
ARTIFICIAL SATELLITES – Vol. 52, No. 1 – 2017  
  DOI: 10.1515/arsa-2017-0002 

 EVALUATION OF QUAD-CONSTELLATION GNSS PRECISE POINT 
POSITIONING IN EGYPT  

Emad El Manaily1, Mahmoud Abd Rabbou2, Adel El-Shazly3 and Moustafa Baraka4

                     Ph.D. Candidates in Geomatic Engineering - Cairo University1

Assistant Prof. of Surveying and Geodesy, Faculty of Engineering - Cairo University2

Prof. of Surveying and Geodesy, Faculty of Engineering - Cairo University3

Prof. of Surveying and Geodesy, the German University in Cairo (GUC)4

ABSTRACT: 
Commonly, relative GPS positioning technique is used in Egypt for precise positioning 
applications. However, the requirement of a reference station is usually problematic for some 
applications as it limits the operational range of the system and increases the system cost and 
complexity On the other hand; the single point positioning is traditionally used for low 
accuracy applications such as land vehicle navigation with positioning accuracy up to 10 
meters in some scenarios which caused navigation problems especially in downtown areas. 
Recently, high positioning accuracy can be obtained through Precise Point Positioning (PPP) 
technique in which only once GNSS receiver is used. However, the major drawback of PPP is 
the long convergence time to reach to the surveying grade accuracy compared to the existing 
relative techniques. Moreover, the PPP accuracy is significantly degraded due to shortage in 
satellite availability in urban areas. To overcome these limitations, the quad constellation 
GNSS systems namely; GPS.GLONASS, Galileo and BeiDou can be combined to increase 
the satellite availability and enhance the satellite geometry which in turn reduces the 
convergence time.  In Egypt, at the moment, the signals of both Galileo and BeiDou could be 
logged with limited number of satellites up to four and six satellites for both Systems 
respectively. In this paper, we investigated the performance of the Quad-GNSS positioning in 
both dual- and single-frequency ionosphere free PPP modes for both high accurate and low 
cost navigation application, respectively. The performance of the developed PPP models will 
be investigated through GNSS data sets collected at three Egyptian cities namely, Cairo, 
Alexandria and Aswan.
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1. INTRODUCTION 

In Egypt, although Real Time Kinematic (RTK) GPS positioning technique is used mainly in 
surveying applications which are required high positioning accuracy, the hardware cost due 
to the fact that at least two receivers are required becomes a major concern in practice. In 
addition, the radio or cellular communication is also necessary which is in some cases 
especially in downtown areas become problematic due to poor link connections. In order to 
reduce these operational complexities and cost, a precise point positioning (PPP) technique 
proposed by Zumberge et al. (1997) without needs for separate base stations and 
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communication links can be used currently in Egypt replacing the existence positioning 
techniques. Compared to differential GPS (DGPS) and RTK system, PPP has several 
advantages: a PPP client is completely independent, since no base station or network of base 
stations is necessary. Therefore PPP can save time, resources and data volumes which have to 
be usually transferred between reference and rover. There is no need for simultaneous 
observations and no tight limit in range thanks to globally precise correction products. Thus, 
it is imaginable that in the near future PPP will be able to substitute not only post-processing 
of network solutions but also real-time differential GPS or even RTK in many applications. 
Nowadays, PPP is used in the agricultural industry for precision farming, disaster monitoring, 
in hydrography and deformation monitoring (Geng et al, 2013 and Xu et al, 2013). Further 
PPP applications are sensor positioning in seafloor mapping and marine construction as well 
as airborne mapping (Bisnath et. al., 2009). 

