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Abstract

The BeiDou Navigation Satellite System (BDS) space constellation is composed of geostationary earth orbit (GEO),
medium earth orbit (MEO), and inclined geosynchronous satellite orbit (IGSO) satellites, all of which adopt the Global
Positioning System (GPS) broadcast ephemeris model of the United States of America (U.S.A). However, in the case of
small eccentricity and small orbit inclination angle, the coefficient matrix is non-positive when fitting the broadcast
ephemeris parameters due to the fuzzy definition of a few Keplerian orbit elements, thereby resulting in low precision or
even failure. This study proposed a novel broadcast ephemeris model based on the second class of non-singular orbit
elements. The proposed model can address the unsuitability of the classical broadcast ephemeris model in the condition
of small eccentricity and small orbit inclination angle, and unify the broadcast ephemeris parameters user algorithm
models of GEO, MEO, and IGSO. The proposed model is a 14-parameters broadcast ephemeris model constructed with
the second class of non-singular orbit elements and the corresponding broadcast ephemeris parameters perturbation over
time. Lastly, the proposed model was verified by precision orbit data generated by the Satellite Tool Kit (STK). Results
show that the 14-parameters broadcast ephemeris model is suitable for the GEO, MEO, and IGSO satellites and has high
fitting precision to fully meet the requirements of the BDS. Moreover, compared with the existing 16-parameters
broadcast ephemeris model, two ephemeris parameters are decreased without reducing precision, thereby possibly saving
communication resources. The proposed method provides a good prospect to optimize the design of the BDS broadcast

ephemeris model.
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1. Introduction

The broadcast ephemeris parameters are important
components of a satellite navigation system. The navigation
message, which is the final expression form of satellite
precision orbit data given to users, provides high-precision
satellite location information to realize navigation and
positioning [1]. The simplicity and efficiency of the
broadcast ephemeris model directly determine the
performance of rapid navigation and positioning [2]. The
BeiDou satellite navigation system (BDS) is a hybrid
constellation composed of geostationary Earth orbit (GEO),
medium Earth orbit (MEO), and inclined geosynchronous
satellite orbit (IGSO) satellites. Although the orbit
characteristics of these satellites have many differences to
one another, the BDS still uses the classic satellite broadcast
ephemeris model [3]. This model comprises 16 parameters
based on six Keplerian orbit elements, ephemeris reference
time, orbit perturbation harmonic coefficient, and its
perturbation variables changing with time [4].

The classic broadcast ephemeris model is based on six
Keplerian orbit elements, namely, semi-major axis,
eccentricity, argument of perigee, mean anomaly, longitude
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of the ascending node of the orbit plane and orbit inclination.
Each of these elements has a clear physical meaning. When
the satellite orbit is near-circular, the orbit eccentricity
approaches or equals to 0, the argument of perigee will
become meaningless, thereby resulting in the perigee
latitude, mean anomaly, eccentric anomaly, and true
anomaly measured from the perigee becoming meaningless
as well. When the orbital plane coincides with the equatorial
plane, the orbital inclination approaches or equals to 0 or
180°, the ascending node of the orbit plane, ascending
longitude, and perigee longitude measured from the
ascending node of the orbit plane become meaningless [5].
In view of these two cases, the coefficient matrix is non-
positive when fitting the classic broadcast ephemeris
parameters, thereby resulting in low precision or even failure.

This study established a broadcast ephemeris model by
analyzing the second class of non-singular orbit elements.
Long-term simulation was performed by adopting different
orbit data to verify the proposed model. This method aims to
address the adaptability of the existing broadcast ephemeris
model and unify the BDS GEO satellite and non-GEO
satellite broadcast ephemeris model to improve the
efficiency of the engineering design. Accordingly, this
provides a good prospect to optimize the design of the BDS
broadcast ephemeris model.
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2. State of the art

At present, the operational navigation systems that have
been built and are being built include the Global Positioning
System (GPS) of the United States of America (U.S.A) [4], the
Global Navigation Satellite System (GLONASS) of Russia
[6], the BDS of China [3], the Galileo of Europe [7], the
Quasi-Zenith Satellite System (QZSS) of Japan [8], and
other satellite-based augmentation systems. Because of the
inconsistent application, the key points of the design of these
navigation systems are different. Thus, the broadcast
ephemeris models of these systems are dissimilar. The
existing broadcast ephemeris models are classified into two
types. The first type adopts satellite position vector, satellite
velocity vector and simplified dynamic parameters (e.g.,
GLONASS [6], satellite-based augmentation systems [8]) as
its broadcast ephemeris parameters. Another type adopts the
broadcast ephemeris parameters that comprises the
Keplerian orbit elements and perturbation variables, such as
GPS [4], BDS [3], and Galileo [7], among others.

