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ABSTRACT Toobtainthe G ONASS
satelite postion at an gpoch other than
reference time ,the satdlité s equation of
motion has to be integrated with broad-
casting ephemerides. The iterative de
tecting and repairing method of cyce
dips based on triple difference resduals
for combined GPSY Q. ONASS postion-
ing and the iterative ambiguity resolution
gpproach suitable for combined post pro-
cesdng pogtioning are discused sysem-
atically. Experiments show that millime
ter accuracy can be achieved in short
basdines with a few hours’ dud fre
guency or even sngle frequency GPY
CGLONASS carrier phae observations,
and the precison of dua frequency ob-
servations is diginctly higher than that
of dngle frequency observations.

1 Introduction

The system time and reference frame of G.ONASS are differ-
ent from those of GPS.Moreover ,to distingu sh among individu
a satellites, G.ONASS satellites enmploy different frequencies
to broadcast their navigational information ,which make the ex-
isting GPS data processng software unable to process
G_ONASS observations. Conddering these problems ,a number
of proposals have been put forward. Four different solutions of
double difference carrier phase measurements were ds
cussed*!. A common frequency approach for combined GPY
G_ONASS ambhiguity resolution was addressed by Rossbach in
his doctoral dissertationin detail?!.

This paper is mainy focused on combined GPS G.ONASS da
ta processing. Postions of G.ONASS satellites are interpolated
according to the formuas of G.ONASS ICD'®! within an interval
of 15 minutes. The time system of G.ONASSi s unified to that of
GPS,and the G_.ONASS reference frame PZ90 is aso trans
formed to GPS reference frame WGS 84. The iterative detect-
ing and repairing method of cycle dips and the iterative ambi-
guity resolution approach for post processng posdtioning are
discussed. Some experimental resuts are given.

2 Numer ical
ephemer ides

integration of GLONASS

GQ_ONASS broadcast ephemerides contain the satellite pos-
tionin PZ90 at a reference time ,together with the satellite ve-
locity and its acceleration due to luni- solar attraction. These dar
ta are updated every 30 minutes. To obtain satellite podtion at
an epoch other than the reference time ,the satellite’ s equation
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of motion has to be integrated by using the given
values in ephemerides as intial values.

According to Newton' s laws of motion,the mo-
tion of a satellite orbiting the earth is determined
by the forces acting on it. The primary force acting
on the satellite is caused by Earth’ s gravity field
potential. Expanding the non spherical part of the
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where x, vy, z are the satellite’ s coordinates;
X''s,Y'Ls, Z' s are the lun- solar acceleration; r =

Jx?+ y?*+ Z% is the distance from the satellite to
the center of Earth; a. =6 378 136 misthe Earth’ s
equatorial radius; GM = 3. 986 004 4 x 10" m® &
is the Earth’ s gravitational constant; Cy =
- 1.082 63 x 10" %is the second zonal coefficient ;
W =7.292 115 x 10" °s” ' is the Earth’ s rotation
rate.

The fourth order Runge- Kutta method can be used
for the necessary numerical integration ,and 30 sec-
onds can be adopted as step-length!*!.

3 Cycle dips detection

Generally, double difference model is used in
combined GPS G.ONASS relative posdtioning.
Considering that the G.ONASS satellites enmploy
the diff erent frequencies to broadcast their naviga
tional ifformation ,triple diff erence residual s can be
used to detect and correct the cycle dips.

Triple difference resdual s can be interpreted as:

AAA r)(ty - t) = B\ - b)! (2
where b = N (t2) - Nig (t1) , b = Nk (t2) -
N (tz) ;A" A1 are the wave lengths of satellites i
and j; k, | are the two receiver stations;t;, t; are
the two epochs; Ni, Nl are the ambiguties of
satellites i and j.

Eg. (2) leads to the following cases: if no cycle
dip occurs,residuals shoud be close to zero ,the
difference b; - by can not be determined because
A - Al #£0,and as soon as b; or by is known,the

gravational potential into spherical harmonics ,tak-
ing into account the influence of Earth rotation,as
suming the acceleration of the satellite due to lunar
and solar gravitation to be constant over a short
time gpan of integration,and ignoring all other in-
sgnificant forces ,the satellite’ s equation of motion
can be finaly written ast*
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cycle dip can be assigned to a single satellite.

In order to calcuate the integer numbers of cycles
for the dngle difference observation equations ,the
triple diff erence residual s have to be converted in
to units of cycles. The converson is shown in the
following formda:

Stations - Satellites — Epochs — Cycles
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The integer numbers are destroyed by a bias

term. Besides the wavelength difference ,the bias
term depends on the sze of the dip. Obvioudy ,the
bias term is smallest for the smallest wavelength
diff erence between the two satellites. Thisleads to
an iterative approach for cycle dip correction. A
scheme for this algorithmis shown below.

