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ABSTRACT

Real-time high precision GPS surveying and navigation
applications have been constrained to 'short range' due to
the presence of distance-dependent errors in the between-
receiver single-differenced observables.  Over the past
few years, the use of a GPS reference station network, to
extend the inter-receiver distances (user-to-reference
station), has attracted great interest.  This network-based
approach can be extended to include GPS/GLONASS
receivers.  In order to model the distance-dependent errors
such as the ionospheric and tropospheric biases, the
ambiguities in the GPS/GLONASS reference station
network should first be fixed to their correct integer
values.  However, even with precisely known station
coordinates, it is still a challenge to fix the ambiguities in
reference station networks, especially when a new
satellite rises above the horizon.

In this paper two procedures for ambiguity resolution,
suitable for real-time implementations, in
GPS/GLONASS reference station networks are
suggested.  The first procedure is single-epoch ambiguity
resolution after an ambiguity is initialized.  As the
distance-dependent errors (atmosphere errors and orbit
errors) exhibit a high degree of temporal correlation for
short time spans, the double-differenced residuals can be
represented as a linear function of time for short periods
of up to a few minutes.  On an epoch-by-epoch and



satellite-by-satellite basis these systematic errors (or
biases) can be estimated using previous measurements
with fixed ambiguities, and precisely predicted for use in
ambiguity resolution during the following measurement
epochs. The second procedure is suitable for a newly risen
satellite, or after a long data gap.  Atmospheric biases also
exhibit strong spatial correlations between satellite pairs.
The atmospheric delay information derived from other
satellites, with fixed ambiguities, can be used in
predicting the atmospheric bias for a newly risen satellite,
and for those satellites that have unknown ambiguities
associated with them.

A test data set from a GPS/GLONASS reference station
network was used to evaluate the performance of these
procedures.  The experimental results show that the
proposed procedures can reliably and efficiently resolve
the integer ambiguities of reference station networks, in
real-time, on a single-epoch basis.

INTRODUCTION

Because of the presence of distance-dependent errors,
such as atmosphere bias and orbit bias in the between-
receiver single-differenced measurements, real-time high
precision GPS surveying and navigation applications have
been mostly constrained to the short baseline case.  Over
the past few years, the use of the GPS reference network-
based approach, to extend the inter-receiver distances
(user-to-reference station), has shown great promise, and
has since been implemented in a commercial product by
Trimble.  The double-differenced, satellite-by-satellite,
distance-dependent error models, generated and
transmitted by a GPS reference station network, can be
applied to GPS users located within the network region to
mitigate the distance-dependent errors (see, e.g.,
Wanninger, 1995; Wubbena et al., 1996; Han & Rizos,
1996; Raquet, 1997; Gao et al., 1997).  A detailed review
of a variety of multi-reference station methods for real-
time kinematic positioning can be found in Fotopoulos &
Cannon (2001)

In order to model the ionospheric and tropospheric biases,
the ambiguities in GPS reference station networks should
be resolved to their correct integer values.  Various
ambiguity resolution methods have been proposed, for
example, among others, Gao et al. (1997), Rabah &
Leinen (1998), Hernández-Pajares et al. (1999), Schaer et
al. (1999), Sun et al. (1999), Chen (2000), Chen et al.
(2000), Vollath et al. (2000).  The challenging issue here
is to fix the ambiguities in real-time for the comparatively
long baselines (up to 100km) between reference stations,
especially when a new satellite rises above the horizon.  A
recent review of the existing real-time ambiguity

resolution procedures for use in the case of GPS reference
station networks is given in Dai et al. (2001).

With the combination of GPS and GLONASS, the
volume of observations will be increased.  This will
enhance the reliability of the multiple reference station
applications, and will provide an improved ability for
modelling residual atmospheric errors.  Hence higher
success rates for ambiguity resolution in reference
networks should be expected.  However, due to the
different frequencies of the different GLONASS
satellites, there is a greater challenge in fixing the
ambiguities in real-time (e.g., Wang et al., 2001).