The first type of broadcast ephemeris model is suitable
for any navigation satellite orbit, such as GEO, MEO, and
IGSO. However, this model requires complex orbit integral
algorithm to obtain real-time satellite position [6]. This
requirement increases the complexity of satellite position
calculation and reduces the system localization real-time
ability. Reid T [9] and Sakai Takeyasu [10] analyzed the
GEO satellite broadcast ephemeris form and precision of the
satellite-based augmentation system (SBAS). Goeken D
analyzed the broadcast ephemeris form and precision of
GLONASS [11], the conclusion was that the model had
short prediction time and poor precision for satellite orbit.
Therefore, the existing satellite navigation system broadcast
ephemeris model extensively adopts the second broadcast
ephemeris model.

The second class of broadcast ephemeris model has been
designed by the U.S.A navigation system for the MEO
navigation satellite [6]. This model was verified to be
applicable to the IGSO navigation satellite [3]. Jefferson D
C [12] and Steigenberger P [13] analyzed the accuracy of the
GPS broadcast ephemeris, the conclusion was that the
broadcast ephemeris user algorithm model was simple with
high prediction ability and precision. However, this model
has limited adaptability for satellite orbits with small
eccentricity and small inclination angle (e.g., GEO
navigation satellite). Xie X [14] and Du L [15] proposed a
broadcast ephemeris model based on the second class of
non-singular orbit elements and a new 16-parameters GEO
broadcast ephemeris model, respectively, to solve the
aforementioned broadcast ephemeris model adaptability
problem. However, these methods increase the complexity
of the navigation user algorithm.

The current research primarily aims to address the
limitations of the existing broadcast ephemeris model.
However, only a few studies have been conducted on the
uniformity of the BDS GEO, MEO, and IGSO satellite
broadcast ephemeris models. A 14-parameters broadcast
ephemeris user algorithm model based on the second class of
non-singular orbit elements was proposed for the uniformity
of the BDS GEO, MEO, and IGSO satellite broadcast
ephemeris models to address the non-positivity of orbits
with small eccentricity and small orbit inclination. The
calculations and fitting methods of a 14-parameters
broadcast ephemeris are provided in detail. These methods
can provide the basis for the unification and optimization of
the broadcast ephemeris model of BDS.

The remainder of this study is organized as follows.
Section 3 establishes a 14-parameters broadcast ephemeris
user algorithm model based on the second class of non-
singular orbit elements and provides the fitting method of
the model parameters. Section 4 simulates and analyzes the
proposed model by adopting small eccentricity and small
inclination orbit data. Section 5 presents the conclusions.

3. Methodology

The broadcast ephemeris parameters of the BDS are a set of
extended Keplerian orbit elements that are adopted to predict
and extrapolate satellite orbit data. The BDS navigation
users can resolve the navigation satellite broadcast
ephemeris parameters by receiving navigation message.
Calculations and extrapolations of the navigation satellite
position can be performed based on the broadcast ephemeris
parameters user algorithm provided by the navigation system
interface control file. Tab.l shows the BDS broadcast
ephemeris parameters at present [3].

Table 1. 16-parameters broadcast ephemeris parameters of
the BDS

Ephemeris Data Definitions
Ephemeris Reference Time

the Semi-Major Axis

Eccentricity

Argument of Perigee

Mean Motion Difference From Computed Value

Mean Anomaly at Reference Time

Longitude of Ascending Node of Orbit Plane at Weekly
Epoch

Rate of Right Ascension

Inclination Angle at Reference Time

Rate of Inclination Angle

Amplitude of the Cosine Harmonic Correction Term to the
Argument of Latitude

Amplitude of the Sine Harmonic Correction Term to the
Argument of Latitude

Amplitude of the Cosine Harmonic Correction Term to the
Orbit Radius

Amplitude of the Sine Harmonic Correction Term to the Orbit
Radius

Amplitude of the Cosine Harmonic Correction Term to the
Angle of Inclination

Amplitude of the Sine Harmonic Correction Term to the
Angle of Inclination
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The second class of non-singularity orbit elements is
introduced based on the classic broadcast ephemeris model
to replace the classical six orbit elements. And these
variables are considered basic variables of the satellite’s
orbit. The relationship between the second class of non-
singularity orbit elements and the classical six orbit elements
is defined as follows [16]:

