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Abstract—The use of multiple Global Navigation Satellite Sys-
tem (GNSS) constellations in the determination of one’s Position
Velocity and Time (PVT) brings several advantages such as faster
startup times and convergence times, higher accuracies, and
improved Dilution of Precision (DOP) values. These advantages
are especially noticeable for applications where the view of the
sky is partially obscured.

This work focuses on combining the two fully operational
GNSS constellations, the United States GPS and the Russian
GLONASS in single receiver scenarios suitable for real-time ap-
plications, presenting and solving its main interoperability issues
and their different implementations and finally the performance
of both systems and the combined system are evaluated using both
Standard Point Positioning (SPP) approach and Precise Point
Positioning (PPP) approach.
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I. INTRODUCTION

AGNSS is a system comprised a constellation of satellites
which is capable of providing autonomous geo-spatial

positioning and timing at a global scale. Two GNSS systems
are currently in operation: the United States’ GPS and the
Russian Federation’s GLONASS. Another two GNSS systems
are currently in development stage: the European’s GALILEO
and the Chinese’s COMPASS.

These GNSS systems are currently used in numerous ap-
plications ranging from commercial applications to scientific
and military applications and many of those applications can
potentially benefit from the combination of the different avail-
able GNSS constellations. The combination of multiple GNSS

Fig. 1: Sky-plots for the different GNSS combinations

can significantly improve many applications, as the increased
number of satellites strengthens the orbit geometry, resulting

in an increased precision/accuracy, reduction the initialization
times and increases the overall availability.

These improvements are particularly important for kinematic
applications, for applications at mid-latitude regions and for
applications in difficult environments where the visibility of the
sky is restricted such as in urban areas, under heavy tree foliage
or in the vicinity of geographic formations such as mountains
and canyons. Additionally scientific-grade applications benefits
from the additional available signals and their frequencies, and
the different orbital characteristics of each GNSS satellites.

In the next section, a background of state of the GLONASS
system over the last years is presented, in the third section the
different implementations of each system are discussed and
methods for their combination are presented, in the fourth
section the algorithms to obtain one PVT (using SPP and
PPP approaches) are presented. In section five and six the
methodologies and experimental results are presented followed
by the conclusions of this work in section seven.

II. BACKGROUND

Information on the use and processing of GPS data is widely
available in the literature, but there is little on the processing
details of GLONASS, furthermore after its completion in 1995,
the system fell in disrepair with the collapse of Russian
economy, and by 2001 the constellation reached its lowest
point of just 6 operational satellites, rendering it inoperable
for users both in Russia and worldwide.

On May 2nd, 2000, the U.S government discontinued the
use of Selective Availability, making the GPS system more
responsive to both civil and commercial users worldwide, and
with a degraded GLONASS system the combination of two
systems was no longer reliable.

On August 2001, the Federal Targeted Program “Global
Navigation System” was launched aiming to restore the full
GLONASS constellation by the end 2009.

On December 10th, 2003, the first GLONASS-M (second
generation design) was launched, this new satellites provided
better accuracy, the ability to broadcast two extra civilian
signals and had double lifetime of the first generation design
satellites.

On May 18th, 2007 most of the signal restrictions were
lifted, and the formerly military-only signal with a precision
of 10 m was made available to civilian users free of charge
and without limitations.
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On September 20th, 2007, all operational GLONASS satel-
lites started broadcasting his ephemeris information in PZ-
90.02 reference frame. This ECEF reference frame is an
updated version of PZ-90 containing only an origin shift vector
to the reference frame WGS-84.

On October 2nd, 2011 the 24th satellite of the system was
successfully launched, making the GLONASS constellation
fully restored for the first time since 1996.

With both navigation systems now fully operational (GPS
constellation with 32 satellites and GLONASS constellation
with 24 satellites), combination of the two systems brings
several advantages as described in Section I.

