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Abstract 

In our previous research， we have developed the meth-
ods to estimate the VTEC (Vertical Total Electron 
Content) and to provide the ionospheric delay maps for 
certain local region such as the sky over Japan. The 
estimated local models of the VTEC over Japan were 
also applied to the PPP (Precise Point Pos討i比tiωiぬor山
and the pos凱itioninga配cc∞ur悶ac句ywas improved ef庄fe配ctiv刊ely.
On th巴otherhand， for the accuracy of PPP， satellite 
orbit errors and satellite c10ck errors are also factors 
should be properly corrected. In this paper， a method 
to estimate the satellite orbit and c10ck errors is prcト
posed by extending the algorithms in our previous re-
searches. In the method， the broadcast ephemerides 
are assumed as the nominal satellite orbits and c10ck 
errors. Then satellite position errors and c10ck errors 
with respect to the nominal values are modeled by first 

order Markov processes or Brownian motion processes， 
and they are estimated by the Kalman filter together 
with the other unknown quantities such as tropospheric 

delays， hardware biases and ambiguities. The gener-
ated correction information can be easily applied to not 
only PPP but also any kinds of GNSS positioning al-
gorithms. The proposed method can work by using 
the GPS data collected by reference stations such出
GEONET (Gps Earth Observation NETwork) provided 

by the Geographical Survey Institute (GSI) of Japan. 

1 Introduction 

For GNSS (Global Navigation Satellite System) posi-
tioning accuracy， effects of ionosphere， troposphere and 
accuracy of satellite positions and c10cks are dominant 
factors. In our previous research [1-4]， we have devel-
oped the methods to estimate the ionosphere VTEC 
(Vertical Total Electron Content) and to provide the 

ionospheric delay maps for certain local region such as 
the sky over Japan based on the GNSS regression mod-

els (abbreviated by GR models). The estimated local 
models of the VTEC over Japan were also applied to 
the PPP (Precise Point Positioning)， so that the posi-
tioning aεcuracy was improved e仔ec七ively.On the other 
hand， for the accuracy of PPP， satellite orbit errors and 
satellite c10ck errors are also factors should be properly 

corrected. 
In this paper， therefore， methods to estimate the 
satellite orbit and c10ck errors are proposed by extend-
ing the algorithms in [1-4]. The proposed methods to 
estimate the satellite position are based on the concept 
of so-called non-dynamic or kinematic orbit determi-
nation [5，6]. Namely， the broadcast ephemerides are 
assumed as the nominal satellite orbits and c10ck er-
rors. The satellite position errors and c10ck errors with 
respect to the nominal values are modeled by first or-
der Markov processes or Brownian motion processes， 
and then they are estimated by the Kalman filter tか

gether with the other unknown quantities such出 trcト
pospheric delays， hardware biases and ambiguities. The 
generated correction information can be easily applied 
to not only PPP but also any kinds of GNSS positioning 
algorithms 

The proposed method can work by using the GPS 

data collected by reference stations with known posi-
tions such as GEONET (Gps Earth Observation NET-

work) provided by the Geographical Survey Institute 
(GSI) of Japan 

2 Observation Models 

When one receiver receives waves from one GPS satel-
1ite， four types of observables are generally observed. 
They are C/ A and P(Y) code pseudora時esand L1 
and L2 band carrier phases. Now， assume the receiver 
k receives the waves from the satellite p， then the ob-
servation models of the pseudoranges AA.k(t)， ~PY.k(t) 
based on the C/ A and P(Y) codes， as well出 theLl 
and L2 band carrier ph蹴 Schl k(t)，佐川(t)are陀
s叩pe町ctiv刊elyg附 nas follows[7-10]: 

ρ6A，k(t) = r~(t ， t -rk) + c[Jtk(t) -(5tP(t -rf)] 

+ Uf (t) + c5Tf(t) +品CA，k+ c5bちA
十 EちA，k(t)， 、.a，，，

噌
a
A
，，EE
、

ヰy，k(t)= r~ (t， t -rf) + c[dtdt)ーが(tーイ)1 
~2 

+TIZ(t)+可 (t)+品PY.k十時y

+ ety，k(t)， (2) 
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φtl，k(t) =λlcpL，k(t) 
=弓(t，tーイ)+ C[dtk(t) -dtP(t -if)j 
-OIf(t) + dTf(t) +品Ll，k+ dll{l 
+入lNfl，k+lé~l ， k(t) ， (3) 