1) Compute triple difference residuas for all
satellite pairs and select pairs with” no dip” ,in
other words,select the pairs with resduals smaller
than a certain value set in advance.

2) Find satellite pair with the smallest residual in
al satellites with’ no dip” and set b = b =0.

3) Fnd the satellite pair® with dip” which in
cludes one of the* clean” satellites and assign the
cycle dip to another satellite.

4) Correct cycle dip to the single difference ob-
servation and start next iteration.

5) Introduce new ambiguities for cycle dips that
can not be assgned to a single satellite.

4 Ambiguity resolution approach

The different carrier frequencies of G.ONASS
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satellites do not cause ambiguties’ noninteger
problems for zero difference and single diff erence
observations ,however ,thisis not the case in dou
ble difference observations between G.ONASS
satellites or between G.ONASS and GPS satel-
lites. This problem must be resolved in precisely
postioning. An applicable ambiguity resolution ap-
proach to post processing will be discussed be
low!* "1,
The zero difference observations (raw observar
tions) can be written as
b= c-Th+ Ne-A+¢c-At- c-At
(4)
where c is the speed of light:T | is the signal’ s
travelling time between satellite i and receiver k;
N is the unknown integer number of cycles (Ambi-
guity) A'is the nominal wavelength of signal from
satellite i A t'is the satellite clock error at time of
emissonA tyis the receiver clock error at time of
reception.
Sngle difference observations can be written as
ADl = ¢c-ATl + Ny A"+ c- Aty (5

where ATy =T -T|
Nig = Ni - Nj
Aty = t- t

And the double difference observations can be
written as
AADY = QAT + N -A' + N -AY (6)
AAT Y = ATl - A
ANT = AT oA
Ni = Ni - Nk

where

Infact ,the initial double difference observations
do not have the form shownin Eq. (6) . A transfor-
mation has been done about the amhbiguity terms,
whichis shownin Eqg. (7). So every double differ-
ence equation contains an integer-characterized
double difference ambiguity and a single diff erence
ambiguity related to part of the reference satellite.

N A - Nl AT =
Nig - A" - Nk A+ NRg AT - N oA =
(Nig - Nk) -A"+ Ng@A' - N =
Nit - A"+ NLAAY (7

The bias term b’ = NLAA" depends on the
wavelength differences of the two satellites and
the dngle difference ambiguty of the reference

satellite. In order to fix the double diff erence ambi-
guties ,the single difference amhiguties of the ref-
erence satellite have to be known. In the case of
small wavelength diff erences of the two satellites
or the dngle difference ambiguties known with an
accuracy of afew cycles,the bias termis smaller
than 0. 1 cycle ,and the double diff erence ambigu-
ties may be found as integers.

An iterative approach can be used to fix the dou
ble diff erence ambiguities. The amhiguties of satel-
lite pairs with small wavelength differences are
solved first. The following iterations show sgnifi-
cant smaler RMS errors for the sngle difference
ambiguties and the double difference ambiguties
may be obtained for satellite pairs with larger
wavelength diff erence.

1) The norma equation system for single differ-
ence phase observations is set wp. There are n
single difference equations for observations of n
satellites.

2) These equations are enhanced by a priori con-
straint or by code observations to remove the sn-
guarity of the system,and the single difference
ambiguties are estimated as rea values.

3) All possible double difference ambiguities N}
are computed ,and their formal errors are estimated
from the covariance matrix Q of the single differ-
ence ambiguties. The formal errors are highly cor-
related with the difference in the wavelengths of
the satellitesinvolved in the double diff erence. The
smaller the difference of wavelengthsis the small-
er the formal error is.

4) The doudle difference comhination with the
smallest formal error isfixed to aninteger number.

5) One of the two single difference ambiguities
involved in forming the double difference combinar
tion may be elimnated from the normal equation
system. And the next iteration of the iterative amr
biguity resolution approach begins.

6) The unresolved single difference ambiguity is
fixed to an integer in the final solution.