III. COMBINING GPS AND GLONASS
As both GPS and GLONASS were designed for military

only purposes, therefore issues related to the combined use
of GPS and GLONASS were not taken into account in their
original design. However when both systems became available
to civilian use, it became clear that a GPS+GLONASS receiver
could outperform a GPS-only or GLONASS-only receiver, if
the major interoperability issues were resolved. Since then
many studies and investigations were conducted and with the
modernization of both systems, these issues have been resolved
at sufficient level for practical use of a GPS+GLONASS
receiver.

A. Satellite navigation problem
The Satellite Navigation Problem consists in the determina-

tion of one’s PVT and its basis consists in solving a geometric
problem known as trilateration. Trilateration is a geometric
process used to determine the location of a point based in
its distance to a set of other points which their locations are
known, using the geometric properties of circles, spheres or
triangles. In the Satellite Navigation Problem, the unknown
point location corresponds to the receiver position, and the set
of points with known locations corresponds to visible satellites
positions.

B. Coordinate Systems
Both GPS and GLONASS use its own coordinate system

to define its satellite orbits and its own geodetic datum that
maps the coordinates into the Earth’s surface; GPS uses the
WGS-84 [1] and GLONASS uses the PZ-90.02 [2] which are
defined in a very similar way, but each coordinate system
employs a different set of reference stations in its realization,
therefore the WGS-84 coordinates of an arbitrary location may
not correspond to its PZ-90.02 coordinates.

To solve the satellite navigation problem is necessary to
convert all satellites orbits to a common coordinate system.
Following the GLONASS modernization plan after September
20th, 2007 all operational GLONASS satellites switched to PZ-
90.02 which its transformation to WGS-84 is officially defined
as [3], [4]:xy
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C. Time-Scales

Both GPS and GLONASS defines its own time-scale which
are closely tied to the UTC time-scale, and in order to
accurately estimate the user position, the receiver must be able
to synchronize its internal clock with the current GNSS time-
scale.

Fig. 2: Time scales differences

The GPS time-scale is maintained by the GPS Master Con-
trol Center, it started coincident with the UTC(USNO) time-
scale maintained by U.S. Naval Observatory at 6th January,
1980 (00:00 hours), but was kept as continuous time scale so
it doesn’t account for leap seconds later introduced to the UTC
time-scale (as of August 2012, 16 leap seconds were added).

The GLONASS time-scale maintained by GLONASS
Central Clock, being coincident with Moscow Time
UTC(SU) (UTC+03:00 hours)1and unlike GPS time-scale, the
GLONASS time-scale isn’t continuous and accounts for the
leap seconds introduced to the UTC time-scale by the IERS.

As the receiver clock offset must be estimated together with
the receiver coordinates to combine GPS with GLONASS it
is necessary to to estimate the receiver clock offset with the
GPS time-scale and with GLONASS time-scale, meaning that,
to obtain a navigational fix, atleast five satellites are required.
The extra satellite requirement doesn’t represents a problem as
the combination of both systems piratically doubles the number
of visible satellites.

IV. POSITION, VELOCITY & TIME ESTIMATION

A. Estimation Algorithms

To solve the satellite navigation problem is necessary to
solve a system of equations with at least one equation per
visible satellite. Usually the resulting system of equations
is overdetermined (there are more equations than unknown
variables) and due to observation noise and uncertainties such
system doesn’t have a solution.