φ~2 ，k(t) = 入2~2， k (t)

= r~(t ， tーイ)+ C[dtk(t) -dtP(tーす)j 
r2 
-うをOIr(t)+ dTf(t) +品L2，k+ ðb~2 
J2 

+入2NZ2，k+εt2，k(t)， (4) 

where c (~ 2.99792458 x 10B[m/s]) is the speed of 
light， !I and h are L1 and L2 carrier frequencies， 
i.e. !I = 1575.42 [MHzj and h = 1227.60 [MHzj re-
spectively， and入1，入2are corresponding wave lengths 

{品CA，k，dbpY，k， dbL1，k， dh2，k} are the sかcalled re-
ceiver's hardware biases and i dll:-. . . d/?"v. dll: ， • dll: ~ 1 t 、:::'A'vVPy，vVLl' vVL2J 
are the satellite's hardware biases. rf(t， t -Tf) is the 
geometric distance between the receiver k at time t and 
the satellite p at time t -~， where ~ denotes the tr町-
elling time of the carrier wave from the satellite p to the 

receiver k. Namely， r~ (t， tーイ)can be expressed出

rr(t) 三 ~(t， t -TK) 

= {(Xk(t) -xP(tーイ))2+ (y(t) -yP(t イ)?

+(Zk(t) -zP(tーイ))2}1/2

三 IIk(t)-sP(tーイ)11， (5) 

where k三 [Xk，yk> Zk]T and sP三 [XP，yP， zPJT are the 
known receiver position and the p-th satellite position， 
respectively， and 11・11denotes the Euclidean norm. Fur-
ther in Eqs. (1)ー(4)，OIf(t) and dTf(t) are ionospheric 
and tropospheric propagation delays or advances， re-
spectively. dtk(t) and 6tP(t -Tf) are the clock errors of 
the receiver k at time t and the satellite p at time t -Tf 
Also lvl，Mlvt2U are phase amblguities of Lland L2 

carrier cycles. e~A ，u (t)， ety，u (t) and é~ l ， u (t)， ehu (t) 
denote the observation noises. 
Eq. (5) shows the geometric relation between the 
satellite and the receiver. Generally， the most basic 
method giving the satellite coordinates is to determine 
them by using the ephemeris broadcast from the satel-
lite. However it contains the satellite orbital errors. 
In this paper， the satellite coordinates obtained from 
the broadcast ephemeris are assumed as the nominal 
coordinates. Let us define sP(t， tーイ)出 thenominal 
position of the satellite p at the time tーイ In the 
followings， the time t and t -Tk are dropped from each 
term to simplify the notation. Then， by introducing 
the satellite position error dsp，eph， nominal position sP 
can be expressed槌

sP = sP + osp，eph. (6) 

In other words， the satellite position obtained from the 
broadcast ephemeris is expressed by the sum of the true 
position and the ephemeris error 

Similarly to the above， the satellite clock error dtP(t-
~) can be also obtained from the ephemeris. However 
it contains the error. In this paper， the satellite clock 
error obtained from the ephemeris is assumed as the 
nominal value， and denoted by dtp. Therefore dtP can 
be expressed by 

dtP = dlP + dtP，eph， (7) 

where dtp，eph denotes the satellite clock error due to the 
ephemeris error. 

Now remark the following formulas of partial deriva-
tives 

Z

一

♂

一

一
一Jh
t

一
一Jh
I

h
-

弘一

川
原
町
一
伊

(8) 

θTt 

θzP 

(Zk -zP) 
P rk 

and 
θr~ _ rδTEθTEθr~ lT 
θsP -lθXP' θyP' θzP J (9) 

Then the first order Taylor series approximation of Eq 
(5) around the nominal position sP is given by 

r~ 勾 r~ -g~[sP -sPj 

= r~ + g~ðsp，eph (10) 

where 

r~ 三 [rか

By substituting dtP in Eq. (7)， and r~ in Eq. (10) into 
Eqs. (1)ー(4)，we have the followi時 approximated(lin-
earized) measurement equat問 1S・

戸ちA，k== rl'cA，k + dtP -~ 
= g~ðsP ，叩h+ C[dtk(t) + dtP，ephj 

+ OIr + dTf + dbcA，k + dbちA+ e~A ， k' (11) 

