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Abstract: The ionospher ic delay err or is a majo r er ro r sour ce w hich deg rades the po sitio ning accur acy in netw ork

r eal time kinematic ( RTK ) po sitio ning over a long distance. Different approaches are pr oposed to est imate GPS

er ro rs based on GPS reference netw ork, such as vir tual r eference stat ions ( VRSs) and netw ork cor rections. A

new method is used t o model the iono spheric to tal electr onic content ( TEC) distribution in space. Unlike most

ionospher ic models, only the ionospher ic delays along the satellite tracks ar e modelled. T herefo re, the models are

of high precise r esolution of the iono spher ic T EC distr ibut ion in bot h spat ial and temporal scales. A new a lg o-

rithm is used to so lv e the equa tion singular ity problem. Exper iments demonstr ate t hat the new ionospher ic co r-

rection method can be used to descr ibe the iono spheric v ariation at a low latitude ar ea w here ionospheric activ ities

ar e st rong . A lso, the accur acy o f the iono spher ic model is enough to suppo rt centimeter-lev el po sitio ning w it hin

the netw ork. As iono spher ic models are satellite-based models ( each satellite has one model) , the model par ame-

ter s can be easily incorpo rat ed w it h the ex isting differential GPS Radio T echnical Commission fo r Mar itime Ser-

vice ( DGPS RT CM ) 104 format.
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INTRODUCTION

It is w ell know n that majo r GPS er rors, such

as ionospheric, t ropospheric delays and orbit er-

rors, are spat ially co rrelated. Pseudor ange-based

dif ferent ial GPS ( DGPS ) and w ide area DGPS

( WADGPS ) have been ex tensiv ely studied and

rout inely used for the high precision navig ation.

The main dif ference betw een DGPS and WADG-

PS is that DGPS prov ides a to tal erro r est imation,

w hile WADGPS separates GPS er rors in dif ferent

sources. On the other hand, most GPS po sit ion-

ing w ith carrier phases is based on double dif fe-

rence ( DD ) operation to cancel out common GPS

errors between tw o GPS receivers. Since late

1980′s, real t ime kinemat ic ( RTK ) po sit io ning

technique has been developed based on DD obser-

vat ions. T he key to the success of RT K technique

is to reduce GPS error s to a level that integ er na-

tur e of ambiguit ies can be reserved. How ever,

along w ith the incr ease of distance betw een tw o

GPS receiv ers ( a few tens kilometers or mo re) ,

the DD operat ion cannot cancel out GPS erro rs,

especially orbit erro rs, ionospheric and tr opo-

spher ic delay s, and convent ional RTK technique

cannot be directly applied
[ 1, 2] .

In recent years, netw ork RT K technique has

been studied by many research groups, aiming at

developing a cent imeter-level accuracy RT K sys-

tem for a long distance to refer ence stat ions
[ 3- 5] .

Dif ferent approaches have been studied, such as

netw or k correct ion
[ 3, 6]

and VRS technique
[ 7, 8]

.

T hey have been w ell r eview ed
[ 9] . In general, the

netw or k RTK alg orithms can be div ided into

three steps: firstly, the ambiguit ies betw een the

reference stat ions have to be r esolved on their in-

tegers; and then the residuals f rom refer ence sta-
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tio ns are used to generate error models; final ly,

the error s are inter polated to the user locations [ 1] .

Usually the inter polat ion alg orithms are separate-

ly applied to the dispersive ( ionosphere) and the

non-disper sive ( g eometric ) errors. Another ap-

proach is presented in Ref . [ 6] . As the majo r er-

ror ov er long baselines is the ionosphe-r ic delay, a

tomographic ionospheric model g enerated by the

reference stat ions is used to reduce the ionosphe-

ric ef fect on GPS measur ements, then convent ion-

al RTK technique is used to determine the posi-

tion of GPS r eceivers.

In RT K operat ion, the correct ions need to be

sent to users in real t ime. The VRS method re-

quir es a dual way communicat ion link. A user

sends his locat ion to the netw ork control center.

The netw ork control center g enerates “v ir tual”

GPS observ ations at a user locat ion and sends the

data back to the user. The netw ork corr ect ion

method broadcasts messages, w hich can be resi-

duals for each reference station or some model pa-

rameters, to all user s. Current ly , studies are car-

ried out to propose a new fo rmat o f “netw ork

RT K corrections”to integrate into existing Radio

Technical Commission for Marit ime Service

( RTCM ) 104 format fo r DGPS
[ 10] . How ever , the

fo rm of netwo rk RTK co rrect ions is dif ferent

fr om that of DGPS correct ions, as DGPS correc-

tions are given fo r each satellite w hile netw ork

RT K correct ions ar e related to reference stat ions.