The achieved accuracy of PPP depends mainly on the proper modeling of GNSS errors 
and bias and satellite availability. While the first order ionospheric effect is canceled out by 
using the un-differenced ionosphere free linear combination of GNSS code and phase 
measurements, IGS precise orbital and clock products is used to account for the satellite 
orbits and clock errors. Moreover, the tropospheric error component can be modeled 
sufficiently by using number of empirical models such as Saastamoinen and Hopfield models 
or can be eliminated by using regional tropospheric correction models such as the 
NOAATrop model (Gutman et. al., 2003). Other errors and bias such as the effects of ocean 
loading, earth tide, carrier-phase windup, sagnac, relativity, and satellite antenna phase-center 
variations can be rigorously modeled (Kouba et. al., 2009). On the other side, the major 
drawback of PPP is the long convergence time to reach to centimeter positioning accuracy 
due to the satellite geometry. The satellite geometry can be enhanced by adding the newly 
constellation satellites. The additional observations can enhance the satellite geometry and 
reduce the convergence time of the PPP (Rabbou et. al., 2015 and Li et. al., 2015). However, 
using the newly constellation satellites which uses different references systems, produces 
what is called  inter-system biases, which can be considered as additional unknown in 
addition to the receiver clock bias. The positioning accuracy of a Precise Point Positioning is 
mainly depending on the ability to mitigate errors and biases which affect GNSS 
observations. These errors and biases include the satellite/receiver clock errors, 
satellite/receiver hardware delays, ionospheric and tropospheric delays, and multipath. 
Moreover, using multi-constellations satellite systems, with different references frames 
introduces additional errors such as time offset between systems, due to the fact that each 
system uses a different time frame. The GPS system uses the GPS time system (GPST), 
which is referenced to coordinated universal time (UTC) as maintained by the US Naval 
Observatory (USNO). The GLONASS time is closely related to the UTC but has a constant 
offset of three hours reflecting the difference between Moscow time and Greenwich time. 
This relation implies leap seconds for the GLONASS time. Apart from the constant offset, 
the difference between GLONASS time and UTC shall be within 1 millisecond arising from 
the keeping of the time scales by different clocks. On the other hand, the Galileo satellite 
system has its own time frame, namely the Galileo system time (GST), which is a continuous 
atomic time scale with a nominal constant offset with respect to the international atomic time 
(TAI). However, BeiDou Time (BDT), related to UTC through UTC (NTSC – National Time 
Service Center of Chinese Academy of Science). BDT offset will respect to UTC is 
controlled within 100 ns (modulo 1 second).  

In this paper, both single and dual frequency based PPP models are assessed. A single 
frequency PPP model combines the observations of current GNSS constellations, including 
GPS, GLONASS, Galileo and Beidou. The MGEX IGS final precise products are utilized to 
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account for the orbital and clock errors. The GNSS inter-system biases are treated as 
additional unknowns in the estimation process. The contribution of the additional GNSS 
observations to the single-frequency PPP is assessed through solution comparison with the 
traditional GPS-only counterpart. Various GNSS combinations are considered in the 
assessment, including GPS/GLONASS, GPS/Galileo, GPS/BeiDou and Quad-GNSS. While, 
a traditional dual frequency PPP observation model that uses ionosphere-free linear 
combinations between code observations  

2. MULTI-CONSTELLATION GNSS PPP MATHEMATICAL MODELS 
Assuming that the observations are taking simultaneously from a multi-GNSS receiver, 
which uses GPS time as a reference, the dual-frequency GNSS ionosphere-free observation 
equations can be written as (Abd Rabbou, 2015):

3
r s

G G r G G G GP = �  + c [ d t + B ] - c [ d t ] + T + e                                                     (1) 

3
r s
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where G and J refer to GPS, other GNSS systems observations, respectively; DISB is the 
dual-frequency inter-system bias;  ��, �� are ionosphere-free differential code biases for 
receiver and satellites, respectively   ��� is the difference between receiver differential code 
and phase biases; ��� is the difference between satellite differential code and phase biases. 
As can be seen from Equations (3) and (4), the un-calibrated biases such as ���and ��� are 
lumped with the ambiguity parameters.  

