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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 Positioning),
and the positioning accuracy was improved effectively.
On the other hand, for the accuracy of PPP, satellite
orbit errors and satellite clock errors are also factors
should be properly corrected. In this paper, a method
to estimate the satellite orbit and clock errors is pro-
posed by extending the algorithms in our previous re-
searches. In the method, the broadcast ephemerides
are assumed as the nominal satellite orbits and clock
errors. Then satellite position errors and clock 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 as
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 clocks 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 accuracy was improved effectively. On the other
hand, for the accuracy of PPP, satellite orbit errors and
satellite clock errors are also factors should be properly

corrected.

In this paper, therefore, methods to estimate the
satellite orbit and clock 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 clock er-
rors. The satellite position errors and clock 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 to-
gether with the other unknown quantities such as tro-
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-
lite, four types of observables are generally observed.
They are C/A and P(Y) code pseudoranges and 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 pf, 4 (t), Ppy i (t)
based on the C/A and P(Y) codes, as well as the L1
and L2 band carrier phases o7, ,(t), ¢], ,(t) are re-
spectively given as follows[7-10]:
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where ¢ (~ 2.99792458 x 108[m/s]) is the speed of
light, fi and f, are L1 and L2 carrier frequencies,
ie. fi = 1575.42 [MHz] and f, = 1227.60 [MHz] re-
spectively, and A;, Ay are corresponding wave lengths.
{0bcak,0bpyk,0br1 k,0br2x} are the so-called re-
ceiver’s hardware biases and {6bf 4, by, 07, 667 ,}
are the satellite’s hardware biases. r}(t,t — 7) is the
geometric distance between the receiver k at time ¢ and
the satellite p at time ¢t — 77, where 77 denotes the trav-
elling time of the carrier wave from the satellite p to the
receiver k. Namely, 75(t,t — 77) can be expressed as
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where k = [z, Yk, zx|T and sP = [zP,yP, 2P]T are the
known receiver position and the p-th satellite position,
respectively, and ||e|| denotes the Euclidean norm. Fur-
ther in Eqs. (1)-(4), 6IZ(t) and 6T} (t) are ionospheric
and tropospheric propagation delays or advances, re-
spectively. dtx(t) and 8tP(t — 77) are the clock errors of
the receiver k at time ¢ and the satellite p at time t—7}.
Also Nf, ., N7, , are phase ambiguities of L1 and L2
carrier cycles. ef, ,(t),epby,(t) and €, ,(t),e], ,(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 7(¢,t — 77) as the nominal
position of the satellite p at the time ¢t — 77. In the
followings, the time ¢ and ¢t — 7{ are dropped from each
term to simplify the notation. Then, by introducing
the satellite position error §s”*P* nominal position &7
can be expressed as

§P = sP + dsPerh, (6)
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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 §¢P(t —
7¢) can be also obtained from the ephemeris. However
it contains the error. In this paper, the satellite clock
errar obtained from the ephemeris is assumed as the
nominal value, and denoted by 6tP. Therefore 6t can
be expressed by

StP = 6P + §tPePh, (7)

where 6tP°P" denotes the satellite clock error due to the
ephemeris error.

Now remark the following formulas of partial deriva-
tives
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Then the first order Taylor series approximation of Eq.
(5) around the nominal position §? is given by
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By substituting 6t in Eq. (7), and 7}, in Eq. (10) into

Egs. (1)-(4), we have the following approximated (lin-
earized) measurement equations:
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Now let n, be the number of visible satellites at the
receiver, and define a block diagonal matrix with the
size (ns X 3ns):
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The vectors PPY ks &)L2,k, Jb‘};y, 5()‘}’;}/, 5bi2, Nprak, €PYk
and €1 ) are similarly defined.

Then from Egs. (11)-(14), we have the following vec-
tor matrix expression of the observation equation at the
receiver k:
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and I is the ngy x n, identity matrix, 1 and 0 are the
ng x 1 vectors such that 1 = [1,--- ,1]and 0 = [0--- 0] .