In this paper two procedures for real-time ambiguity
resolution in a GPS/GLONASS receiver network are
proposed.  The first procedure is used for single-epoch
ambiguity resolution (after initialization), while the
second procedure is designed to aid the resolution of the
wide-lane and narrow-lane ambiguities for a newly risen
satellite (or after a long data gap).  The performance of
the proposed procedures will be demonstrated through a
case study example of a GPS/GLONASS reference
station network.

SINGLE-EPOCH AMBIGUITY RESOLUTION
ATFER INITIALIZATION

The GPS and GLONASS double-differenced L1 and L2
carrier phase observable can be expressed in units of
metres as:
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respectively; ∇∆d
kj ,n
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are the multipath and

noise for the carrier phase measurements respectively.

In Eq. (1), L1 and L2 GPS signals have the same
frequencies ( MHzfMHzf 60.1227,42.15751 == 2 ) for all

satellites.  However, L1 and L2 GLONASS signals have
different frequencies for different satellites:
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where m is the frequency number in the range from 0 to
23.

Modelling the Temporally Correlated Biases

The biases (including atmospheric biases, orbit error, the
single-differenced ambiguity bias and multipath) can be
represented as:

Bias  = ∆φj ,1λj,1 − ∆φk,1λk,1 −∇∆ρk, j −∇∆Nkj,1λk,1 +ε∆φkj,1

(3)

For a GPS/GLONASS reference station network, the
biases in Eq. (3) can be easily computed after the double-
differenced ambiguities are resolved.  It should be pointed
out that the single-differenced ambiguity bias would
disappear for the GPS reference satellite, but will have
constant characteristics for the GLONASS reference
satellite (if no cycle slips occur).

Numerous studies have attempted to model the temporal
correlation of the residual atmosphere biases and orbit
errors in order to improve the performance of GPS
positioning (see, e.g., El-Rabbany et al., 1992; Wang,
1999; Dai et al., 2000; Fotopoulos & Cannon, 2000).  In
these investigations it was shown that strong temporal
correlation does exist in the measurements between
adjacent epochs.  The Han & Rizos (2000) study showed
a strong temporal correlation of the multipath on pseudo-
range and carrier-phase observations for static receivers.

As mentioned above, these biases exhibit a high degree of
temporal correlation for short time spans, and hence this
can be represented as a linear function of time for short
periods of up to a few minutes.  (For a detailed discussion
see Dai et al., 2001.)

The bias modelling based on temporal correlation can be
used for instantaneous ambiguity resolution for any linear
combination, or L1, L2 frequencies (in this paper,
double–differenced L1 and L2 are used).  It should be
noted that the proposed method can also be used to detect

and repair cycle slips before an ambiguity is fixed.
However, the predicted bias is significantly biased by the
constant unfixed ambiguity term, and furthermore the
'absolute' double-differenced ambiguity cannot be fixed.
In the following section the emphasis will be on real-time
ambiguity resolution for newly risen satellites, or after a
long data gap.

REAL-TIME AMBIGUITY RESOLUTION FOR A
NEWLY RISEN SATELLITE

In the case of a newly risen satellite, its elevation angle is
quite low.  Generally, measurements with low satellite
elevation angle will be serially contaminated by
systematic ionospheric and tropospheric biases.
Therefore, in GPS/GLONASS reference networks, it is a
challenge to fix the ambiguities for newly risen satellites
in real-time.

Because the GPS measurements are spatially correlated, it
is expected that the residual atmospheric delay after
double-differencing will exhibit a certain degree of spatial
correlation.  Based on this spatial correlation, the
atmospheric delay information derived from other
satellites, with fixed ambiguities, can be used to predict
the atmospheric delay for newly risen satellites, and for
those satellites that have unknown ambiguities associated
with them.

Modelling Residual Ionospheric Bias

The double-differenced ionospheric measurements based
on the L1 and L2 carrier phases can be computed after the
ambiguities have been fixed to their correct integer
values.  Similarly, the double-differenced pseudo-range
ionospheric measurements for all satellites in view can
also be easily derived.

The question here is: how to quantify the spatial
correlation between the double-differenced ionospheric
delays?  The assumption can be made that the greater the
latitude and longitude differences between the reference
satellite and the non-reference satellites, the larger the
double-differenced ionospheric biases.  In this study, the
following linear model has been used:

∇∆L4 = C0 +Cλ •∆λ +Cβ • ∆β (4)

where 0C  is the constant coefficient; λC  and βC  are the

horizontal ionospheric gradient parameters;  λ∆  and β∆
are the latitude and longitude differences between the
reference satellite and non-reference satellite respectively.