E=ecosd,n=—esind® (1)
h=sinicosQ,k =—sinisin2 2)
A=M+0,0=0+Q 3)

The aforementioned second class non-singular orbit
elements are used as basis to design the 14-parameters
navigation satellite broadcast ephemeris (see Tab.2) [17, 18]:
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Table 2. 14-parameters broadcast ephemeris parameters of
the BDS

Ephemeris Data Definitions
t Ephemeris Reference Time

the Semi-Major Axis

Two-dimensional Component of Eccentricity
Two-dimensional Component of Inclination Angle
Mean Longitude at Reference Time

Rate of Mean Longitude

Rate of Two-dimensional Component of Inclination Angle

Amplitude of the Cosine Harmonic Correction Term to the
Argument of Latitude

Amplitude of the Sine Harmonic Correction Term to the
Argument of Latitude

Amplitude of the Cosine Harmonic Correction Term to the
Orbit Radius

Amplitude of the Sine Harmonic Correction Term to the Orbit
s Radius

3.1 14-parameters broadcast ephemeris user algorithm
The calculation steps of the user algorithm model based on
14-parameters broadcast ephemeris are as follows [17,18]:

(1) Calculate the time from ephemeris reference epoch:

t=t—t, 4)
(2) Calculate the average motion speed:
n=y &)
where [l is the earth’s gravitational constant.
(3) Calculate the mean longitude:
A =A+(n+)1, (6)
(4) Calculate the eccentric longitude by iteration:
E =2 +&-sinE, +1n-cosk, @)
(5) Calculate the radius vector:
r=a-(1-&-cosE,+n-sink,) (8)
(6) Calculate the true longitude:
2
\/52 +n°=(1-r/a

sinui=£~ sinE, +n-&- ( / ) ©)

£ 1+ \/l -&-n

2
\/62_'_”2_ 1—}"] /a

cosui=£~ cosE,—&-7- ( ) (10)

7 1+ \/l -&-n
u = arctan( ST, J (11)

cosu,
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(7) Calculate the correctional two-dimensional components
of eccentricity:

h=h+ht,k=k+k-t (12)

(8) Calculate the correctional orbit radius vector and true
longitude:

rl.':r,,+Cm-cos(2-ui)+Cm~sin(2-ui) (13)
u;:u[+CM-cos(2-ui)+Cm-sin(2~ui) (14)
(9) Calculate the satellite position in inertial frame:
r..=r -cosu, P +r -sinu,-Q (15)
where
5 T
. k h -k
P =] 1- : -——— i (16)
14+cos/ l+cos/
5 T
. h -k n
=| ——t - : h 17
© 1+cos/ I+cosl {17
cosl=q1-h -k’ (18)
(10) Calculate the satellite position in CGCS2000:
r, =R (o 1), (19)

where @, is the earth’s rotation rate. R_is the rotating

matrix.

3.2 14-parameters broadcast ephemeris fitting algorithm
The broadcast ephemeris fitting model constructed based on
the 14-parameters broadcast ephemeris user algorithm model
in Section 3.1 is as follows:

State equation: X = X(Xo,to,t) (20)
Observation equation: Y = Y(X,t) = Y(Xo,to,t) 2n
where X represents the 14-parameters broadcast

ephemeris of BDS at time ¢, and ¥ represents the m(m>13)

observation column vector and one of the observation
corresponds to one satellite position vector at time ¢. The
state and observation equations established based on the
broadcast ephemeris user algorithm are nonlinear equations.
The fitting process of broadcast ephemeris parameters is a
least squares estimation problem of the nonlinear system.
The nonlinear equations should be linearized and underwent
iterations to obtain the solution [19].

Order X, represents the initial value of the broadcast

ephemeris at the i” iteration. If the equation is expanded at
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X

o> and the small high-order term is ignored, then the

linear error equation obtained is as follows:

)4
Y:Y(X[/o’to’t[)+(87J ~(X0—Xi,0)
0/ X=X, (22)
2
+0[(X0 -X,) }

Ignore the second-order term in Equation (22):
y=H-x,+v (23)
Where
x, =X, =X, (24)
y=Y-Y(X,.1.) (25)

Y 00X
H= oY = IY IX (26)
X, X dX, | _
X=X X=X

The optimal value of x, is obtained based on the least
square principle:
I T\ T
x0=(H H) Hy Q27)

Thereafter, the estimation parameters after the "
number of iterations is as follows:

X(M)/o =X, +X, (28)
The iteration ending condition is as follows:
{|GM| <60, — O'[| <9, (29
N<N__
where
o, =V'v/(m-13) (30)

where 6, and §, are the arbitrary small quantities that
are set based on the broadcast ephemeris fitting precision
(normally § =10, §,=107), in which iteration times
Nmax
N

max

represents the max iteration times

(typically
=30~50). The o, represents the unit variance of

particle weight at i” number of iteration.