A new way is proposed to model GPS iono-

spheric delay s using a reference netwo rk. Unlike

most GPS generated iono spheric models in

Refs. [ 11- 13] that t ry to model the ionospheric

delays in the w ho le space, this paper only models

the ionospheric delays along the satellite tracks.

Fo r each satellite, an ionospheric model is gene-

rated and then the model parameter s are t ransm it-

ted to users ( similar to the DGPS corr ect ion

fo rm) . T he user calculates the ionospheric delay s

at the point and removes them fr om GPS mea-

surements. Finally, convent ional RT K technique

can be used to determine user′s position over long

baselines as the iono spheric ef fects are r emoved

fr om data.

1　 IONOSPHERIC CORRECTION

ALGORITHM

As other netw ork RT K algor ithms, the inte-

ger ambiguit ies are firstly reso lved betw een the

reference stat ions w ithin the netw ork.

DD observ at ions for carrier phases L 1 and L 2

are g iven in Ref. [ 14]

�1DD ( �1) = DD (�) + �1DD ( N 1 ) - �I Ion 1 +
�T Trop + �1 ( 1)

�2DD ( �2) = DD (�) + �2DD ( N 2 ) - �I Ion 2 +

�T Trop + �2 ( 2)

w her e the subscr ipts for stat ions and satellites are

om itted, and 1, 2 ar e the subscripts ident ify ing

for carrier phases L 1, L 2. DD is the algo rithm for

“( )”; � the carrier phase obser vat ion ( cycle ) ; �
the geocentric distance betw een the station and

the satellite ( m ) ; N the carr ier phase ambiguity

( cycle) ; �the w aveleng th of the phase ( m ) ; �I Ion
the DD io no spheric refr act ion ( m ) ; �T Trop the DD

t ropospheric delay ( m ) , and � the DD measure-

ment noise ( m ) .

T he tr opo spheric delay may be modeled w ith

the meteor olog ical data and removed from

Eqs. ( 1, 2) . T he carr ier phase ambiguit ies can be

simply calculated if the iono spheric delay s are ig-

nored

DD ( N ) = DD ( �) - DD ( �) /� ( 3)

　　However, due to the iono spheric irregulari-

t ies, the ionospheric DD residuals can be much

larg er than half cycle ( 0. 5�) . This makes it diff i-

cult to direct ly reso lve the ambiguit ies using

Eq. ( 3) . In the alg orithm , the w idelane ambigui-

t ies are first ly so lved by combining the carrier

phase and pseudo range data. And then L 1 and

L 2 ambiguit ies are determined by the const raint

of widelane ambiguities
[ 15, 16]

.

Widelane ambiguity is

DD ( N w ) = DD ( N 1 ) - DD ( N 2) =

DD ( �1) - DD ( �2 ) - DD (�) / �w　( 4)
　　L 1 and L 2 ambiguit ies are

DD ( N 1 ) =
f 1

f w
DD ( �1 ) -

f 2

f w
( DD ( �2) + DD ( N w ) ) -

( f 1+ f 2 )
DD (�)
c
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DD ( N 2 ) = DD ( N 1) - DD ( N w ) ( 5)

　　A sing le shell ionospheric model is then used

to r epresent the ionospher ic delay s. The slant to-

tal elect ronic content ( ST EC) is calculated by the

pr oduct o f the vert ical total electronic content

( V TEC) and a mapping function
[ 14]

S TEC = map (�) �VT EC

map (�) = 1 -
R �cos�
R + H

2 - 0. 5 ( 6)

w here � is the satellite elevat ion angle; R the

mean radius of the earth and H the assumed shell

height of the ionosphere.

The basic observat ions in the est imat ion

equat ion fo r ionospher ic TEC are geometry-free

combinat ion observat ions
[ 17]

� 4= � 1- � 2= �·I 1+ (�1N 1- �2N 2 ) + 2 �=

　�·40. 28·ST EC
f

2
1

+ (�1N 1- �2N 2) + 2 � ( 7)

P 4= P 2- P1= �·I 1+ c·( D 2- D 1 ) + 2 �=

　�·40. 28·ST EC
f

2
1

+ IFB+ 2 � ( 8)

w here �= ( f
2
1- f

2
2)

f
2
2

is a constant , and IFB the in-

ner-frequency bias of inst ruments on the pseudo-

range. P 1 and P 2 are pseudo-range measurements

fo r L 1 and L 2 bands; � 1 and � 2 the car rier phase

measurements; N 1 and N 2 the ambiguit ies; � 4 and

P 4 the geometr y-free combinat ions fo r the carr ier

phase and the pseudo-range, and �and � the ob-

servat ion noises fo r the carr ier phase and the

pseudo-range, respectively . The subscript and

superscript for stat ions and satellites are om it ted.