5 EXxperiments

An example of posdtioning usng GPS and
G.ONASS double difference carrier phases is
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shownin FHg. 1 and Table 1. The positions are conr
puted from data logged by two GG24 GPY
G.ONASS sdingle frequency receivers,with one as
reference station and the other as user station. The
baseline i s about 50 meterslong. There are at least
Sx GPS satellites and two G.ONASS satellites in
view during the successive observation time of 30
hours. Raw data are divided into segments with
two hours and 6 hours long respectively. Each seg-
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ment contains GPS only and GPS G.ONASS data.
The GPS ornly data are processed with BERNESE
GPS software, and the GPS G.ONASS observer
tions are processed according to the forenamed
theory,which is notated as ” iterative approach”
below. All the conparisons are based on baseline
vectors because of the unknown coordinates of the
two stations.
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Fg.1 Comparison between two hours GPSonly and GPS/ G.ONASS single frequency data/ m

The statistics of GPS only and GPSY G.ONASS
resuts are shown in Fg. 1 and Table 1. The maxi-
mum di screpancy between two hours GPSony and
GPSY GLONASS resuts is about 1. 6 centimeters
and the RMS errors of all conponents are no more
than eight millimeters. The precison of sx hours’

data resutsis much higher than two hours’ as as
sumed ,with the RMS errors of all components less
than three millimeters. It is shown from Hg. 1 and
Table 1 that the resuts by iterative approach with
GPS G.ONASS data have not sgnficant system
bias compared with the resuts of GPS only data.

Table 1 Resuts statistics of GPS and correponding GPS/ G.ONASS sngle frequency data/ m

Two hours Sx hours
Satigtic items
X Y z X Y z
RMS 0.0058 0.007 4 0.006 0 0.0029 0.0016 0.0024
Max. 0.0117 0.009 9 0.0118 0.0053 0.0029 0.0019
Min. -0.0097 -0.0157 -0.0080 -0.0015 -0.0012 -0.0040
Average 0.0022 0.0010 -0.0010 0.0022 0.0010 -0.0010

The segments of two hours GPSY G.ONASS data
are also processed with Hnnacle software devel-
oped by JAVAD Postioning Systems,and the re-
suts are compared with the resuts aready pro-
cessed with iterative approach. Table 2 shows that
the RMS errors of al components are about sx mil-
limeters and the maximum difference is less than
two centimeters. It is shown that the resut of itera-
tive approach has not dgrificant system bias conr
pared with the resut of FAnnacle software with the
same GPS GL.ONASS data.

Another experiment was made with two JAVAD
GPS/ G.ONASS dual frequency receivers ,with one

as a reference station and the other as a user star
tion. The data of 40 hours' successive observation
are divided into 20 segments ,two hours each ,and
the resuts by iterative approach are compared with
the resuts of Fnnacle ,which are shown in Hg. 2
and Table 3 . All the comparisons are based on

Table 2 Comparison between iterative goproach and
pinnacle of GPS/ Q_.ONASS single frequency data/ m

Satidtic items X Y z
RMS 0.006 6 0.0063 0.006 3
Max. -0.0002 0.0061 0.0117
Min. -0.0182 -0.0142 -0.0050

Average -0.0044 -0.0026 0.003 4
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baseline vectors because of the unknown coordi-
nates of the two stations. It is obvious that the pre-
cison of two hours' dual frequency observationsis
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Differences between GPS/GLONASS and Pinnacle

only a few millimeters ,higher than the precison of
the sngle frequency observations in the same
length of time.

Fg.2 Comparison between iterative gpproach and pinnacle of 2 hours GPS/ G.ONASS dual frequency data/ m

Table 3 Comparison between iterative approach and
pinnacle of GPS Q.ONASS dual frequency data/ m

Satigtic items X Y z
RMS 0.0023 0.0034 0.0034
Max. 0.004 5 0.005 8 0.007 2
Min. -0.0044 -0.0073 -0.0035

Average 0.0017 0.0008 0.0009

It is reasonable that in post processing combined
GPS/ G.ONASS carrier phase postioning , mllime-
ter accuracy can be achieved in short baselines
with a few hours’ dua frequency or even sngle
frequency observations ,and the resut precison of
dual frequency observations is sgnficantly higher
than that of single frequency observations.

6 Conclusions

Sep length of 30 seconds can be adopted for
fourth order Runge- kutta integration with the broad
cast ephemerides updated every 30 minutes. In
short boseline postioning millimeter accuracy can
be achieved in post processng with a few hours’
dual frequency or even sngle frequency GPY
Q. ONASS carrier phase observations ,and the re-
sut precison of dua frequency observationsis dis

tinctly higher than that of single frequency observar
tions.

The resuts of iterative approach have not sgnifi-
cant system bias when conpared with the resuts of
BERNESE or the resuts of Hnnacle software ,which
prove the correctness of the iterative detecting
and repairing method of cycle dips based on triple
diff erence resdual s and the iterative ambiguty res
olution approach applicable for combined postion
ing.
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