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ABSTRACT

In this paper, effects on DOP (Dilution of Precision) due to augmentation of Global Positioning System (GPS) with
pseudolites are investigated. For this purpose, a typical Local Area Augmentation System (LAAS) scenario is consid-
ered by placing pseudolites in various positions. It is found that only properly located pseudolites can improve the DOP.
DOP values with two pseudolites located on either side of the run way are found to be the best. Geometric DOP (max)
was found to be nearly 4 due to only GPS and came down to approximately 2 due to augmentation with two pseudolites.

Implementation aspects of Bayes and Kalman filters while estimating DOP values are also examined.
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1. Introduction

A pseudolite (pseudo-satellite) can be considered as a
satellite-on-the-ground that transmits GPS like ranging
signals [1]. It transmits a signal with code-phase, carrier
phase and data components with the same timing similar
to the GPS signal format. Pseudolites were used initially
to test the initial GPS user equipment [2]. Pseudolites can
be used to augment GPS to enhance its availability, in-
tegrity and continuity. In the last few years, investiga-
tions into use of pseudolites for general positioning, naviga-
tion and precision approach for civil aviation have in-
creased [3,4]. Multiple pseudolites transmitting GPS com-
patible signals can form a stand-alone positioning system
if appropriate data acquisition and processing techniques
are used [5,6].

In this paper, effect on Dilution of Precision (DOP)
due to the augmentation of GPS with pseudolites, in a
typical LAAS scenario, is investigated. DOP indicates
the effect of geometry formed due to visible satellites, on
the user position accuracy. Bayes filter is implemented to
remove some of the errors in GPS signals such as tropo-
spheric error and receiver clock bias error, before esti-
mating DOP values. Data acquired from DL-4plus GPS
receiver located at Osmania University, Hyderabad, is
used for the analysis. To prove the concept, computer
simulated pseudolite locations are used in the analysis.
Application of Kalman filter while estimating DOPs is
also investigated.
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2. Experiment with DL-4plus GPS Receiver

A DL-4plus receiver is set up along with the host com-
puter in Research and Training Unit for Navigational
Electronics (NERTU), Osmania University, Hyderabad.
A 5 m tower is constructed on the terrace of NERTU
building. Receiver antenna is mounted on the tower to
establish Line of Sight (LoS) with Satellite Vehicles
(SVs), thus reasonably avoiding multipath reflections.
Data is acquired continuously on 19" January, 2008 for
the analysis. Using ‘Convert4’ software the received data
is converted to RINEX (Receiver Independent Exchange)
format. Two types of files viz., observation file and naviga-
tion file are obtained and analysed. Bancroft algorithm is
used to find the preliminary position of the receiver [7].
Effects due to Bayes and Kalman filter while estimating
DOP are also examined.

2.1. Number of Visible Satellites with Respect to
Local Time

From the data collected on 19" January, 2008, informa-
tion on number of SVs in view over Hyderabad horizon
is extracted. In Figure 1, the number of visible SVs is
plotted with respect to local time for the whole day. Data
corresponding to epochs at every 10 minutes are consid-
ered. It can be observed that the number of SVs is vary-
ing from a minimum of 6 to a maximum of 11. Least
number of SVs (6) is visible at around 9.6 hrs. Maximum
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Figure 1. Local time Vs Number of visible satellites (SVs) on 19" January, 2008.

number of SVs (11) is visible mostly during 14-20 hrs.

2.2. Estimation of User Position Using Bancroft
Algorithm

Bancroft algorithm (1985) estimates the preliminary
coordinates for a GPS receiver. The algorithm requires
ECEF coordinates of 4 or more SVs along with the val-
ues of their pseudoranges as input [8]. Figure 2 shows
the variations in user position estimate with respect to
local time. Variations in latitude are found to be negli-
gible Figure 2(a). Variations in longitude are minimal
Figure 2(b). Variations in height are relatively large
Figure 2(c). From Figure 2(c) it can be observed that
the algorithm gives unstable results for the starting of
the day. Hence, standard deviation in height is 53.34 m
in the first hour. However, over a period of 23 hours
(1:00-24:00 hrs) standard deviation in height is reduced
to 20.88 m. This value is in accordance with the value
reported elsewhere [9]. Minimum, maximum, mean and
standard deviation values of latitude, longitude and
height are shown in Table 1. Standard deviations of lati-
tude and longitude are minimal. Standard deviation of
height is significant (53.34).

2.2.1 Estimation of User Position Using Kalman
Filter

Kalman filter estimates the precise position of the re-
ceiver. The preliminary position estimated by the Ban-
croft algorithm is given as input to the Kalman filter
along with the pseudoranges. Details on implementation
of Kalman filter and other standard GPS related pro-
grams can be found elsewhere [9,10].

Figure 3 shows the variations in user position estimate
with respect to local time. Latitude variations are negli-
gible Figure 3(a). Minimum, maximum, mean and stan-
dard deviation of latitude, longitude and height are
shown in Table 2. Variations in longitude are minimal
Figure 3(b). Variations in height are relatively signifi-
cant Figure 3(c). Standard deviation of latitude and lon-
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gitude are negligible. However, standard deviation of
height is relatively large (75.96).

