in previous sections. From the graph, the efficiency of the system is shown while mitigating the
multipath effects. It improves the accuracy from 11.7 m to 7.5 m in this set of experiments, which shows
35.9% improvement in the accuracy of the developed system after mitigating multipath effects.

Fig. 15: Multipath mitigation at a pedestrian’s footpath environment.

Environment-8: in a Public Park Environment:
These experiments are conducted in a public park outside the University area. The purpose of this set of

experiments is to measure the impact of multipath effects in park areas partially covered by trees and plants.
Fig 16 shows one of the places in the public park where the experiments are performed and the data is
recorded. The small red circle shows the place where the system is placed to record the data. The possible
direct and reflected satellite signals are shown in the Figure. This point where system is placed is particularly
selected beside a tree of nearly 15-m height in order to get the influence of reflected and blocked signals. This
type of environment is a common environment, a blind pedestrian walks by in his/her everyday life. 
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Fig. 16: Public park environment.

Fig. 17 shows the graph of the recorded data showing accuracy against the type of measurement. In this
environment, the impact of multipath effects over the signal accuracy is less, as the mobile navigation unit had
the access to open sky. However, as some of the signals may reach the mobile navigation unit from the
deviated indirect paths, therefore supplementing multipath errors. From the graph, it can be observed that the
mobile unit improved the accuracy of the system from 9.3 m to 6.5 m i.e. an improvement of 30.1% in the
accuracy of the system by applying multipath mitigation.

Fig. 17: Multipath mitigation in a public park environment.

Environment-9: in a Shopping Centre (Semi-urban Environment):
This environment is selected to find the impact of multipath experiments over the developed system in

semi-urban environments (i.e. the University shopping mall and Uxbridge town centre, where experiments are
conducted). Fig. 18 shows one of the places selected for experiments of environment-9. The small red circle
shows the exact place where the mobile navigation unit is placed. Here the multipath is observed due to
shopping centre buildings and the people passing side by the system. In busy town centre areas, the impact
of multipath is increased further due to more reflected signals and interruptions. Therefore the accuracy of the
blind navigation systems will degrade more in those environments.

Fig. 19 shows the graph of experimental data recorded in town centre and the University shopping mall.
The graph shows the accuracy of the system against the type of measurement i.e. without mitigating multipath
effects and while mitigating the multipath effects. From the graph, it is evident that the system performs well
in semi-urban environment by mitigating the multipath effects and improves the system accuracy significantly
from 14.3 metres to 7.9 metres in that particular environment. It shows an improvement of 44.8% in the
accuracy of the system after adopting multipath mitigation techniques.
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Fig. 18: shopping centre (Semi-urban) environment.

Fig. 19: Multipath mitigation in a semi-urban (shopping centre) environment.

Environment-10: in a Cricket Playing Ground (Open Space Environment):
This environment is selected to find the accuracy of the system where virtually no multipath effects are

present. Therefore a cricket ground outside the University area is selected to conduct experiments for this
environment. Fig. 20 shows one of the areas of an open grass field of the cricket ground where a set of
experiments is conducted. The small red circle shows the exact place where the mobile navigation unit is
placed. The satellite signals are also shown with the possible signals coming towards the system. Few low
elevation angle satellites may have reflected signals but generally in this environment there is virtually no
multipath present.

Fig. 20: Cricket playing ground (Open space environment).
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Fig. 21 shows the graph of the experimental data showing the accuracy of the system in open-sky
environment. From the graph, it is clear that the system accuracy is far better than the previous discussed
environments. Here there is a negligible difference in the accuracy of the system by applying multipath
mitigation technique. As the multipath errors are too small to be detected by the system, therefore the accuracy
of the system remains nearly the same in both types of measurements and improved from 5.1 m 5 m i.e. an
improvement of 2% in the accuracy of the system is achieved. 

Fig. 21: Multipath mitigation in open space environment.