The calculation formulas of the partial derivative of the
non-singular orbit elements in the measurement matrix and
the transfer matrix are derived and provided [20]. The
calculation method of other partial derivative of broadcast
ephemeris parameters is discussed in reference [19].

Measurement matrix 0Y/9.X :
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g%:A¢+B¢§%:C¢+D¢ @31
g—Z:fo,g—]::er (32)
or r or F
or_ror_r 33
da a’dd n 33)
or or or
dAdot dkdot dhdot 39
i=cos(2~u)~(P*~cosu+Q*~sinu)
JaC
ar(. (35)
r . * * .
aC. :sm(2‘u)-(P -cosu+Q ~smu)
i=r~cos(2~u)~(—P*~sinu+Q*~cosu)
JaC
au( (36)
BC”;S = r-sin(2-u)-(—P* -sinu+Q° ~cosu)

where the calculation of 4, B, C, D, H, K are included in
references [18] and [21].

State transfer matrix 0.X / X, :

ok

_ 3[w oa __an _ ok _
okdot '

== ﬁ =
da 2 J;” dAdot  dhdot

4. Result analysis and discussion

(37

This section substantially analyzes the feasibility and
precision of the 14-parameters broadcast ephemeris model.
Moreover, the adaptability of 14-parameters broadcast
ephemeris model to the MEO, IGSO, and GEO satellite is
discussed.

Table 3. Initial orbit elements of the satellites

a(km) e i(deg) | Q(deg) | w(deg) | M(deg)
MEO 25506.5 | 0.0 | 55.0 120 0.0 0.0
IGSO 42164.0 | 0.0 | 55.0 120 0.0 0.0
GEO 42164.0 | 0.0 0.0 120 0.0 0.0

The satellite precision orbit data to fit the broadcast
ephemeris parameters was generated by the Satellite Tool
Kit (STK) (10.0.0 version) software during the simulation
process. The perturbation factors of the 21 x 21 order non-
spherical gravitational perturbation of the Earth, solar
perturbation based on the JPL ephemeris, solid tidal
perturbation, and atmospheric resistance perturbation were
mainly considered [22,23]. Tab.3 shows the initial Keplerian
orbits of the MEO, IGSO, and GEO satellites and the initial
time was 1 Jan 2010 00: 00: 00.000 UTCG.

4.1 Precision analysis of the 14-parameters broadcast
ephemeris model

The 14-parameters broadcast ephemeris of the MEO, IGSO,
and GEO satellites was fitted based on the STK precision
orbit data. The length of the fitting arc was two-hours and
the sampling interval of the orbital data was one minute.
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Tab.4 shows the results of the broadcast ephemeris
parameters of the three satellites.

Table 4. The fitted broadcast ephemeris parameters of the MEO, IGSO, and GEO satellites

Estimated parameters MEO IGSO GEO

‘., 3600.00 3600.00 3600.00

a 25504603.56482116 42161505.36507898 42161516.67322837
é —6.75473607¢-005 —7.77585965¢-005 —8.16065081¢e-005
n 9.33338276¢-006 2.79163103e-005 —2.43273784¢-005
A 0.637130977205 0.341648548555 0.3419792836020
h 0.816025475519 0.816043147778 —0.000913480293
k —0.065180632982 —0.065204283258 —0.0004181623534
i —3.96536475¢-009 —6.96736108¢-010 1.01261899¢-009
h 9.44818261e-010 8.75396069¢-010 1.25968959¢-009
k 7.23181023¢-009 1.05482895¢-009 3.80192677¢-010

Crc 166.23176746311 —783.6722122451 —956.6248377799

Cm —24.77757696828 —587.9840488807 502.72684643396

CM —4.69205283¢-006 —2.00868086¢-005 1.62840796¢-005

Cu.v 1.20768340e-005 3.29276358e-005 3.12681104¢-005

0.015 T T 1 1
——— Position precision curve in the X-axis

Position precision curve in the Y-axis
Position precision curve in the Z-axis [

0.01

0.005

position fitting errors/m

-0.005

-0.01

-0.015

o 20 40 60 80 100 120
time/60s

Fig .1. Position precision curve of the MEO broadcast ephemeris
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S
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Fig. 2. Position precision curve of the IGSO broadcast ephemeris
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Fig. 3. Position precision curve of the GEO broadcast ephemeris

Figs. 1, 2, and 3 show the precision curves of the satellite
broadcast ephemeris model in the two-hours fitting arc of the
MEO, IGSO, and GEO satellites, respectively. The abscissa
is the sampling point of the satellite precision orbit, while
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the ordinate is the position prediction error of the broadcast
ephemeris in the X-axis, Y-axis, and Z-axis directions. Tab.5
provides the absolute values of the satellite position
prediction precision of the MEO, IGSO, and GEO 14-
parameters broadcast ephemeris in two-hours fitting arc.