2.3 Implementation of Filters before Estimating
DOP

Various filters are available in literature to filter out
some of the GPS errors while estimating pseudoranges
before computing DOPs. DOPs are initially estimated
without using any filter and are plotted with respect to
local time for a period of 24 hours Figure 4. Subse-
quently, DOP values are estimated after incorporating
Bayes filter. This filter is used to filter out GPS errors
such as tropospheric error and receiver clock bias error
from pseudoranges before estimating DOP values. Fig-
ure 5 indicates DOPs, plotted with respect to local time
after implementing Bayes filter. Most of the time, Hori-
zontal Dilution of Precision (HDOP) remained below 1.
Vertical Dilution of Precision (VDOP) varies from 1.1 to

Table 1. User position estimated using Bancroft algorithm.

19-01-2008 Bancroft algorithm
Status Lat. (deg) Long.(deg) Height(m)
Minimum 17.4079 78.5176 170.97
Maximum 17.4093 78.5191 521.11
Mean 17.408 78.518 460.04
Std. Dev. 0.0002316 0.0001934 53.34

Table 2. Estimated user position using Kalman filter.

Date:19-01-2008 Kalman Filter
Status Lat.(deg) Long.(deg) Height(m)
Minimum 17.4076 78.5175 198.53
Maximum 17.4092 78.519 712.26
Mean 17.4081 78.5181 534.07
Std. Dev. 0.0002763 0.0002701 75.96
POS
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Figure 2. User (a) latitude (b) longitude and (c) height with respect to local time.
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Figure 3. User latitude (a) longitude (b) and height (c) with respect to local time.

almost 3. Positional Dilution of Precision (PDOP) fluc-
tuates from 1.32 to 3.59. Time Dilution of Precision
(TDOP) variation is found between 0.57 and 2.62. Geo-
metric Dilution of Precision (GDOP) varies from a
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minimum of 1.44 to a maximum of 4.45. Further, the
DOPs are mathematically related as,

GDOP =+/PDOP? + TDOP? @)
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PDOP = \WDOP? + HDOP? @)

The values of DOPs that are experimentally obtained
satisfy these mathematical relations. Furthermore, the
estimated values of HDOP, VDOP and PDOP are as re-
ported elsewhere in open literature.

To see the effect of further filtering, Kalman filter is
imposed on the pseudoranges corrected through Bayes
filter. The results thus obtained are plotted in Figure 6.
For most of the time, HDOP remains below 1. VDOP
varies from 1.09 to 2.83. PDOP fluctuates from 1.32 to
3.11. TDOP variations are comparatively high and vary
from 1.82 to 7.08. GDOP varies from a minimum of 2.26
to a maximum of 7.73. The values of DOPs satisfy their
mathematical relations (Equations (1) and (2)). Further,
the estimated values of HDOP, VDOP and PDOP are
cross-validated with the values reported in open literature.
As stated, HDOP remains less than one almost at all
times; VDOP is usually higher than HDOP. PDOP will
be generally lower than 3 in lower latitude regions. Stan-
dard deviation of VDOP is supposed to be twice than that
of HDOP [11].

For comparative analysis minimum, maximum, mean
and standard deviation of DOPs are estimated for the
three cases and are tabulated in Table 3.

Comparing three cases for PDOP, it is observed that
PDOP (max) is least (3.09) when no filter is used, it is
highest (3.59) when only Bayes filter is used and it is
medium (3.11) when Kalman filter is incorporated. Kal-
man filter provides more precise position than Bancroft
algorithm which uses Bayes filter. However, implemen-
tation of Kalman filter is complicated and highly time
consuming compared to Bayes filter. Further, when the
user position estimated by the Kalman filter is utilised
along with the positions of visible SVs, then the DOP
values are found to be similar to that of due to Bayes
filter (kom.aau.dk/~borre/matlab/-2k). However, when
the DOP values are estimated using the covariance ma-
trix provided by the Kalman filter, significant difference
is found when compared to the estimations due to the

previous methods Table 3.
3. Augmentation of GPS with Pseudolites

There are various applications of augmented GPS such as
mining, vehicle tracking and aircraft landing etc. How-
ever, the advances in pseudolite technology enable them
to play key role in aircraft landing [12]. In this paper, a
typical LAAS scenario is considered and augmented with
simulated pseudolites’ positions to investigate their effect
on DOPs.

3.1. Investigation on the Effects of Pseudolites’
Placement on DOPs

We have considered three configurations of the pseu-
dolites placed in different ways to investigate their effect
on DOPs Figure 7.

It is assumed that the aircraft is equipped with two an-
tennas on top and one antenna in the bottom [13]. One
top antenna receives VHF signals from DGPS station and
the other top antenna receives signals from GPS. The
bottom antenna receives pseudolite signals. Further, it is
assumed that the aircraft is approaching (making an an-
gle of 3°) towards the runway touchdown point through
the glide path [14]. This angle is called as glide slope.
Further, it is assumed that the horizontal coverage dis-
tance is 20 nm (37 km). This leads to a maximum alti-
tude of 1.94 km just before aircraft enters the glide path.
Also, it is considered that APL3 is positioned at 6.5 km
from the touchdown point in the direction of runway and
APL1 and APL2 are placed on either side of the run way
at a distance of 6.5 km from the touchdown point [15].