みY.k三 PTY.k+ dtP -r~ 
ニ g~ðsp ，eph+ C[dtk(t) + dtp，ephj 
.2 

+秀dIr+勾+品川+崎y+ヰY，k'
(12) 

φll，k=φtI，k+dtP-Tt 

= g~ðsp ， eph + C[dtk + dtp，ephj -OIf + dTf 

+ dbL1，k + dll{l +入lNfl，k+ é~l ， k' (13) 
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fGち，k1 1 1 1 1 0 0 0 1 0 0 0 0 0 I 
H~ == I ~も，k 11告1:~~~~~~~~~~ I 
k=IGちk11 -1 1001000 1 0 1 0 I ' 
lGち，k11一五110001000101J 

(19) 

。三[(d"seph)T，dtk， (dt)T， (d"h)T， (d"九)T，
(d"bk)T， (d"bちA)T，(d"bpy )T， (d"bL)T， 
(d"bb)T， (NL1，k)T， (NL2，k)T]T 

~2 

= 9fd"sp，eph + C[d"tk + d"tP，eph] -告dIf+ d"Tf 
J2 

+品L2，k+ d"1l{1 +入lNf2，k+ c1{2，k 

Now let ns be the number of visible satellites at the 

receiver， and de白nea block diagonal matrix with the 
size (ns x 3ns)・

旬以 =φtM+JtP-Tf

(14) 

(20) 

GちkEdlaglgi39L ，gTl， (21) 

and 1 is the ns x ns identity matrix， 1 and 0 are the 
町刈vectorssuch that 1三 [1，'"，1] and 0三 [0...O]T 
Eq. (17) is the basic GNSS Regression (GR) equation 
for the satellite orbit and clock estimation. 

f.T .T _T _T lT 
Vk == [eeA，k> etY，k' cil，k' ci，2，kJ -， 

(15) 

O O 9l 

namely， 

2.1 Ionosphere Free Observation 
In Eq. (17)， by applying the linear transflおormπm叫 ωmn l 
called ionosphere fl仕r伺 combination，the ionospheric 
term can be eliminated出 follows[5，11]

(16) 

O 
n. • 
9k 

「 φ~ ， L 1 I ~LI ， k I 

φLl，k == I I ' 
|φn..， '- I 
L ~ LI，k J 

O 

9~ O 

Also define the vectors: 
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(22) LIFYk = LIFH:sk + LIFVk， 

、，a
E
E
E
E
EE
E
EJ

0
向

O 

μ1 

where 

μ2 

0 

μ Jl fi 
万て万' μ2=万てfi

Then we can reduce the unknown parameters as follows: 

o 0 
μ11μ21 

l川山内与叶μ1φLl，k +μ2②L2，k J 

一IGb，k 1 10 1μ11μ21 
-l Gb，k 1 1 0 1 0 0 

r d"t1，eph 1 
d"t
eph
三 1，

I d"tn..eph I 

r ð"T~ 1 
d"Tk三 1，

・

L d"T;:' J 

r d"M， 1 I vVLl I 

ð"b~ ー|・|
Ll = I l' 
I ð"b~ '~ I L vVLl J 

r d"sl，eph 1 
d"seph ==・|
ー一 " 

I d"sn..eph I 

r ðI~ 1 
6九三 1，

E ・.

L dI;' J 

r ð"b~A 1 I vVCA I 

d"b';.. == ，・|
CA = I l' 
， db";:. ， L vVCA J 

0000  '̂ 
μ11μ21μ11μ21 I Uk 

r _1 ， 
1しCA，k I 

eCA，k三 1，
I ......n.lJ 
L ~CA ， k' J 

r J¥rl ， 
I "Ll，k I 

NL1，k == I ・ 1，
I 7¥rn..， 
L "Ll，k J 

μ11μ21 
o 0 

+ […k+山 kkl 
μlcLl，k +μ2cL2，k 

(23) 

Further， define 
I d"bCA，k I 

ð"b~ == I ~~Py， k I 
κ-I d"bLl，k I . 
I d"bL2，k I 
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dtCA-PY，k三 d"tk+μld"bcA，k +μ2d"bpY，k 

d"tLI-L2，k三 d"tk+μld"bL1，k +μ2d"bL2，k 

d"t幻-PY三 d"teph+μld"bcA +μ2品PY

st:ttL2三 d"teph+μld"hl  +μ2d"h2  

The vectors戸PY，k，φL2，k，d"bpy， d"bpy， d"bb， NL2，k， epY，k 
and CL2，k are similarly defined. 
Then仕omEqs. (11)ー(14)，we have the following vec-
tor matrIX expression of the observation equation at the 
receiver k: (24) +μlNL1，k +μ2NL2，k 