For single frequency PPP model, the mathematical model of the quad constellation GNSS 
PP can be written as (Abd Rabbou and El-Rabbany, 2015) 
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s s
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Where d���� is the satellite clock error lumped with the ionosphere-free differential code bias, 
which can be obtained from the IGS-MGEX; F is a bias term representing the combined 
effect of differential code bias of the satellite obtained from The IGS-MGEX archive (Abd 
Rabbou and El-Rabbany, 2016); SISB is single-frequency the inter-system biases.  The GPS 
receiver hardware delay 	
 is lumped to the receiver clock error and the combined receiver 
clock bias is considered as a single unknown in our estimation filter. �

The Extended Kalman filter is used to process the raw GNSS pseudorange and phase 
measurements to produce estimates state vector unknown parameters as presented in Jekeli 
(2001). For both single and dual-PPP models, the UNB3 tropospheric model, consisting of 
the Saastamoinen vertical propagation delay model and Niell mapping function, is used to 
account for the dry tropospheric component (Leandro et al. 2008). As The effects of ocean 
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loading, Earth tide, carrier-phase windup, sagnac, relativity, and satellite antenna phase-
center variations are rigorously modeled as detailed in Kouba (2009). The estimation state 
vector consists of the three GNSS receiver positions mainly latitude, longitude, and altitude, 
receiver clock, the troposphere wet component, GPS/GLONASS, GPS/Galileo and 
GPS/BeiDou inter-system biases, and the float ambiguity parameters. The complete state 
vector for the developed model can be written as;

1[ ]r w R E C nx , , h , c d t , T , c I S B , c I S B , c I S B , A , . . A� � � � � �� ����������(9)

where �  , �� and �h are a three-dimensional vector representing the positioning errors in 
latitude, longitude and altitude;�	��� is the GPS receiver clock bias. �
���,��
��� and��
���
are GPS/GLONASS, GPS/Galileo and GPS/BeiDou inter-system biases, respectively in 
meters. A is the float ambiguity in meters as described in both PPP models.  

r s
dualA �N+�B -�B� ���������������������������������������������������������(10)�

s s
sin gle J J J J JA = N +c( -d )-c( -d )� � �                                       (11) 

Except the ambiguity parameters, the state vector corresponding errors are stochastically 
defined as random walk process with spectrum densities ���������� for positioning 
parameters,  ���������� for the receiver clock bias,  ����������  for the troposphere wet 
component and �����������  for GNSS inter-system biases for both dual and single modes. 
The ambiguity parameters are defined stochastically as constant values. The GNSS 
observations are assumed to be uncorrelated and followed the Gaussian distribution with zero 
mean. As a result, the variance-covariance matrix takes the form of a diagonal matrix with a 
100 times ratio between the GNSS code and phase observation precision. The GPS and 
GLONASS code and phase observation precision is set to be 0.1 and 0.001 m, respectively.  
According to� Steigenberger et al, (2015), the clock and orbital products for Galileo and 
BeiDou are less accurate compared with GPS clock and orbital products.  As a result, the 
Galileo and BeiDou code and phase observations are weighted by ¼ with a precision taken as 
0.2 and 0.002 m, respectively 

3. GNSS STATIC DATA PROCESS  
The datasets collected at three selected stations in Egypt at different latitudes to cover the 
country namely: Cairo, Alexandria and Aswan on two consecutive days, i.e. July 14–15, 
2015, are used for numerical analysis as appeared in figure 1. 

Fig.1. The three selected GNSS stations namely at Cairo, Alexandria and Aswan 

Figure 2 shows the GNSS availability and GDOP for the quad constellation at Cairo for the 
first day of our numerical analysis. It is obvious that maximum of four satellites of Galileo 



can be t
seen tha
day. Ho
are due
GDOP.
satellite
only. H
observa
the limi

Fig. 2.

4. GNS
The obs
signals
quad co
recomm
satellite
namely 
GPS/GL
represen
data ses
BeiDou
of resul
position

Figure
Alexand
the exi
margina
attribute
observa
quad co
insignif
availabl
worsen
converg

tracked whi
at, except G
owever, the
e to the low
 These jum

es which sig
However,
ations while
ited number

The Quad-

SS POSITIO
servations f
are adopted

onstellation
mended by 
es (Rizos et

GPS only
LONASS/G
nt the PPP 
ssions are s
u systems, a
lts are obta
ning accurac

3 shows t
dria for one
isting GPS 
al effect on
ed to the 
ations availa
onstellation
ficant effec
le from bot

positionin
gence time. 