For the purpose of analysis, mean value of the receiver
position is considered Table 1 and its altitude is scaled to
1.94 km (= 2461 m (MSL)) to make it work like an air-
borne stationary receiver over Hyderabad Table 4. Sub-
sequently, GPS is augmented by simulated coordinates of
airport pseudolites (APLs) by selecting different number
of APLs each time. DOPs are estimated using‘all-in-
view’ SVs. Table 4 shows the simulated geodetic

Table 3. Minimum, maximum, mean and standard deviation of DOPs before and after implementing filters.

Without filter Bayes filter Kalman filter
Date:19-01-2008

Min  Max Mean  Std Min Max Mean Std Min Max Mean Std
HDOP 054 126 0.68 0.09 0.55 1.58 0.73 0.14 054 1.27 0.68 0.09
VDOP 109 282 151 028 1.10 3.18 1.55 0.31 1.09 283 1.51 0.28
TDOP 055 211 088 0.22 0.57 2.62 0.94 0.27 182 7.08 1.63 0.75
PDOP 132 309 176 028 1.32 3.59 181 0.32 132 311 1.76 0.28
GDOP 144 374 197 034 1.44 4.45 2.05 0.41 226 7.73 343 0.78

Copyright © 2010 SciRes.
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coordinates of the APLs and the user with scaled height.

With and without augmentation with APLs, variations
in GDOP, PDOP, VDOP, HDOP and TDOP with respect
to time are estimated and results are shown in Figures
8-12.

Comparing all the figures, it can be observed that
GDOP, PDOP, VDOP, HDOP and TDOP values are the
highest when only GPS is available. Due to the presence
of APLs good improvement is found in all the DOPs. As
the number of APLs is increased, DOP values are found
to be decreasing. The least DOP values are obtained
when two APLs (APL1 and APL2) are used. The DOP
values due to APL1 as well as APL3 are found to be
similar.

Table 5 shows minimum, maximum and standard de-
viation of DOPs with and without APLs. From Table 5 it
can be observed that the maximum value of VDOP re-
mains below 3 and of HDOP remains below 1.27 for all
the configurations.

The maximum PDOP has crossed 3 when no augmen-
tation is there. It is around 2 when augmentation exists.
TDOP became half due to augmentation. GDOP is nearly
4 without augmentation and comes down to approxi-
mately 2 due to augmentation. The standard deviation of
all the DOPs is higher for standalone GPS compared to
that of augmented GPS. For all DOPs, standard deviation
is remaining almost constant for all the augmented con-
figurations.

4. Conclusions

For GPS based navigation systems, improvement in DOP
can be achieved using pseudolites. In this paper, a typical
LAAS scenario is considered and the effect of pseudolite
placement on DOP enhancement is investigated. For this
purpose, pseudolites are positioned in different locations
and DOP values are estimated. It is found that the loca-
tions of the APLs and also the number of APLs affect the

DOPs. DOPs with two APLs (APL1 and APL2) are
found to be the best. Whether the APL is positioned be-
fore the runway or beside the runway no significant dif-
ference is found in DOP values. For all the configura-
tions, maximum value of VDOP remained below 3 and
that of HDOP remained below 1.27. Due to only GPS,
PDOP (max) crossed 3 and it became approximately 2
due to augmentation. TDOP became half due to aug-
mentation. GDOP was found to be nearly 4 due to GPS
alone and came down to approximately 2 due to aug-
mentation with two APLs. Though Kalman filter pro-
vides better accuracy, it is complicated and time con-

Table 4. Simulated coordinates of the APLs and the user.

APLs/User Latitude (deg) Longitude (deg) Height (m)
APL1 17.3509 78.1836 521.58
APL2 17.4691 78.1836 521.58
APL3 17.41 78.2427 521.58

User 17.41 78.52 2461
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Figure 8. GDOP variations with and without APLs.

Table 5. Minimum, maximum and standard deviation of DOPs with and without APLs.

VDOP HDOP PDOP TDOP GDOP
APLs
Min Max Std Min Max Std Min Max Std Min Max Std Min Max Std
Nill 1.09 2.83 0.28 0.54 1.27 0.09 1.32 3.11 0.28 0.54 2.12 0.22 1.44 3.76 0.35
1 0.94 1.69 0.16 0.53 0.88 0.07 1.20 2.09 0.17 0.48 1.17 0.11 13 24 0.19
1&2 0.85 1.59 0.15 0.51 0.83 0.06 1.13 1.92 0.17 0.44 1.0 0.10 121 2.16 0.19
3 0.92 1.66 0.15 0.53 0.86 0.07 1.19 2.04 0.17 0.48 1.12 0.11 1.28 2.32 0.19
Copyright © 2010 SciRes. POS
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suming compared to that of Bayes filter.
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