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Abstract: The ionospheric delay error is a major error source which degrades the positioning accuracy in network
real time kinematic (RTK) positioning over a long distance. Different approaches are proposed to estimate GPS
errors based on GPS reference network, such as virtual reference stations (VRSs) and network corrections. A
new method is used to model the ionospheric total electronic content ( TEC) distribution in space. Unlike most
ionospheric models, only the ionospheric delays along the satellite tracks are modelled. T herefore, the models are
of high precise resolution of the ionospheric T EC distribution in both spatial and temporal scales: A new algo-
rithm is used to solve the equation singularity problem. Experiments demonstrate that the new ionospheric cor—
rection method can be used to describe the ionospheric variation at a low latitude area where ionospheric activities
are strong. Also, the accuracy of the ionospheric model is enough to support centimeterdevel positioning within
the network. As ionospheric models are satellite-hased models (each satellite has one model) ; the model parame—
ters can be easily incorporated with the existing differential GPS Radio T echnical Commission for Maritime Ser—
vice (DGPS RTCM) 104 format.
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INTRODU CTION

It is well known that major GPS errors, such
as lonospheric, tropospheric delays and orbit er—
rors, are spatially correlated. Pseudorangebased
differential GPS (DGPS) and wide area DGPS
(WADGPS) have been extensively studied and
routinely used for the high precision navigation.
The main difference between DGPS and WADG-
PS is that DGPS provides a total error estimation,
while WADGPS separates GPS errors in different
sources. On the other hand, most GPS position—-
ing with carrier phases is based on double diffe-
rence ( DD) operation to cancel out common GPS
errors between two GPS receivers. Since late
1980's, real time kinematic ( RTK) positioning
technique has been developed based on DD obser—
vations. The key to the success of RT K technique

is to reduce GPS errors to a level that integer na—

ture of ambiguities can be reserved.- However,
along with the increase of distance between two
GPS receivers (a few tens kilometers or more),
the DD operation cannot cancel out GPS errors,
especially orbit errors, ionospheric and tropo-
spheric delays, and conventional RTK technique
cannot be directly applied[l’z]-

In recent years, network RT K technique has
been studied by many research groups, aiming at
developing a centimeterHevel accuracy RTK sys—
tem for a long distance to reference stations .
Different approaches have been studied, such as
network correction'™® and VRS technique”’g].
T hey have been well reviewed'”. In general, the
network RTK algorithms can be divided into
three steps: firstly, the ambiguities between the
reference stations have to be resolved on their in-

tegers; and then the residuals from reference sta—
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tions are used to generate error models; finally,
the errors are interpolated to the user locations'".
Usually the interpolation algorithms are separate—
ly applied to the dispersive (ionosphere) and the
non-dispersive ( geometric) errors. Another ap—
proach is presented in Ref.[ 6]. As the major er—
ror over long baselines is the ionosphe=ic delay, a
tomographic ionospheric model generated by the
reference stations is used to reduce the ionosphe-
ric effect on GPS measurements, then convention—
al RTK technique is used to determine the posi-
tion of GPS receivers.

In RT K operation, the corrections need to be
sent to users in real time. The VRS method re-
quires a dual way communication link. A user
sends his location to the network control center.
The network control center generates “virtual”
GPS observations at a user location and sends the
data back to the user. The network correction
method broadcasts messages, which can be resi-
duals for each reference station or some model pa—
rameters, to all users. Currently, studies are car—
ried out to propose a new format of “network
RTK corrections” to integrate into existing Radio

Maritime Service

[10]

Technical Commission for

(RTCM) 104 format for DGPS

form of network RTK corrections is different

. However, the

from that of DGPS corrections, as DGPS correc—
tions are given for each satellite while network
RT K corrections are related to reference stations.

A new way is proposed to model GPS iono-
spheric delays using a reference network. Unlike
GPS  generated
Refs. [ 11— 13] that try to model the ionospheric

most ionospheric models in
delays in the whole space, this paper only models
the ionospheric delays along the satellite tracks.
For each satellite, an ionospheric model is gene—
rated and then the model parameters are transmit—
ted to users ( similar to the DGPS correction
form) . The user calculates the ionospheric delays
at the point and removes them from GPS mea-
surements. Finally, conventional RT K technique
can be used to determine user's position over long
baselines as the ionospheric effects are removed

from data.

1 TONOSPHERIC CORRECTION
ALGORITHM

As other network RTK algorithms, the inte—
ger ambiguities are firstly resolved between the
reference stations within the network.