(17) 

(18) 

Yk = H;sk十町

抗三[認ぃDEゆるZJ11kl，

where 



then we have 

[時A.k+山口l 
μ1②L1，k +μ2φL2，k J 

r G'b.k 1 0 1 0 1 1 
-lGちkOl0II1

ds 

dtCA-PY，k 

dtL1ーL2，k

ðte;:~ CA-PY 
dt;p，h 
L1-L2 

dTk 

+[向eCA.k+…~ ] 
μ1eL1，k +μ2eL2，k 

(25) 

2.2 Tropospheric Delay 
The tropospheric delay can be considerable for satel-

lites at low elevation angles. Di仔erentfrom the ionか

spheric delays， the troposphere is not a dispersive 
medium and causes the same delays for different仕か
quencies. The tropospheric delay is normally repre-
sented出 havinga wet delay and a hydrostatic delay. 

The wet delay is difficult to model because of local vari-
ations in the water-vapor content of the troposphere 
and accounts for approximately 10% of the tropospheric 
delay. The hydrostatic delay is relatively well modeled 
and accounts for approximately 90% of the tropospheric 
delay. 
For the tropospheric delay， in this paper， we apply 
the following formula of sum of the zenith hydrostatic 

delay dTzh，k and wet delay dT叫んk[11，12J. Namely the 
ZTD (Zenith Total Delay) dTz，k can be expressed国

follows: 

dTz，k = dTzh，k + dTzw，k' (26) 

Then the slant total delay can be expressed by using 

mapping functions: 

6Tf = MJ:，kc5Tzh，k + M~，k6Tz叫ん (27) 

where 

M~L = 1 p 
h，k - ~;n Ti'P ..L __  000143 (28) 

，k I tan EZ +0.0445 

I 
~ÆP 

""w，k - sin E~ +士1S旦Lτ
k ' tan EZ +0.017 

(29) 

Mf，kmd MZ，k are the mapping functions for the hy-
drostatic and wet components. Ef is the elevation angle 
of the satellite p at the re氾eiverk. 
Furthermore， the zenith wet delay can be expressed 
by subtracting the zenith hydrostatic delay from the 
zenith total delay. Then， the slant total delay can be 
expressed as the following equations by using zenith 

total delay. 

c5Tf = MJ:，eTzh，k + M~， k( c5Tz ， k -c5Tzh，k) 

= (MJ:.k - M~.k)c5T仇k+ M~.kðTz ， k ・ (30)

Then， we assume that the zenith hydrostatic delay is 
measured by the Saastamoinen model: 

c5Tzh，k = 0.002277(1 + 0.0026 cos 2φk + 0.00028hk)Po 
三 c5Tzh，k+ eo九h，k' (31) 

where Ok and hk denote the latitude and altitude of the 
position of the receiver k，九 denotesthe atmospheric 
pressure and eOT%h，k is the error of the model. Also 
the zenith total delay dTz，k' is treated as the unknown 
parameter. 

Now， for n. satellites (p = 1，2，・ ，n.)，defin 

Mh，k三 [Mi，k，--，M九JT

M加点三[Mよ，k' ・，M:"kJT. (32) 

Then， from Eq. (32)， the vector c5Tk can be expressed 
as 

c5Tzh，k = (Mh，k -M 山 ，k)dTzh，k+ Mw，kc5Tz，k. (33) 

From Eq. (31)， the followi時 relationholds: 

c5Tzh，k = c5Tzh，k - ed九 h，k・ (34)

Applying Eq. (34) to Eq. (33)， then from Eq. (25) we 
have 

[的A.k+μUJPY，k一仙-Mw.k臥|
μ1φL1，k +μ2戸L2，k一(Mh，k-Mり )6Tzh，kJ 

= [念日 ~ I ♂ 12:::l

c5s 

c5tCA-PY，k 

dtL1ーL2.k

6te;:~ CA-PY 
dtztL2 
c5Tz，k 

lMCAK+Mm-E九|I . (35) μleL1，k +μ2eL2，k -eOT%h，k J 

Then the simplified expression of Eq. (35) is derived 

as 

Yk = [H1，k H2，k H3，k H4，k] I ~:;p~ I + Vk， (36) 
I c5Tz.k I 

where the matrices H1，k，'" ，H4，k are defined by the 
corresponding block matrices separated by the lines in 