1In 27th March, 2011 the Moscow time was defined to UTC+04:00
hours, but GLONASS still employs the older definition of UTC+03:00 for
compatibility reasons
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1) Linear Weighted Least Squares: (LWLS) is a particular
case of the General Least Squares method which is an approach
to find a solution of an overdetermined system, by minimizing
the sum of the square errors made in the solution of each
equation [5].

x̂ =
(
HTWH

)−1
HTWY (2)

where:
– x is the state vector that contains the unknown variables

to be estimated;
– Y is the observation vector that contains the observations

from a system;
– H is the observation model that maps the state space

into the observations space;
– W is the observation weight matrix.
2) Extended Kalman Filter: (EKF) is an extension to cope

with non-linear observation models to the Kalman Filter
algorithm. The Kalman Filter is an algorithm that operates
recursively over a stream of observations containing noise
and other uncertainties, minimizing the estimation error and
producing statistically optimal estimates of the system state. It
addresses the problem of estimate the state of a discrete-time
system that is governed by a linear stochastic functions [6].
• Prediction Stage:

xk|k−1 = fk
(
xk−1|k−1

)
(3)

Pk|k−1 = Pk−1|k−1F
T
k +Qk (4)

• Update Stage:

zk = yk − h(x) (5)
Sk = HkPk|k−1H

T
k +Rk (6)

Kk = Pk|k−1H
T
k S
−1
k (7)

xk|k = xk|k−1 +Kkzk (8)
Pk|k = (I −KkHk)Pk|k−1 (9)

and:

Fk =
∂f

∂x

∣∣∣∣
xk−1|k−1

; Hk =
∂h

∂x

∣∣∣∣
xk|k−1

(10)

This process is essentially a linearisation of system dynamics
around the last state estimate [6], thus unlike the Kalman Filter,
the EKF is not an optimal estimator and incorrect initial state
estimate or incorrect model process linearisation, may cause
the EKF to diverge quickly.

B. Position Estimation

1) Single Point Positioning: is an approach to solve the
satellite navigation problem, using pseudorange measurements
and navigation parameters provided by satellites only.

The receiver position can be obtained with the following
state:

x =
[
x y z c · δtG c · δtR

]T
(11)

And the following sub design matrices:

HPG
=
[
x−Xs

ρ
y−Ys

ρ
z−Zs

ρ 1 0
]

(12)

HPR
=
[
x−Xs

ρ
y−Ys

ρ
z−Zs

ρ 0 1
]

(13)

where:
– x, y and z are the receiver coordinates;
– Xs, Ys and Zs are the satellite coordinates;
– δtG and δtR are the receiver clock offset with the GPS

time-scale and GLONASS time-scale;
– ρ represents the geometric range between the receiver

and satellite.
2) Precise Point Positioning: is an approach to solve the

satellite navigation problem that aims to provide very precise
positions estimations up to a few centimetres of error.

Unlike Differential-GNSS positioning methods that combine
measures from a receiver with the measures from one or
more reference stations at known positions to differentiate the
common errors, PPP uses only one dual-frequency receiver and
the precise orbits and clocks from IGS [8].

To achieve this very precise position estimates both the
ionosphere-free combinations of pseudorange and carrier-
phase measurements are used, the zenith wet delay the most
volatile component of the tropospheric delay is estimated
together with the receiver position and additional the precise
modelling terms negleted in the SPP approach are now taken
into account.

The receiver position can be obtained with the following
state:

x =
[
x y z c · δtG c · δtR Zwd λ ·N

]T
(14)

And the following sub design matrices:

HPIF,G
=
[
x−Xs

ρ
y−Ys

ρ
z−Zs

ρ 1 0 Mw 0
]

(15)

HPIF,R
=
[
x−Xs

ρ
y−Ys

ρ
z−Zs

ρ 0 1 Mw 0
]

(16)

HΦIF,G
=
[
x−Xs

ρ
y−Ys

ρ
z−Zs

ρ 1 0 Mw 1
]

(17)

HΦIF,R
=
[
x−Xs

ρ
y−Ys

ρ
z−Zs

ρ 0 1 Mw 1
]

(18)

where:
– x, y and z are the receiver coordinates;
– Xs, Ys and Zs are the satellite coordinates;
– δtG and δtR are the receiver clock offset with the GPS

time-scale and GLONASS time-scale;
– ρ represents the geometric range between the receiver

and satellite;
– Zwd is the zenith wet component of the tropospheric

delay;
– Mw is the obliquity factor for the zenith wet compo-

nent and it can be determined from the tropospheric
model [9], [10];

– N is the non-integer carrier-phase ambiguity,
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C. Cycle-Slip Detection
The carrier-phase measurements are subjected to cycle-slips,

sudden arbitrary jumps of an unknown integer number of
wavelengths on the carrier-phase ambiguity. The occurrence of
cycle-slips can significantly degrade the filter’s performance,
unless they detected and corrected or filtered out.