ile six to se
Galileo, ther
re are certa

w elevation 
mps are har
gnificantly
this contri

e the GDOP
r of Galileo 

- Constellati

ONING RE
from GPS L
d for dual-fr

for single f
the MGEX
t al 2013). 
y, GLONA

Galielo/BeiD
performanc

selected for
are available
ained for ea
cy and conv

the position
e hour of pro

PPP posit
n the positio

additional
able. Additi
ns combine
ct is due t
th GPS and 
g accuracy

even satellit
re are suffic
ain GDOP j

angles of p
rdly appear
enhance the
ibution att
P for the co
satellites av

ion GNSS s

ESULTS A
L1/L2, GLO
requency PP
frequency P

X project are
To evaluate

ASS only, 
Dou (GNSS
ce in a shor
r each day w
e. Each sess
ach GNSS 
vergence tim

ning error 
ocessing da
tioning solu
oning accura

GLONAS
ionally, com
d GNSS P
to the suff
GLONASS

y compared

tes of BeiD
cient numbe
umps for b
part of the 
red in GNS
e GDOP in
tributes ma
ombined GP
vailable. 

satellites ava
2015.

AND ANAL
ONASS G1
PP model w
PPP model.
e used to c
e the perfor
GPS/GLON

S) three-ho
rt observati
with minim
sion is proc
combinatio

me.

results of 
ata as an exa
ution, the 
acy and con
S observat

mpared with
PPP present
ficient num
S. In additio
d with the 

ou can be t
er of both G
oth GPS an
satellites w

SS GDOP d
n compariso
ainly from
PS/Galileo i

ailability an

LYSIS
1/G2, Galile
while only th

 The BeiDo
correct the 
rmance of d
NASS, GP
our positio
ion time. F

mum two sa
cessed separ
on to derive

dual-frequ
ample. As c
additional 

nvergence t
tions due t
h the combi
t comparab

mber of sat
on, the GLO
GPS only 

tracked at C
GLONASS
nd GLONA
which signif
due to the 

on with the 
m the addi

is marginal

nd GDOP fo

eo E1/E5a a
he signals o
ou and Gali
PCOs of B
different GN
PS/Galileo, 
n solutions
or the two 

atellites from
rately so th
e a statistic

uency PPP 
can be seen 

Galileo ob
time. The m
to the suf
ined GPS/G
ble position
tellite obse
ONASS onl

solution w

Cairo. It can
and BeiDou

ASS which p
ficantly wo
addition o
GDOP of t

itional GL
ly enhanced

or Cairo at J

and BeiDou
n L1 is used
ileo antenna

BeiDou and 
NSS combi

GPS/BieD
s are analy
days datase

m each Gal
at a total of
cal estimate

model for
that compar

bservations
main contrib
fficient GL
GLONASS P
ning accura
ervations or
ly solutions

with respect

13

n also be 
u all the 
probably
rsen the 
f GNSS 
the GPS 
ONASS 
d due to 

July 14, 

u B1/B2 
d for the 
a offsets 
Galileo

inations,
Dou and 

yzed to 
ets, four 
ileo and 
f 24 sets 
e on the 

r station 
red with 
have a 

bution is 
ONASS 
PPP, the 

acy. The 
riginally 
s present 
t to the 



14

Fi

Table 1
sets pro
the con
GPS PP
accurac
BeiDou
position
improve
position
enhance
position
are mai
when th
addition
GPS an

Table

T
(

ig. 3. Dual-f

1 shows the
ocessed for 
ntribution o
PP positioni
cy level wh
u observatio
ning accura
ement can 
ning solutio
ed the pos
ning accurac
inly attribut
he GPS/GL
nal Galileo 

nd GLONAS

1. The 3D p

Time�
min)� G

5� 0.
10� 0.
30� 0.
60� 0.