Eq. (35) and 

ν仇γk= f 
μ命 A人付，kけ+μ2伽イ清γkγ一(M，めω}

一 lμ向lφLμ1，k+μ向2戸ιL2，k一(Mh，k一M叫 ，k刈k)c5乙h，kJ 

叫 =1μ1
eCA，k+μ2巴PY，k一e

偽

|μ1eL1，k+μ2eL2，k -eOT%h.k J' 

c5ta，k = [dtCA-Py，k c5tL1ーL2，k]T， 
，T 

6t~P九三 | (6tz:-py)T (6ttL2)T| 
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2.3 Observation Model for Multiple Reference 

Stations 
From Eq. (36)， when the nk reference stations receive 
the waves from n. satellites， totally 2n.nk of the iono-
sphere free combinations are observed. The observation 

equation for the multiple stations can be expressed剖

follows: 

r 8s 1 
、I8tn I 

νk = [Hl H2 H3 H4 J I 8;i;h I + v， (37) 
I 8九|

where 
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比三 diag[ H2，1 . .. H2，nk f， 
H4三 diag[ H4，1 . .. Hい k ] 

The numbers of the unknown parameters for n. satel-
lites and nk receivers are listed in Table 1. 

Table 1: N umber of unknown parameters 

U nknown vector lNo of 
components 

3n. 

2nk 

2n. 

satellite position error 

r'eceivers' clock errors 

satellites' clock errors 

mnith tropospheric delays 

Total number of unknowns 

nk 

5n. + 3nk 

3 Kalman Filter Formulations 

For the estimation of the satellite orbit and clock er-
rors， the Kalman日Iteris utilized as the estimator. The 
observation equation for the multiple stations has been 
shown in Eq. (37). Now we define a matrix 

H三 [Hl H2 H3 H4 ]， (38) 

and a state vector 

η= [(8s)T (8tα)T (8t~ph)T (5T，α)T f. (39) 
Then the observation equation for the Kalman filter 
can be simplified出

y(i) = H(か)(i)+ v(i) (40) 

where the observation epoch i is explicit1y shown in the 

above. 
In this paper， the errors of the satellite orbit and clock 
with respect to those obtained from the ephemerides 
are modeled by the Brownian motion processes (Wiener 

processes) or the first order Markov proce悶 s.Thuswe 

have 

8s(i + 1) = 8s(i) +ωω( i)， 
ðt~ph(i + 1) = 8t~ph(i) + ωðt~ph (i) 

(41) 

(42) 

or 

8s(i + 1) =α8s( i) +ωds(i)， 1α1 < 1， (43) 

8t~ph(i + 1) =β8t~ph(i) + ω6t~Ph(i) ， β1< 1. (44) 

The receiver clock errors including receiver hard-
ware biases are modeled by the Brownian motion prcト

cesses[12，13] 

8tα(i + 1) = 8ta(i) +ωdtJi). (45) 

The tropospheric zenith delays are modeled by the 
Brownian motion processes[12，13]: 

8Ta(i + 1) = 8Ta(i) +ωdTJi)， (46) 

where ωðs ， ωðto 'ωðt~ph ， WdTn are independent Gaussian 
white noises. 
Then， from Eqs. (41)ー(46)，we have the following state 
equation in a general form 

77(i + 1) = F(i)η(i)+G(i)ω(i)， (47) 

where 

ω三[(ωds)T (ωdtJT (ωðt~Ph)t (ωdTJT ]T. (48) 

Byapplyi時 theKalman filter[14] to the state equation 

(44) and the observation equation (39)， the estimate of 
ηis obtained. 

4 Conclusions 

In this paper， the method to estimate the errors of 
the satellite position and the satellite clock correction 
that are obtained from the broad cast ephemerides has 
been obtained. The method is based on our previous 
works such as the algorithms of estimating local models 
of the VTEC and PPP applied by the GR equations. 
The method was derived田 itcan work by using obser-
vation data of reference stations for example GEONET 

in Japan. It is also expected that the correction data 
generated by the method can be applied to PPP or 
other positioning algorithms. In the future study， we 
plan to experiment the proposed method and examine 
the performance of generated correction data. 
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