DD observations for carrier phases Liand L
are given in Ref. [ 14]

ADD(®) = DD (P) + ADD(N1) — Alwni +

ATTmp+ € (1)
ADD(B) =DD(P) + XDD(N2) - My +
ATTmp"F (&) (2)

where the subscripts for stations and satellites are
omitted, and 1, 2 are the subscripts identifying
for carrier phases L1, L2. DD is the algorithm for
“()”; Pthe carrier phase observation (cycle); P
the geocentric distance between the station and
the satellite(m); N the carrier phase ambiguity
(cycle); Athe wavelength of the phase (m); Al
the DD jonospheric refraction (m); AT 1wp the DD
tropospheric delay (m), and € the DD measure—
ment noise (m).

T he tropospheric delay may be modeled with
the meteorological data and removed from
Egs.(1,2). The carrier phase ambiguities can be
simply calculated if the ionospheric delays are ig—
nored

DD(N) = DD(® - DD(P)/A (3)

However, due to the ionospheric irregulari—
ties, the ionospheric DD residuals can be much
larger than half cycle (0.5A). This makes it diffi-
cult to directly resolve the ambiguities using
Eq-(3). In the algorithm, the widelane ambigui—
ties are firstly solved by combining the carrier
phase and pseudorange data. And then L:i and
L> ambiguities are determined by the constraint
of widelane ambiguitiesl el

Widelane ambiguity is
DD(Nv)= DD(N1) - DD(N») =
DD(®) - DD(B) - DD(P)/ A (4)

Liand L2 ambiguities are

DD(N1)= f—:DD(Ch)—]%(DD((I%) + DD(N+))-

(,‘[I-.L f‘Z\M
Y N ¢
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DD(N2)=DD(N1) = DD(N+) (5

A single shell ionospheric model is then used
to represent the ionospheric delays. The slant to—
tal electronic content (STEC) is calculated by the
product of the vertical total electronic content
(VTEC) and a mapping function' "
STEC= map(0) * VTEC
where 0 is the satellite elevation angle; R the
mean radius of the earth and H the assumed shell
height of the ionosphere.

The basic observations in the estimation
equation for ionospheric TEC are geometry-{ree

. . . [17]
combination observations

D= P- B= o 11+ (AN1- 2N2)+ 26
40.28- STEC
/1

+ (AIN1— 2N2) + 76 (7

Pi= Po— Pi= o L+ c- (D2- D)+ 20=
40.28 STEC, jppy 726 (8)
fi
2 2
where o= < is a constant, and IFB the in—

f3
ner-{requency bias of instruments on the pseudo-
range. Prand P2are pseudo—range measurements
for Li1and L2bands; @ and @ the carrier phase
measurements; N1and Nz2the ambiguities; @ and
Pithe geometry{ree combinations for the carrier
phase and the pseudo—range, and €and & the ob-
servation noises for the carrier phase and the
pseudo—range, respectively. The subscript and
superscript for stations and satellites are omitted.
This assumes that the inner4drequency bias of the
carrier phase and the multipath between the two
frequencies can be neglected.-

In order to separate TEC and observation
biases (ambiguities and inner+requency biases),
Eq. (6) is replaced in Eqs. (7, 8) and VTEC is
modeled by a Taylor series for each satellite at the
ionosphere pierce points (IPPs). The Taylor se-

. . [11]
ries model is expressed as

n m
max  max

VTEC= Enm B - BO 8 L - LO " 9

S 3 BB B'(L= 10" (9
where nma and mmx are the maximum degrees of
the two-dimensional T aylor series expansion in

latitude B and in sun-ixed longitude L; Em(n=

1, ,nmx, m= 1, , mmx) the unknown coeffi-
cients of the Taylor series; and Bo and Lo the
coordinates of the origin of the development.

Due to the complexity of the ionospheric
TEC distribution, this simple single shell model
cannot describe the ionospheric distribution in the
whole space. In this paper, the Taylor series is
used to model the ionospheric TEC distribution
along every satellite track separately within a very
short time span (< 1 min) . However, if the iono-
spheric model parameters Ew are directly solved,
the ambiguities and the innerHrequency bias for
each satellite will be mathematically difficult.
Firstly, in order to model the TEC distribution
precisely, the time span of GPS observation has
to be short (30 s). With such a short period,
both map function values and the observations
may change very little. Let the coefficient matrix
of the observation equation be near singular. Se—
condly, as the ambiguity and the bias cannot be
precisely estimated due to the singular observa-
tion equation, there may exist large biases among
the ionospheric models for different satellites. Fi-
nally, if the ionospheric model parameters are es—
timated for every short period, the continuity of
ionospheric TEC is destroyed-

In order to solve these problems, the strong
constraints are firstly introduced by using DD
ambiguities obtained from Eq.(5). Then the am—
biguities in Eq. (7) are solved for the initial peri—
od. As ambiguities are constant if satellites are
continuously observed, we only need to estimate
them when new satellites appear or cycle slips oc—
cur. After the ambiguities are solved, they are re—
moved from Eq. (7), and then only ionospheric
model parameters need to be estimated.-