120� 0.

frequency io

 root mean 
different pr
f Galileo o
ing accurac
hich attribut
ons enhance
cy after 5 m
 be detect

on compared
sitioning ac
cy at 120 m
ted to the a
LONASS P

and BeiDo
SS observat

positioning
process

PS� GLONA
99� 1.09
22� 0.92
04� 0.32
04� 0.07
02� 0.02

onosphere-f

square erro
rocessing tim
observations
cy. In most 
te to the li

ed the posit
mins of proc
ted. The G
d with the G
ccuracy by

mins of proc
additional G
PPP and G
ou observat
tions

 accuracy fo
sing times f

3D
ASS� GPS/
9�
2�
2�
7�
2�

free PPP mo
avaialbilty

or RMSE fr
mes. Due to
s can be co
cases, both 
imited num
ioning accu
cessing data
GLONASS
GPS only. C
y 30 cm a
cessing data
GLONASS

GNSS PPP 
tions has a 

for different 
for dual-freq
D�positionin
/GLONASS
0.64�
0.10�
0.01�
0.01�
0.01�

odel positio
y

rom the resu
o the limite
onsidered in
GPS and G

mber of Gal
uracy by 12
a while afte

S only solu
Compared w
after 5 min
a. However, 

observation
positioning
marginal e

GNSS PPP
quency PPP
ng�accuracy�

GPS/BeiD
0.87
0.18
0.02
0.01
0.01

oning results

ults obtaine
d number o
nsignificant

GPS/Galileo
lileo satellit
2 cm compa
er 30 mins o
utions pres
with GPS P
ns while p

the positio
ns. This can

g accuracy 
effect when

P combinati
P model. 

(m)�
Dou� GPS/

0
0
0
0
0

s with satell

ed from all 
of Galileo sa
t on enhanc
o PPP prese
tes. The ad

ared with G
only 2 cm a
sent less a

PPP, the GN
present com
ning improv
n be easily 
are compa

n they adde

ons after di

/Galileo� G
0.92� 0
0.21� 0
0.02� 0
0.05� 0
0.06� 0

lite

the data 
atellites,
cing the 
ent same 
dditional 

GPS only 
accuracy
accurate

NSS PPP 
mparable
vements 
noticed 

ared, the 
d to the 

fferent 

GNSS
0.68�
0.11�
0.01�
0.01�
0.02�



15

Table 2 shows the comparison between the mean convergence times for the different GNSS 
PPP combinations. The convergence times clarified in Table 2 are computed using the 
average of the convergence times in the three positioning directions, namely, X, Y and Z, 
respectively, for each data sets. It can be noticed that the additional GLONASS observations 
reduces the positioning convergence by 7 minutes compared with GPS PPP which represent 
38% in convergence time improvement. While the additional BeiDou and Galileo 
observations fail to reduce the convergence time when they added to the GPS/GLONASS 
PPP. However, compared with the GPS PPP, the additional BeiDou observations reduces the 
convergence time by three minutes which represent 16% in convergence time improvement.  
As seen in Table 3, Both GPS and GPS/Galileo present identical average convergence time 
due to the limited number of Galileo satellites. 

Table 2. The convergence time for different GNSS combinations using dual frequency PPP 
model

Poisoning�
Combination�

CT�(min)�

GPS� 19.5�
GLONASS� 34.5�

GPS/GLONASS� 12�
GPS/BeiDou� 17�
GPS/Galileo� 19�

GNSS� 12�

For single frequency PPP model, Figure 4 shows the GNSS satellite availability and 
positioning errors with time for the various GNSS constellation combinations at stations 
Aswan, respectively, It can be seen that the major contribution to the Single frequency PPP 
solution enhancement is due to the additional GLONASS observations. This is due to the 
good availability of GLONASS compared with the other constellation, which significantly 
affects the overall satellite geometry. On the other hand, because of their limited number of 
visible satellites, the addition of Galileo and BeiDou systems has a marginal effect on the 
positioning accuracy, in comparison with the GPS/GLONASS PPP Positioning accuracy. 
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compared with the standard GPS PPP convergence time. Moreover, the additional BeiDou 
observations enhanced the positioning accuracy by 5 cm, compared with GPS only 
positioning accuracy while the additional Galileo satellite was found to be insignificant when 
its observations were added to the GPS observations. Compared with GPS PPP, the GNSS 
PPP enhanced the positioning accuracy by 8 cm. However, the positioning improvements are 
mainly attributed to the additional GLONASS observations. For single-frequency PPP model, 
the contribution of the additional GNSS observations to the PPP solution was assessed 
through comparison with the traditional GPS-only counterpart. It was shown that the 
contribution of the additional GLONASS observations is significant, while the contribution 
of both Galileo and BeiDou can be consider marginal due to their limited satellite 
availability. 
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