The ionospheric gradient parameters λC  and βC  are

expected to absorb a significant amount of the spatially
correlated ionospheric biases.

The double-differenced ionospheric measurements from
carrier phase and pseudo-range can be used to estimate
the ionospheric spatially correlated parameters via Eq.
(4).

Modelling Residual Tropospheric Bias

Schaer et al. (1999) suggested 30-minute linear models
for tropospheric refraction as a function of latitude,
longitude and height of the user station.  Then the
corrections can be applied to each user station, for each
epoch and each satellite.  Zhang (1999) also discussed the
estimation of the residual tropospheric delay for the
purpose of predicting the tropospheric residual delay for a
setting satellite, or newly risen satellite, using a network
of reference stations.  The residual tropospheric delay
after double-differencing can be approximately
represented as a function of the relative tropospheric
zenith delay (RTZD) and a mapping function with respect
to the elevation angle.  The RTZD parameter can be
assumed to be a first-order Gauss-Markov process or a
random walk process (for a detailed discussion see Dai et
al., 2001).

After careful selection of the reference stations, and using
hardware and software multipath mitigation techniques,
the influence of multipath can expect to have been
significantly reduced in such networks.  If the precise
orbits (or real-time predicted orbits) are used and the
reference station coordinates are precisely determined,
and provided that the integer L1 and L2 ambiguities are
correctly resolved, the residual double-differenced
tropospheric bias can be derived from the ionosphere-free
measurements.  The RTZD parameter can then be
estimated via the residual double-differenced tropospheric
biases from the satellites with fixed ambiguities.

After the ionospheric and tropospheric bias modelling
parameters are estimated, they can be used to predict
residual ionospheric and tropospheric biases for a newly
risen satellite or after a long data gap.  With the aid of the
predicted atmospheric biases, the wide-lane and narrow-
lane ambiguities can be correctly resolved.  The proposed
ambiguity resolution procedure is illustrated in Figure 1.

Figure 1. Flow chart for the proposed data processing
steps within a GPS/GLONASS reference station network.

EXPERIMENTS

In order to test the performance of the proposed
algorithms for real-time ambiguity resolution within
GPS/GLONASS reference station networks, a sample
data set has been analysed.

An experiment was carried out on 15 May 2000, using
three dual-frequency GPS/GLONASS JPS receivers to
simulate a reference network (Figure 2).  One of the
reference stations was located on the roof of the GAS
building, at The University of New South Wales.  The
other reference stations were located at Camden and
Richmond.  The distances between the reference stations
were 55.9km, 48.2km and 49.5km.  The experiment
commenced at 8:30AM and finished at 12:30PM.  A total
of 4 hours of GPS and GLONASS measurements, with
one-second sampling rate and 15o cut-off angle, were
collected.  During the period, between 5 and 9 GPS, and
between 3 and 5 GLONASS satellites were tracked.



Figure 2: Configuration of the Sydney GPS/GLONASS
reference stations experiment, 15 May 2000.

The reference station positions were precisely determined
in the post-processing mode using the collected GPS and
GLONASS measurements.  The precise orbits from the
Center for Orbit Determination in Europe (CODE) were
used in the data processing.  The ambiguities that were
correctly resolved using the whole data set were used as
the 'true values' to test the proposed algorithms.  

Figures 3 and 4 show the L1 and L2 residuals for GPS
satellite pairs 11-15 and 25-15, and GLONASS satellite
pair 39-41 respectively.  Black lines denote the original
residuals.  Red lines represent the residuals after the
proposed bias temporal correlation model was applied.
From Figures 3 and 4 it can be seen that the original
residuals can reach up to 20cm for L1 and 30cm for L2.
Therefore, the L1 and L2 ambiguities are difficult to
resolve instantaneously (with one epoch of data).
However, the residuals can be reduced significantly (to
less 1cm) after the proposed model has been used.
Therefore, ambiguities can then be correctly resolved by
simply rounding-off to the nearest integer value.  The
results show that the double-differenced residuals do
exhibit a high degree of temporal correlation and they can
be estimated using previous residuals with fixed
ambiguities, and precisely predicted for ambiguity
resolution at subsequent measurement epochs.