1) Phase-Code detector: is a single-frequency approach to
detect a possible occurrences of cycle-slips based on the
combination of carrier-phase with pseudorange measurements:

d = Φ− P = λN − 2Id + ε′ (19)

where:
– λ is the carrier wavelength;
– N is the non-integer carrier-phase ambiguity;
– Id is the ionospheric delay;
– ε′ is the combination noise.

This combination removes all non-dispersive delays, but in-
creases the ionospheric delay by a factor of two. Nerveless as
the ionospheric delay tends to vary slowly between adjacent
epochs, a cycle-slip can be detected by:∣∣d− d̄∣∣ > p · σ (20)

where:
– d̄ and σ are the mean value and standard deviation of

the last n measurements of d, since the beginning of the
signal tracking or since the last cycle-slip detection;

– p is scale factor of the threshold of cycle-slip detection
(defines the ability of detecting a cycle-slip).

However this detection method tends to produce faulty de-
tections in environments of high ionospheric activity and in
situations of low SNR.

2) Doppler aided detector: is a single-frequency approach
to detect a possible occurrences of cycle-slips based on the
change of geometry range from the receiver to satellite.

Considering the change of geometry range from the receiver
to satellite in absence of cycle-slips between two adjacent
epochs, defined by [11]:

drΦ =
dΦ

dt
≈ Φk−1 − Φk (21)

drf = −λ
∫
fdt ≈ 1

2
[fk−1 − fk]λ∆t (22)

where:
– Φk−1 and Φk are the carrier-phase measurements from

the previous epoch and the current epoch;
– fk−1 and fk are the Doppler shift measurements from

the previous epoch and the current epoch;
– λ is the signal wavelength;
– ∆t is the interval between epochs.

As the Doppler shift measurements aren’t affected by the
occurrence of cycle-slips, therefore the occurrence of one can
be detected by:

δ = drΦ − drf (23)∣∣δ − δ̄∣∣ > p · σ (24)

where:
– δ̄ and σ are the mean value and variance of the previ-

ous δ measurements, since the beginning of the signal
tracking or last cycle-slip detection;

– p is scale factor of the threshold of cycle-slip detection
(defines the ability of detecting a cycle-slip).

3) Geometry-free combination detector: is a dual-frequency
detected base on the geometry-free combination of dual-
frequency carrier-phase measurements:

ΦGF = ΦL1 − ΦL2 = I ′d + λ1N1 − λ2N2 + ε′Φ (25)

As long as the carrier-phase ambiguities N1 and N2 remain
constant, this combination will vary smoothly with the iono-
spheric delay and any sudden discontinuities could indicate a
possible cycle-slip in either Φ1 or Φ2. Therefore, the occur-
rence of a cycle-slip can be detected by [12]:

|ΦGF − P | >
3

2
(λ2 − λ1)

[
1− 1

2
exp

(
∆t

60

)]
(26)

where:
– P is the expected geometry-free combination, computed

using a second degree polynomial fit from the previous
n samples of ΦGF , since the beginning of the signal
tracking or last cycle-slip detection;

– ∆t is the interval between adjacent epochs.
4) Melbourne-Wübbena combination detector: is a dual-

frequency detected based on the Melbourne-Wübbena com-
bination:

LMW = ΦWL −RNL = λW (N1 −N2) + ε′MW (27)

With:

RNL =
fL1RL1 + fL2RL2

fL1 + fL2
(28)

ΦWL =
fL1ΦL1 − fL2ΦL2

fL1 − fL2
(29)

And by exploiting the advantages of both the wide-lane carrier-
phase combination and narrow-lane code combination, the
Melbourne-Wübbena combination benefits from:

– Removal of the ionospheric delay;
– Enlargement of the ambiguity spacing by the wide-lane

wavelength (λW = c
f1−f2 );

– Reduction of the measurement noise by the narrow-lane
wavelength (λW = c

f1+f2
);

The occurrence of a cycle-slip in either Φ1 or Φ2, can be
detected by [12]: ∣∣LMW − L̄

∣∣ > p · σ (30)

where:
– L̄ and σ are the mean value and covariance of the

previous LMW measurements since the beginning of the
signal tracking or last cycle-slip detection;

– p is scale factor of the threshold of cycle-slip detection
(defines the ability of detecting a cycle-slip).

However unlike the geometry-free combination detector, this
detection method cannot detect simultaneous jumps on both
signals of equal magnitude.
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D. Velocity Estimation

The receiver instantaneous velocity can be obtained from
the Doppler frequency shift measurements by defining the
following state [13]:

x =
[
vx vy vz c · δṫG c · δṫR

]T
(31)

And the following sub design matrices:

HG =
[
x−Xs

ρ
y−Ys

ρ
z−Zs

ρ 1 0
]

(32)

HR =
[
x−Xs

ρ
y−Ys

ρ
z−Zs

ρ 0 1
]

(33)

where:
– x, y and z are the receiver coordinates;
– vx, vy and vz are the receiver velocity components;
– Xs, Ys and Zs are the satellite coordinates;
– δṫG and δṫR are the receiver clock drift with the GPS

time-scale and GLONASS time-scale;
– ρ represents the geometric range between the receiver

and satellite.
Note that the resulting design matrix is identical to the design
matrix used for the position estimation, this property can be
exploited to reduce the computational load of the velocity
estimation.

E. Time Estimation

After solving the satellite navigation problem, one can
determine its time in the UTC time-scale using the parameters
provided by the satellite navigation messages [1], [2].

V. RESEARCH SETUP

In order to evaluate the performance of a combined GPS
+ GLONASS system accurately, a set of procedures was
carefully devised in order to prevent undesirable effects such
as signal blockages and multi-path effects.

A. ProFlex 500 Receiver

To gather the necessary data to test the algorithms presented,
a ProFlex 500 from Ashthec was used. The ProFlex 500 is an
high-end receiver, capable of track multiple GNSS constella-
tions including signals from various Satellite-Based Augmenta-
tion Systems (SBAS) (WASS/EGNOS/MSAS). Equipped with
75 frequency channels it’s capable of processing signals, on
both L1 and L2 carrier frequencies of the GPS (L1 C/A,
L1/L2 P-code and L2C) and GLONASS (L1 C/A, L2 C/A
and L2P code). The receiver provides real-time PVT estimation
and it also the provides the observables (pseudorange, carrier-
phase and Doppler shift) along with other signal relevant
properties and ephemeris parameters of each tracked satellite,
the almanacs parameters for each tracked GNSS constellation,
ionospheric parameters and GNSS-time to UTC parameters,
through a binary message (Asthec legacy messages, ATOM
messages) [14].

B. Antenna Location
The receiver antenna was located on the top of North Tower

of IT/IST in Lisbon, Portugal. This location grants a privileged
view of the sky (being possible to track satellites at atleast
5◦ of elevation) and negligible multipath effects. To establish

Fig. 3: Antenna location

a reference position required to evaluate the accuracy and
precision of the presented algorithms, 12 days of continuous
observations (from 22/08/2012 to 03/09/2012) were performed
using the full capabilities of the receiver; the mean position
estimated by the receiver was:

38◦ 44′ 15.15′′N ; 9◦ 08′ 18.65′′W ; 196.02m

C. Experimental trial description
The purpose of this experimental trial is to assess the

performance of the algorithms presented throughout this thesis
(mainly SPP vs. PPP), and to evaluate the performance of the
combined GPS+GLONASS solution against the GPS-Only and
GLONASS-Only solutions width real data.