This assumes that the inner -frequency bias of the

carr ier phase and the mult ipath betw een the tw o

fr equencies can be neglected.

In or der to separ ate TEC and obser vat ion

biases ( ambiguit ies and inner -frequency biases) ,

Eq. ( 6) is replaced in Eqs. ( 7, 8) and V TEC is

modeled by a Taylo r series fo r each satellite at the

ionosphere pierce points ( IPPs) . The Tay lor se-

ries model is expressed as
[ 11]

VT EC = ∑
n
max

n= 0
∑
m
max

m= 0

E nm( B - B0 ) n( L - L 0) m ( 9)

w here nmax and mmax are the max imum degrees o f

the two-dimensional T aylor series expansion in

lat itude B and in sun-fix ed longitude L ; E nm ( n=

1,⋯, nmax, m= 1, ⋯, mmax ) the unknown coeff i-

cients of the Taylor series; and B0 and L 0 the

coordinates o f the o rigin of the development .

Due to the complexity of the iono spheric

T EC dist ribut ion, this simple single shell model

cannot descr ibe the ionospheric dist ribut ion in the

w hole space. In this paper, the Taylo r series is

used to model the iono spheric TEC dist ribut ion

along every satellite tr ack separately w ithin a very

sho rt t ime span ( < 1 m in) . How ever , if the iono-

spher ic model parameters Enm are direct ly solved,

the ambiguities and the inner-frequency bias for

each satellite w ill be mathematical ly dif ficult .

F ir st ly , in order to model the TEC dist ribut ion

precisely , the time span of GPS observ ation has

to be short ( 30 s) . With such a short period,

both map funct ion values and the observ ations

may change very litt le. Let the coeff icient matrix

of the observat ion equat ion be near singular. Se-

condly , as the ambiguity and the bias cannot be

precisely est imated due to the singular obser va-

t ion equat ion, there may ex ist larg e biases among

the ionospher ic models for different satellites. F i-

nal ly, if the ionospheric model parameter s are es-

t imated for every short per iod, the continuity of

ionospher ic T EC is dest royed.

In o rder to solve these problems, the st rong

const raints ar e f irst ly int roduced by using DD

ambiguities obtained from Eq. ( 5) . T hen the am-

biguit ies in Eq. ( 7) are solv ed for the init ial peri-

od. As ambiguit ies are constant if satellites are

continuously observ ed, w e only need to est imate

them when new satellites appear o r cycle slips oc-

cur. A fter the ambiguit ies are solv ed, they are re-

moved from Eq. ( 7) , and then only iono spheric

model parameters need to be est imated.

Af ter the iono spheric model parameters are

est imated for each satellite, they can be broad-

casted to user s. Then users calculate T EC values

for each satellite using Eqs. ( 6, 9) and remove the

ionospher ic effects from observ ation data. Final-

ly , convent ional GPS data processing methods

( i. e. , stat ic, fast stat ic, RT K) can be applied,

w ith either sing le f requency or dual frequency re-

ceivers.
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2　EXPERIMENT WITH HONG

KONGGPS ACTIVE NETWORK

In order to evaluate the perfo rmance o f the

pr opo sed alg orithm , GPS observat ions on M arch

4, 2001 from Hong Kong GPS act ive netw ork ar e

used. Currently, there are six reference stat ions

( HKFN, HKKT, HKLT, HKSL, HKST and

HKKY) in the netw ork ( as show n in Fig. 1) w ith

the stat ion spacing o f 10- 15 km . Although the

spacing of the netwo rk is reasonably small , ther e

are st rong iono spheric variat ions in space, due to

the fact that Hong Kong locates at a low lat itude

area ( lat itude 22°or geomagnet ic lat itude 12°) .

Fig . 2 show s the DD r esiduals of car rier phase L 1

observat ions w ith a 9. 6 km baseline. It can be

seen that the r esiduals can r each up to 20 cm du-

ring dayt ime, w hich is even w orse than a 100 km

baseline in mid-latitude areas
[ 2, 17- 19] .