Figure 3: L1 residual for GPS satellite pairs11-15 & 25-
15, and GLONASS satellite pair 39-41.

Figure 4: L2 residual for GPS satellite pairs 11-15 & 25-
15, and GLONASS satellite pair 39-41.

Figure 5 shows the computed (black line), predicted
(green line) wide-lane residuals and the difference (red



line), for the newly risen satellite 19.  It can be seen that
the wide-lane ambiguity without the application of the
residual ionospheric bias modelling cannot be fixed
correctly for the first 15 minutes.  Though this model
cannot precisely predict the ionospheric bias for the newly
risen satellite, it can aid wide-lane ambiguity resolution.

Figure 5: Residual ionospheric delay modelling for
satellite pair 19-25.

Figure 6 shows the computed (black line), predicted
(green line) troposheric delay and the difference (red
line), for the newly risen satellite 16.  It can be seen that
the narrow-lane ambiguity without the application of the
relative tropospheric zenith delay model cannot be fixed
correctly at the beginning of the session.  The results
show that this model can precisely predict the
tropospheric bias for the newly risen satellite, improve the
ambiguity resolution success rate, and decrease the time
required to resolve ambiguities.

Figure 6: Residual tropospheric delay modelling for
satellite pair 16-25.

The results from this experiment show that ambiguities
can be easily resolved instantaneously, after initialization,
using the proposed bias temporal correlation modelling
procedure.  The results also show that cycle slips have
occurred more frequently for GLONASS satellites than
for GPS satellites.  Because the baseline length is not too
long, all wide-lane ambiguities except one can be fixed
correctly through a process of direct rounding-off.
Fortunately, all can be fixed correctly after the residual
ionospheric delay  model was applied.

CONCLUDING REMARKS

In this paper two procedures for real-time ambiguity
resolution for use in GPS/GLONASS reference station
networks are suggested.  The experimental results show
that a bias prediction based on temporal correlations can
be used for real-time ambiguity resolution.  The average
required time-to-fix the narrow-lane ambiguities can be
significantly shortened, for example from 18.1 minutes to
5.5 minutes after the predicted relative tropospheric zenith
delay model was applied.  The conclusion can be made
that the atmospheric delay information derived from other
satellites, with fixed ambiguities, can be used to predict
the atmospheric delay for a newly risen satellite, or after a
long data gap, and hence can speed up the ambiguity
resolution process.

ACKNOWLEDMEMENTS

The first author is supported by an International
Postgraduate Research Scholarship at The University of
New South Wales.  The authors would like to thank Mr.
Horngyue Chen, Mr. Michael Moore, Mr. Clement Ogaja
and Mr. Volker Janssen for their help in carrying out the
experiment,  and Mr. Brad Stephenson for the loan of four
integrated GPS/GLONASS JPS receivers.

REFERENCES

Chen, H.Y., (2000). An instantaneous ambiguity
resolution procedure suitable for medium-scale GPS
reference station networks. 13th Int. Tech. Meeting of the
Satellite Division of the U.S. Inst. of Navigation, Salt
Lake City, Utah, 19-22 September, 1061-1070.

Chen, X., Han, S., Rizos, C., & Goh, P.C. (2000).
Improving real-time positioning efficiency using the
Singapore Integrated Multiple Reference Station Network
(SIMRSN). 13th Int. Tech. Meeting of the Satellite
Division of the U.S. Inst. of Navigation, Salt Lake City,
Utah, 19-22 September, 9-18.

Dai, L., Chen, H.Y., Han, S., Rizos, C., and A.H.W.
Kearsley (2000). Ambiguity recovery for long-range
kinematic GPS positioning using a triple-difference-type
approach. Pres. Western Pacific Geophysics Meeting,
Tokyo, Japan, 26-30 June.

Dai, L., Wang, J., Rizos, C. & Han, S. (2001) Predicting
atmospheric biases for real-time ambiguity resolution in
GPS/Glonass reference station networks. Submitted to
Journal of Geodesy.