The performance of the combined GPS+GLONASS solution
against the GPS-Only and GLONASS-Only solutions, is eval-
uated by three parameters, the solution accuracy, the solution
precision and the solution availability.

TABLE I: Trials Visibility conditions

Elevation Sky visibility Description
10◦ ∼82.635% Wastelands and ocean surface

20◦ ∼65.798% Small cities, locations near trees

30◦ ∼50.000% Big cities, locations near mountains or heavy tree
foliage

40◦ ∼35.721% Mega-cities (composed mainly by skyscrapers), un-
der heavy tree foliage, mine-shafts, canyons

VI. EXPERIMENTAL RESULTS

A. Data Statistics
As expected by the different constellations size (32 GPS

satellites and 24 GLONASS satellites), in the gathered data
about 55% of the visible satellites were GPS and 45% were
GLONASS.
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Fig. 4: Dataset – Visible satellites

B. Global DOP Improvement
During the experimental trials it was noticeable that

GLONASS presented a poor performance at the test site,
to further investigate its causes, using the GNSS almanacs
gathered during the experimental trials, the average DOP
values for 864000 seconds (one day span) were computed for
a world grid world grid with 1◦ of resolution and a cut-off
elevation angle of 5◦.

The results shows an expected global DOP improvement of
26% when compared to the GPS-Only DOP values, and an
expected DOP improvement of 34% when compared to the
GLONASS-Only DOP values. However from this results it
noticeable that the GLONASS provides much better results for
higher latitudes (mainly over the Russian territory), accounting
for its poor performance at the test site. These results are
illustrated in figure 5.

Fig. 5: Global DOP improvement from combining GPS and
GLONASS

C. Single Point Positioning
The results show that for the east and north coordinates

of the receiver position both systems performed well, being
the GPS-Only solutions marginally better than GLONASS-
Only solutions. However for the Up coordinatet of the receiver

position the GLONASS-Only solutions presented an error of
almost one order of magnitude higher than the GPS-Only
solutions. Generally GPS+GLONASS solutions presented im-
proved results over than GPS-Only and GLONASS-Only so-
lutions, these improvements are specially noticeable in the Up
coordinate of the receiver position.

TABLE II: SPP Results – Solution Availability

Solution Availability
Min. Elevation GPS-Only GLONASS-Only GPS+GLONASS

10◦ 100.000% 100.000% 100.000%

20◦ 100.000% 100.000% 100.000%

30◦ 98.527% 90.856% 100.000%

40◦ 80.515% 37.657% 99.267%

TABLE III: SPP Results – Statistics for the last 43200 epochs

Error GPS-Only GLONASS-Only GPS+GLONASS

E
le

va
tio

n:
10
◦

R
M

S East 0.1231 0.9127 0.2937

North 0.0993 0.2709 0.1610

Up 0.0185 0.6747 0.1706

St
d.

East 0.0175 0.0466 0.0177

North 0.0311 0.0329 0.0217

Up 0.0737 0.2156 0.0970

E
le

va
tio

n:
20
◦

R
M

S East 0.1770 0.7999 0.3197

North 0.1338 0.2879 0.1889

Up 0.3471 0.6382 0.1469

St
d.

East 0.0215 0.0765 0.0280

North 0.0402 0.0425 0.0340

Up 0.0585 0.1951 0.0688

E
le

va
tio

n:
30
◦

R
M

S East 0.3114 0.6558 0.3762

North 0.0422 0.2862 0.1067

Up 0.3745 1.3791 0.1158

St
d.