Fig. 1　General pict ur e of HK permanent GPS netwo rk

o f multiple refer ence sta tions

F ig . 2　DD Residuals for car r ier phase L 1( baseline

HKKT - HKLT , L = 9. 6 km)

Fig . 3 show s the po sit io ning er rors betw een

tw o stat ions ( HKKT - HKLT, 9. 6 km ) with a

convent ional GPS processing method. In data

processing, ev er y 15 min of observat ions are used

to give one solut ion. The main problem w ith such

larg e posit ioning er rors is that the ambiguit ies

cannot be f ixed. F ig . 4 show s the success rate

w hen ambiguit ies are f ixed to the integers. It is

clear that the success rate of the ambiguity reso-

lut ion is only 45% fo r a whole day.

F ig . 3　Positioning er ro r fo r ev ery 15 min over 24 h

( baseline HKKT- HKLT )

Fig . 4　Success time o f ambiguity r esolution fo r ev ery

hour ( baseline HKKT- HKLT )

In data pro cessing , f iv e stations ( ex cept for

HKKT in the netwo rk) are first ly used to est i-

mate the iono spheric T EC values along satellite

t racks. Both the first order ( the linear model )

and the second or der ( the squar e model) of Tay-

lor series ( Eq. ( 9) ) are used, and the square

model is slightly bet ter to f it w ith GPS data.

F ig . 5 illustr ates the est imated slant iono spheric

delay s in L 1 for each satellite. In the algor ithm,

both spatial and temporal changes of iono spheric

delay s can be clearly dist inguished. For example,

around sunset ( 6- 9 pm locally ) , w e can see the

ionospher ic behavior s of w ave type. T hey are

typical in low lat itude areas w here there exist

str ong ionospheric act iv it ies after sunset
[ 18, 21] .

F ig . 6 show s the residuals of L 4 observat ion

( Eq. ( 7) ) for all used f ive stat ions and they are

w ell w ithin 2 cm.
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F ig . 5　Ionospher ic delays on frequency f 1 fo r differ ent

satellites ( differ ent lines denot e the ionospher ic

delay s for different satellites)

F ig . 6　Residual o f L 4( fo r all sta tions)

After the iono spheric delay s are determined,

models are used to remove the ionospheric delay s

in all stat ions. In order to compar e the results

w ith the previous case that ionospher ic delay s ar e

not removed, the double difference fast stat ic

method is used to solv e the baselines HKLT and

HKKT , w ith ever y 15 min data for the whole

day . Bo th linear and square ionospheric models

are used in the experiment .

Fig s. 7, 8 show the success rate of ambiguity

resolut ion when the tw o models ar e used to GPS

data in the period and the models are est imated.

Fo r the square model, ex cept fo r two periods, the

ambiguit ies can be fix ed to their co rrect integ er s,

and the posit ioning error s are w ithin a few cen-

timeters w ith fix ed ambiguit ies ( as show n in

Fig . 9) . For the linear model, ther e are four per i-

ods that the ambiguit ies canno t be f ix ed to inte-

gers ( see Fig . 8) . Most of these periods, w hen

the ambiguit ies cannot be f ixed, are happen at the

sunset w hen st rong ionospher ic act ivit ies ex ist ( as

show n in Fig. 5) .

F ig . 7　Success time of ambiguity r esolution per hour

w it h the square model′s iono spher ic co rr ection

by interpo lat ion

F ig . 8　Success time of ambiguity r esolution per hour

w it h the linear model′s ionospher ic co rr ection

by interpo lat ion

F ig . 9 　 Positioning err or in HKKT with the square

model′s iono spher ic co rr ection by interpo la tion

alg or ithm

For real t ime applicat ions, the iono spheric

delay s need to be predicted to future time. In or -

der to exam ine the predict ion accur acy of the

ionospher ic models, the f irst 30 s data are used to

g enerate the models and then used to correct GPS

observ at ion data o f the nex t 30 s. F ig s. 10, 11

show the success rate of ambiguities resolut ion

during the fast stat ic posit ioning fo r the same

baseline befo re using the prediction method. It is

shown in Fig. 10 that during dayt ime to sunset ,

the success rate o f ambiguity w ith the square

model is very poo r. How ever, the l inear model
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pr edict ion g ives the same results as before ( com-

pared Fig. 11 w ith Fig . 8) . Thus, for a real time

applicat ion, the l inear model is bet ter than the

square model. How ever, the linear model is dif f i-

cult to descr ibe the periods w hen st rong iono-

spheric variat ion exists.