After the ionospheric model parameters are
estimated for each satellite, they can be broad-
casted to users. Then users calculate T EC values
for each satellite using Eqs. (6,9) and remove the
ionospheric effects from observation data. Final-
ly, conventional GPS data processing methods
(i-e., static, fast staticc RTK) can be applied,
with either single frequency or dual frequency re—

ceivers.
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2 EXPERIMENT WITH HONG
KONG GPS ACTIVE NETWORK

In order to evaluate the performance of the
proposed algorithm, GPS observations on M arch
4, 2001 from Hong Kong GPS active network are
used. Currently, there are six reference stations
( HKFN, HKKT, HKLT, HKSL, HKST and
HKKY) in the network (as shown in Fig. 1) with
the station spacing of 10— 15 km. Although the
spacing of the network is reasonably small, there
are strong ionospheric variations in space, due to
the fact that Hong Kong locates at a low latitude
area (latitude 22° or geomagnetic latitude 12°9).
Fig.2 shows the DD residuals of carrier phase L1
observations with a 9.6 km baseline. It can be
seen that the residuals can reach up to 20 em du-
ring daytime, which is even worse than a 100 km

. . . . 2,17- 19
baseline in midatitude areas' I

North latitude 22735
East longitude 1147 31
.

Naorth latitude 22708’
East longitude 113749

Fig- 1 General picture of HK permanent GPS network

of multiple reference stations

DD residual of L, / m

"8 10 12 14 16 18 20 22 24 2 4 6 8
t/'h

Fig. 2 DD Residuals for carrier phase L (baseline
HKKT - HKLT, L= 9.6 km)

Fig. 3 shows the positioning errors between
two stations ( HKKT - HKLT, 9.6 km) with a

conventional GPS processing method. In " data

processing, every 15 min of observations are used
to give one solution. The main problem with such
large positioning errors is that the ambiguities
cannot be fixed. Fig. 4 shows the success rate
when ambiguities are fixed to the integers. It is
clear that the success rate of the ambiguity reso-—

lution is only 45% for a whole day.

g East |
2

g 0

k-

o

-9

North
—0'58 1012 14 16 1820 2224 2 4 6 8

t/'h

Fig.3 Positioning error for every 15 min over 24 h

(baseline HKKT- HKLT)

w

Success times
[ %]

8 10 416182022242463
t/h

Fig- 4 Success time of ambiguity resolution for every

hour (baseline HKKT- HKLT)

In data processing, five stations (except for
HKKT in the network) are firstly used to esti—
mate the ionospheric TEC values along satellite
tracks. Both the first order (the linear model)
and the second order (the square model) of Tay-
lor series (Eq- (9)) are used, and the square
model is slightly better to fit with GPS data.
Fig.5 ilustrates the estimated slant ionospheric
delays in L1 for each satellite. In the algorithm,
both spatial and temporal changes of ionospheric
delays can be clearly distinguished. For example,
around sunset (6— 9 pm locally), we can see the
ionospheric behaviors of wave type. They are
typical in low latitude areas where there exist
strong ionospheric activities after sunset' 7'
Fig. 6 shows the residuals of Ls observation
(Eq.(7)) for all used five stations and they are

well withm 2 em.
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Fig. 7 Success time of ambiguity resolution per hour
with the square model's ionospheric correction
Fig.5 lonospheric delays on frequency /' for different by interpolation

satellites (different lines denote the ionospheric

delays for different satellites)

Residual of L, / cm

Fig. 6 Residual of La(for all stations)

After the ionospheric delays are determined,
models are used to remove the ionospheric delays
in all stations. In order to compare the results
with the previous case that ionospheric delays are
not removed, the double difference fast static
method is used to solve the baselines HKLT and
HKKT, with every 15 min data for the whole
day. Both linear and square ionospheric models
are used in the experiment.

Figs. 7,8 show the success rate of am biguity
resolution when the two models are used to GPS
data in the period and the models are estimated.
For the square model, except for two periods, the
ambiguities can be fixed to their correct integers,
and the positioning errors are within a few cen-
timeters with fixed ambiguities ( as shown in
Fig.9). For the linear model, there are four peri-
ods that the ambiguities cannot be fixed to inte-
gers (see Fig.8). Most of these periods, when
the ambiguities cannot be fixed, are happen at the
sunset when strong ionospheric activities exist (as

shown in Fig. 5).