Comparisons of Multipath Results:
Table 1 shows the comparison of the results and the performance of the system to observe and mitigate

multipath effects in each environment. From Table 1, it is clear that the developed system is capable of
observing and mitigating multipath effects. The system significantly improves the performance, especially in
between tall buildings, top-covered sides-open and semi urban environments, where up to 53.5 % improvement
in the positioning accuracy is obtained. The system also mitigated multipath effects in other environments apart
from open sky environment, where there are virtually no multipath errors present.

Table 5.1: Multipath mitigation and improvements in the accuracy of the system
No Environment type Accuracy with No Accuracy with Improvement Improvement

 MP mitigation (m) MP mitigation (m) in accuracy (m) in accuracy (%)
1 Semi-covered around buildings 11.2 7.0 4.2 37.5
2 Between trees and buildings 12.5 8.6 3.9 31.2
3 Car park 11.8 7.6 4.2 35.6
4 Top covered, sides open 20.4 10.9 9.5 46.6
5 Narrow path between 2  buildings 27.1 12.6 14.5 53.5
6 Underneath a covered tree 17.5 11.1 6.4 36.6
7 Pedestrians’ footpath 11.7 7.5 4.2 35.9
8 Public park 9.3 6.5 2.8 30.1
9 Shopping Centre (semi-urban) 14.3 7.9 6.4 44.8
10 Open sky 5.1 5.0 0.1 2.0

Mask Elevation Angle:
A number of experiments are conducted to show the impact of mask elevation angle over the performance

of the navigation system. These experiments are also repeated with the multipath mitigation option and without
multipath mitigation, to show the relevance of multipath error with the satellite mask elevation angle. The
experiments are conducted with satellite mask elevation angles of 5, 10 and 15 degrees respectively.

Fig 22 shows the graph of accuracy plotted against the satellites mask elevation angle. It is shown in the
graph, that the accuracy of the system improves when mask elevation angle is increased, provided there is a
minimum number of four visible satellites. It is also proved that there is a significant reduction in multipath
errors when the satellite mask elevation angle increases. Table 2 shows the accuracy of the system and the
improvements in the system after mitigating multipath effects at different mask elevation angles. From Table
2, it is also clear that as the mask elevation angle increases, the amount of multipath error decreases, therefore
the improvement in the positioning accuracy is also decreased (Shah, 2002). 
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Fig. 22: Impact of multipath over satellite mask elevation angle.

Table 2: Accuracy of the system showing mask angles with MP mitigation
Mask Elevation Angle Accuracy without Accuracy with Accuracy Accuracy

MP mitigation (m) MP mitigation (m) improvement (m) improvement (%)
5 23.3 15.1 8.2 35.2
10 16.7 11.9 4.8 28.7
15 12.9 9.7 3.2 24.8

The Way Forward:
The following are proposed modifications to be implemented in the system in near future.

• The use of receiver as a combined GNSS (GPS-GLONASS-Galileo) receiver to have better coverage and
satellites visibility in congested and partially signal-blocked environments.

• Establishment of a micro-controller based handheld unit based on Javad receiver to be carried by blind
and partially sighted pedestrians.

• Combination of integrated GPS-Dead reckoning system to guide blind pedestrians where no GPS signal
is available e.g. inside tunnels and buildings.

• Applying Kalman filtering technique to further improve the positioning solutions.
•  Conduct field experiments over blind pedestrians to test the functionality and suitability of the system.

Conclusions:
A variety of ten different environments are selected to observe & mitigate the impact of multipath errors.

The multipath experiments conducted with the system demonstrate that the system observed and mitigated the
impact of multipath effects in different environment. It is also shown that in between tall buildings, in top-
covered sides-open and semi-urban environments, the mobile unit mitigated a significant amount of multipath
errors. However in open sky environment, there is a negligible improvement in the performance of the system,
as the multipath errors are very small.  The experimental results show that the accuracy of the system increases
when satellite mask elevation increases, provided there is a minimum number of four visible satellites are
available. It is also demonstrated that the improvement of the accuracy by mitigating multipath effects
decreases as the mask elevation increases. The outcome of multipath experiments recommend the development
of a handheld unit based on Javad JGG20 GPS receiver and use of that handheld for the guidance of blind
pedestrians especially in urban and semi-urban environments.
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