F ig . 10　Success times o f ambiguity r esolut ion per hour

w ith the squar e model′s iono spher ic cor rection

by ex tr apo lation

F ig . 11　Success times o f ambiguity r esolut ion per hour

w ith the linear model′s ionospher ic cor rection

by ex tr apo lation

The precise point posit ioning ( PPP) method

is used to evaluate the quality of the ionospheric

model obtained from the proposed method. T he

observat ion model fo r PPP is described as fol-

low s
[ 22 , 23]

�1�1 = �+ �1 �N 1 + c �dt + T - I / f
2
1 + �1

( 10)

�2�2 = �+ �2 �N 2 + c �dt + T - I / f 2
2 + �2

( 11)

L 3 =
f

2
1

f
2
1 - f

2
2
�1�1 - f

2
2

f
2
1 - f

2
2
�2�2 =

　　�+ c �dt + T +

　　 �1N 1 -
f

2
2

f
2
1
�2N 2

f
2
1

f
2
1 - f

2
2
+ �3 ( 12)

w here c is the speed of light ( m/ s) ; f the f re-

quency ( Hz) ; dt the clo ck of fset of satellite and

receiver ( m ) ; T the t ropospheric delay ( m ) ; I

the ionosphere ref ract ion ( m) , and N the carr ier

phase integer ambiguity ( cy cle) .

F ir st ly , ionosphere-free combinat ion obser -

vat ions are used ( Eq. ( 12) ) to est imate the posi-

t ion of stat ion HKKT by using the PPP method.

T he posit ion er rors are plot ted in Fig. 12. It can

be seen that the po sit ion err ors ar e w ithin a few

cent imeters after an init ial convergent period of

about 1 h. Then the ionospheric models obtained

by the r eference netw or k are used to remove the

ionospher ic delay s in observat ions o f HKKT and

L 1 observat ions ( Eq. ( 9) ) are used to calculate

the posit ion o f HKKT again. The positioning er -

ror s with this method are show n in Fig. 13. Com-

par ed Fig. 12 w ith Fig. 13, the posit ioning err ors

F ig . 12 　PPP positioning er r or s in HKKT by iono-

spher e-fr ee obser vations

F ig . 13　 PPP positioning er r or s in HKKT by car rier

phase L 1 observ ations w ith the linear models′

iono spheric co rr ections

w ith these tw o cases are quite sim ilar . In Fig. 12

the ionospheric effect is removed by the combina-

t ion of tw o frequencies and in Fig. 13 by the iono-

spher ic models est imated by the reference net-

w ork. T his indicates that iono spheric models are

accurate enough to support centimeter posit ioning

accuracy even w ith a low cost single f requency re-

ceiver.
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3　CONCLUSIONS

In this paper , a new method is developed to

pr ecisely model GPS iono spheric delays by using a

GPS reference netw or k. By modeling the iono-

spheric T EC along every satellite tr ack and piece-

w ise along each tr ack, the new ionospher ic mo-

dels can be used to descr ibe high resolut ion iono-

sphere var iat ions in both spat ial and temporal

scales. T he exper iments demonst rate that the

model is accurate to describe the ionospheric v ar i-

ations in low lat itude areas w here larg e spatial

and temporal ionospheric variations exist .

We also demonstr ate that the new ionosphe-

ric models are accurate enough to support cen-

timeter GPS po sit ioning . T he linear and the

square models are compared w ith experimental

data. T he results show that the square model has

a better fit t ing to GPS data, but performs poo rly

on pr edict ion. Therefore, for real t ime applica-

tion, the linear model should be used.

As the models are satellite-based, it can be

easily incor porated w ith ex ist ing RT CM 104 for-

mat for DGPS co rrect ion t ransmission. For each

satellite ID, just simply add f ive parameters fo r a

linear model at the end of DGPS r ange and r ange

rate corr ections. As the ionospheric models only

need to be tr ansmitted every 30 s o r so , the data

quant ity to be t ransmit ted is not signif icantly in-

creased.

With the proposed accurate ionospheric mo-

dels, the precise point positio ning w ith single f re-

quency GPS receiver is possible. How ever , the

converg ent t ime is st ill quite long . How to further

reduce the converg ent t ime to support single f re-

quency RTK o r fast stat ic po sit io ning is need to

be studied in future.
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高精度GPS 定位的精密电离层模型

高　山, 陈　武, 胡丛伟, 陈永奇, 丁晓利
(香港理工大学土地测量及地理资讯学系,香港九龙,中国)

摘要: 在长距离GPS 实时动态定位( RT K )过程中, 电离层

延迟误差是影响定位精度的主要误差源。目前, 由于采用

全空间电离层模型精度不够, 对长距离RTK 定位主要采用

双差电离层残差内插方式。本文提出一种新的电离层模

型。该模型仅对每个卫星轨迹通过的电离层部分进行建

模, 可适用于高精度GPS 定位。采用香港数据,结果表明,

该模型可较好地模拟低纬度电离层变化, 并可支持GPS 厘

米级定位精度。

关键词: GPS; 电离层模型; 精密定位
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