El-Rabbany, A. E-S. (1994). The effect of physical
correlations on the ambiguity resolution and accuracy
estimation in GPS differential positioning. PhD
Dissertation, Dept. of Geodesy & Geomatics Engineering



Tech. Rept. No. 170, University of New Brunswick,
Fredericton, Canada, 161pp.

Fotopoulos, G., & Cannon, M.E. (2000). Spatial and
temporal characteristics of DGPS carrier phase errors
over a regional network. Pres. ION Annual Meeting, San
Diego,California, 26-28 June.

Fotopoulos, G., & Cannon, M.E. (2001). An overview of
multi-reference station methods for cm-level positioning.
GPS Solutions, 4(3), 1-10

Gao, Y., Li, Z., & McLellan, J.F. (1997). Carrier phase
based regional area differential GPS for decimeter-level
positioning and navigation. 10th Int. Tech. Meeting of the
Satellite Division of the U.S. Inst. of Navigation, Kansas
City, Missouri, 16-19 September, 1305-1313.

Han, S., & Rizos, C. (1996). GPS network design and
error mitigation for real-time continuous array monitoring
system. 9th Int. Tech. Meeting of the Satellite Division of
the U.S. Inst. of Navigation, Kansas City, Missouri, 17-20
September, 1827-1836.

Han, S., & Rizos, C. (2000). GPS multipath mitigation
using FIR filters. Survey Review, 35(277), 487-498.

Hernández-Pajares, M., Juan, J.M., Sanz, J., & Colombo,
O.L. (1999). Precise ionospheric determination and its
application to real-time GPS ambiguity resolution. 12th
Int. Tech. Meeting of the Satellite Division of the U.S.
Inst. of Navigation, Nashville, Tennessee, 14-17
September, 1409-1417.

Rabah, M., & Leinen, S. (1998). Real-time crustal
movement determination over long baselines. 9th Int.
Symp. on Recent Crustal Movements (CRCM'98), Cairo,
Egypt, 14-19 November, 75-86.

Raquet, J.F. (1997). Multiple user network carrier-phase
ambiguity resolution. Int. Symp. on Kinematic Systems in
Geodesy, Geomatics and Navigation, Banff, Canada, 3-6
June, 45-55.

Schaer, S., Beutler, G., Rothacher, M., Brockmann, E,
Wiger, A., & Wild, U. (1999). The impact of the
atmosphere and other systematic errors on permanent
GPS networks. Pres. IAG Symposium on Positioning,
Birmingham, UK, 19-24 July, 406.

Sun, H., Cannon, M.E., & Melgard, T.E. (1999). Real-
time GPS reference network carrier phase ambiguity
resolution. Institute of Navigation National Technical
Meeting, San Diego, California, 25-27 January, 193-199.

Vollath, U., Buecherl, A., Landau, H., Pagels, C., &
Wager, B. (2000). Multi-base RTK positioning using
virtual reference stations. 13th Int. Tech. Meeting of the
Satellite Division of the U.S. Inst. of Navigation, Salt
Lake City, Utah, 19-22 September, 9-18.

Wang, J. (1999). Stochastic modelling for RTK
GPS/GLONASS positioning. Navigation, 46(4), 297-305

Wang, J., Rizos, C., Stewart M.P. & Leick A. (2001) GPS
and GLONASS integration: modelling and ambiguity
resolution issues. GPS Solutions (in press).

Wanninger, L, (1995). Improved ambiguity resolution by
regional differential modelling of the ionosphere. 8th Int.
Tech. Meeting of the Satellite Division of the U.S. Inst. of
Navigation, Palm Springs, California, 12-15 September,
55-62.

Wübbena, G., Bagge, A., Seeber, G., Böder, V. &
Hankemeier, P. (1996). Reducing distance dependent
errors for real-time precise DGPS applications by
establishing reference station networks. 9th Int. Tech.
Meeting of the Satellite Division of the U.S. Inst. of
Navigation, Kansas City, Missouri, 17-20 September,
1845-1852.

Zhang, J. (1999). Precise estimation of residual
tropospheric delays in a spatial GPS network. 12th Int.
Tech. Meeting of the Satellite Division of the U.S. Inst. of
Navigation, Nashville, Tennessee, 14-17 September,
1391-1400.