4

W

Success times
[ 8]
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=
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Fig- 8 Success time of ambiguity resolution per hour
with the linear model’'s ionospheric correction

by interpolation

0.5
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(o

Position bias / m
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0 012 141618202224 2 4 6 8
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Fig- 9 Positioning error in HKKT with the square

model's ionospheric correction by interpolation

algorithm

For real time applications, the ionospheric
delays need to be predicted to future time. In or-
der to examine the prediction accuracy of the
ionospheric models, the first 30 s data are used to
generate the models and then used to correct GPS
Figs. 10, 11

show the success rate of ambiguities resolution

observation data of the next 30 s.

during the fast static positioning for the same
baseline before using the prediction method. It is
shown in Fig. 10 that during daytime to sunset,
the success rate of ambiguity with the square

model is,very spoor| Hewever: theilmear, model
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prediction gives the same results as before (com—
pared Fig. 11 with Fig.8). Thus, for a real time
application, the linear model is better than the
square model. However, the linear model is diffi-
cult to describe the periods when strong iono-—

spheric variation exists.

4F» N

3

Success times
[
w——
N
"

416 18 20 22 24
t/'h

2 4 6 8

Fig.10 Success times of ambiguity resolution per hour
with the square model’s ionospheric correction

by extrapolation

w

Success times
)

—

8 10 12 14 16 18 2022 24 2 4 6 8
t/'h

Fig.11 Success times of ambiguity resolution per hour

with the linear model's ionospheric correction

by extrapolation

The precise point positioning (PPP) method
is used to evaluate the quality of the ionospheric
model obtained from the proposed method. The
observation model for PPP is described as fol-
lows

A=

[22,23]

P+ N*Ni+ codi+ T- IIfi+ @
(10)
dt+ T-1/fi+ e

(11)

XB= P+ o Not c°

L= 7 f%mdP ey 2/\2¢3_
P+ codt+ T+
2 2
AN 1 — ;:—;Mv f—f—fz+ & (12)
where ¢ is the speed of light (m/s); f the fre-

quency (Hz); dt the clock offset of satellite and
receiver (m); T the tropospheric delay (m); [

the ionosphiere refraction (m), and N the carrier

phase integer ambiguity (cycle) .

Firstly, ionosphere4ree combination obser—
vations are used (Eq. (12)) to estimate the posi—
tion of station HKKT by using the PPP method.
T he position errors are plotted in Fig. 12. It can
be seen that the position errors are within a few
centimeters after an iitial convergent period of
about 1 h. Then the ionospheric models obtained
by the reference network are used to remove the
ionospheric delays in observations of HKKT and
L1 observations (Eq. (9)) are used to calculate
the position of HKKT again. The positioning er—
rors with this method are shown in Fig. 13. Com-—

pared Fig. 12 with Fig. 13, the positioning errors

Height North

Position bias / m
)

000z 4 1618202224 2 4 6 8

t/'h

Fig. 12 PPP positioning errors in HKKT by iono-

sphere-free observations

T ——

0.05 —

Height

—0.05
—0.10
—0.15
—0.20

Position bias / m
(=]

1012 14 16 18 2022 24 2 4 6 8
t/h

Fig- 13 PPP positioning errors in HKKT by carrier

phase L observations with the linear models’

ionospheric corrections

with these two cases are quite similar. In Fig. 12
the ionospheric effect is removed by the combina-
tion of two frequencies and in Fig. 13 by the iono—
spheric models estimated by the reference net-—
work. This indicates that ionospheric models are
accurate enough to support centimeter positioning
accuracy even with a low cost single frequency re—

celver.
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3 CONCLUSIONS

In this paper, a new method is developed to
precisely model GPS ionospheric delays by using a
GPS reference network. By modeling the iono-
spheric TEC along every satellite track and piece—
wise along each track, the new ionospheric mo—
dels can be used to describe high resolution iono—
sphere variations in both spatial and temporal
scales. The experiments demonstrate that the
model is accurate to describe the ionospheric vari-
ations in low latitude areas where large spatial
and temporal ionospheric variations exist.

We also demonstrate that the new ionosphe—
ric models are accurate enough to support cen—
timeter GPS positioning. The linear and the
square models are compared with experimental
data. T he results show that the square model has
a better fitting to GPS data, but performs poorly
on prediction. Therefore, for real time applica—
tion, the linear model should be used.

As the models are satellite-based, it can be
easily incorporated with existing RT CM 104 for—
mat for DGPS correction transmission. For each
satellite ID, just simply add five parameters for a
linear model at the end of DGPS range and range
rate corrections. As the ionospheric models only
need to be transmitted every 30 s or so, the data
quantity to be transmitted is not significantly in—
creased.

With the proposed accurate ionospheric mo—
dels, the precise point positioning with single fre—
quency GPS receiver is possible. However, the
convergent time is still quite long. How to further
reduce the convergent time to support single fre-
quency RTK or fast static positioning is need to
be studied in future.
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