East 0.0296 0.1456 0.0336

North 0.0631 0.0245 0.0518

Up 0.1118 0.1666 0.1052

E
le

va
tio

n:
40
◦

R
M

S East 0.3476 0.7598 0.4213

North 0.0917 0.3274 0.1379

Up 0.5745 1.7028 0.5994

St
d.

East 0.0516 0.3613 0.0458

North 0.0880 0.0514 0.0616

Up 0.2174 0.3658 0.1848

D. Precise Point Positioning

The results for PPP shows a massive improvement over
SPP, providing results at decimetre to centimetre level after
the solution convergence. Like the SPP approach the GPS-
Only solutions marginally out-performed the GLONASS-Only
solutions, and due to extra satellite required to estimate the tro-
pospheric delay, the GLONASS-Only solutions for higher cut-
off elevation angles presented a greater unavailability. Again in
general GPS+GLONASS solutions presented improved results
than over GPS-Only and GLONASS-Only solutions.



IT - INSTITUTO DE TELECOMUNICAÇÕES / IST-UTL, PORTUGAL 2013 7

TABLE IV: PPP Results – Solution Availability

Solution Availability
Min. Elevation GPS-Only GLONASS-Only GPS+GLONASS

10◦ 100.000% 99.991% 100.000%

20◦ 99.883% 76.162% 100.000%

30◦ 87.024% 14.916% 100.000%

40◦ 32.705% 00.006% 96.457%

TABLE V: PPP Results – Statistics for the last 43200 epochs

Error GPS-Only GLONASS-Only GPS+GLONASS

E
le

va
tio

n:
10
◦

R
M

S East 0.0914 0.0597 0.0245

North 0.0413 0.1097 0.0497

Up 0.0084 0.0696 0.0144

St
d.

East 0.0189 0.0226 0.0134

North 0.0078 0.0457 0.0218

Up 0.0183 0.0470 0.0267

E
le

va
tio

n:
20
◦

R
M

S East 0.1032 0.1126 0.0274

North 0.0425 0.1250 0.0670

Up 0.0234 0.7781 0.1604

St
d.

East 0.0230 0.0364 0.0232

North 0.0087 0.0589 0.0272

Up 0.0264 0.0936 0.0344

E
le

va
tio

n:
30
◦

R
M

S East 0.0755 0.3496 1.4661·10-4

North 0.0219 0.2575 0.0726

Up 0.0280 0.0906 0.0253

St
d.

East 0.0271 0.0452 0.0306

North 0.0083 0.0521 0.0281

Up 0.0290 0.1703 0.0798

E
le

va
tio

n:
40
◦

R
M

S East 0.0451 — 0.0116

North 0.0600 — 0.0276

Up 0.7311 — 0.4040

St
d.

East 0.0614 — 0.0262

North 0.0126 — 0.0213

Up 0.1267 — 0.1383

VII. CONCLUSIONS

Although the GPS and GLONASS are two very similar
systems at the fundamental level, but small differences in their
implementations dating back to their design phases hinder
their combination. These differences and how they affect the
combination of the two systems was shown, and its resolution
was presented.

Then the discussion moved to methods for determining the
position, velocity and time of the receiver, two approaches
were presented, the Standard Point Positioning and the Precise
Point Positioning, and how they can be extended to cope with
multiple GNSS constellations. In addition multiple algorithms
to solve many of the GNSS observations problems (such
as atmospheric delays and cycle-slips), suitable for real-time
applications were presented.

Finally using real data, it was shown what improvements to
expect from the combination of the two systems. The results
show that the combination of GPS with GLONASS brings
several improvements over the use of GPS or GLONASS

alone, these improvements are especially noticeable for users
using GLONASS only. The main advantage was the tremen-
dous increase in service availability especially for users on
harsh locations with poor visibility of the sky. All of those
improvements are, in fact, the consequence of the increased
redundancy provided by the combination of both systems.
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