Eq. (17) is the basic GNSS Regression (GR) equation
for the satellite orbit and clock estimation.

2.1 Ionosphere Free Observation

In Eq. (17), by applying the linear transformation
called ionosphere free combination, the ionospheric
term can be eliminated as follows[5,11].
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Then we can reduce the unknown parameters as follows:
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2.2 Tropospheric Delay

The tropospheric delay can be considerable for satel-
lites at low elevation angles. Different from the iono-
spheric delays, the troposphere is not a dispersive
medium and causes the same delays for different fre-
quencies. The tropospheric delay is normally repre-
sented as having a 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 0T x and wet delay 0T,k [11,12]. Namely the
ZTD (Zenith Total Delay) ¢T; x can be expressed as
follows:

aTz,k = éTzh,k - 6Tzw,k- (26)

Then the slant total delay can be expressed by using
mapping functions:
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My, and M} ; are the mapping functions for the hy-
drostatic and wet components. EY is the elevation angle
of the satellite p at the receiver k.

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.

6T}: =M’I:k5Tzhk+Mp k(dek 6Tzh k)
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Then, we assume that the zenith hydrostatic delay is
measured by the Saastamoinen model:
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where ¢ and hjy denote the latitude and altitude of the
position of the receiver k, Py denotes the atmospheric
pressure and esr,, , is the error of the model. Also
the zenith total delay 47 k, is treated as the unknown
parameter.

Now, for n, satellites (p =1,2,--- ,ng), define
Mh,k = [Miz,kv e )Mfr:j:]T
My = [My g, -, M35 T (32)

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

0Tonk = (Mhk — Muwk)0Tohk + My k0T k. (33)
From Eq. (31), the following relation holds:
5Tzh,lc = 6Tzh,k = eéTzh,k' (34)

Applying Eq. (34) to Eq. (33), then from Eq. (25) we
have
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Then the simplified expression of Eq. (35) is derived
as
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corresponding block matrices separated by the lines in
Eq. (35) and
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2.3 Observation Model for Multiple Reference
Stations
From Eq. (36), when the ny, reference stations receive
the waves from n, satellites, totally 2nsnj of the iono-
sphere free combinations are observed. The observation
equation for the multiple stations can be expressed as
follows:

ds
ye=| H Hy Hs Hy ] (;ts:;h +wv, (37)
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The numbers of the unknown parameters for n, satel-

lites and ny receivers are listed in Table 1.

Table 1: Number of unknown parameters

No. of
Unknown vector components
ds  satellite position error 3ng
0t,  receivers’ clock errors 2N
5tePh  satellites’ clock errors 2ng
0T, zenith tropospheric delays Nk
[ Total number of unknowns | 5n, +3ni |

3 Kalman Filter Formulations

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

HE[Hl H2 H3 H4], (38)
and a state vector
n=1[ (65T (ta)T (5tPMT (5Tw)T ]T. (39)

Then the observation equation for the Kalman filter
can be simplified as

y(2) = H(1)n(d) + v(i) (40)

where the observation epoch i is explicitly 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 processes. Thus we
have

ds(i + 1) = 05(2) + wss(), (41)
PR (i + 1) = 6tP" (1) + wypern (4), (42)

or
0s(i + 1) = ads(i) + wss(2), |al <1, (43)

SISPM(i + 1) = BSLP(6) + wyyeen (i), 18] < 1. (44)

The receiver clock errors including receiver hard-
ware biases are modeled by the Brownian motion pro-
cesses[12,13]:

Stali +1) = 8ta (i) + wsr, (i) (45)

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

0T, (i + 1) = 6T (i) + wsr, (), (46)

where wss, w5, , W stcph, WoT, are independent Gaussian
white noises.

Then, from Eqgs. (41)-(46), we have the following state
equation in a general form

n(i +1) = F(@)n(i) + GG)w(i), (47)
where
w= [ (wss)T (wr,)T (wagern)* (wor,)T]T . (48)

By applying the K{alman filter[14] to the state equation
(44) and the observation equation (39), the estimate of
7 is 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 as it can 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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