Figs. 1, 2, and 3 show that the maximum position fitting
errors of the 14-parameters broadcast ephemeris fitting
model of the MEO, IGSO, and GEO satellites are 0.0130 m,
0.0151 m, and 0.0138 m, in the X-axis, Y-axis, and Z-axis
directions respectively. The maximum error is below 1.6 cm.
The mean values of the position fitting error in the X-axis,
Y-axis, and Z-axis directions of the MEO, IGSO, and GEO
satellites are expressed in millimeter. Thus, the 14-
parameters broadcast ephemeris of MEO, IGSO, and GEO
can be correctly fitted, and the position prediction precision
of MEO, IGSO, and GEO is high within the two-hours
effective period of the broadcast ephemeris.

Tab.5. Position prediction precision of the MEO, IGSO,
and GEO broadcast ephemeris

X-axis/m Y-axis/m | Z-axis/m
MEO Mean 0.0017 0.0012 0.0034
IGSO absolute | 8.197e-4 | 0.0047 0.0023
GEO value 0.0016 0.0043 3.399¢-4

The analysis indicates that the 14-parameters broadcast
ephemeris fitting model is suitable for the MEO, IGSO, and
GEO navigation satellites. The position fitting precision is
expressed in centimeter, even millimeter, thereby completely
satisfying the broadcast ephemeris position forecast
precision requirements for the satellite navigation
positioning [24,25].

4.2 Long-term forecast adaptability analysis of the 14-
parameters broadcast ephemeris model

The user range error (URE) of the constellation was adopted
to evaluate the forecast precision of the broadcast ephemeris,
which was calculated as follows [26]:

URE = \/Rj”_ +0.0192-(72 + N?))

err

(38)

where R represents the radial error, 7, represents the

along track error, and N, represents the normal error.
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The initial satellite orbit elements are presented in Tab.1.
The 7-days precision orbit data of the MEO, IGSO, and
GEO satellites were generated by STK. Moreover, the 14-
parameters broadcast ephemeris of these satellites was fitted.
The length of the fitting arc was two-hours. The sampling
interval of the orbital data was one minute and 167 sets of
14-parameters broadcast ephemeris were fitted.

The 167 sets of fitted broadcast ephemeris parameters
were used as bases to forecast the satellite position of the
MEO, IGSO, and GEO satellites by adopting the 14-
parameters broadcast ephemeris user algorithm model in
Section 3.1. Figs. 4, 5, and 6 show the URE curves of the
MEO, IGSO, and GEO satellites caused by the broadcast
ephemeris fitting error within one week.

Figs. 4, 5, and 6 show that the maximum URE caused by
the fitted 14-parameters broadcast ephemeris of MEO, IGSO,
and GEO are 0.0342 m, 0.0117 m, and 0.0108 m,
respectively. The average URE caused by the broadcast
ephemeris in one week are 0.0032 m, 0.0012 m, and 0.0014
m, respectively. Thus, the long-term forecast precision of
14-parameters broadcast ephemeris model for the three kinds
of satellites is in centimeter order. Meanwhile, the precision
of IGSO and GEO are approximately three times higher than
that of MEO. The trend of MEO and IGSO are consistent. In
the first half of the week, the precision is relatively low and
gradually increases toward the second half of the week. The
IGSO has the best accuracy in the second half of the week at
a maximum of 0.004 m. The prediction precision of the
GEO satellite is relatively stable throughout the week.

The 14-parameters broadcast ephemeris model exhibites
high precision in position forecasting of the MEO, IGSO,
and GEO satellites within one week. Therefore, the model
can fully meet the long-term prediction precision
requirement of the navigation systems of the MEO, IGSO,
and GEO satellites.

0.035

URE/m

Fig .4. URE precision curve of the MEO broadcast ephemeris within
seven days

0.012

time/day

Fig.5. URE precision curve of IGSO the broadcast ephemeris within

seven day

time/day

Fig.6. URE precision curve of the GEO broadcast ephemeris within
seven days

5 Conclusions

This study proposed a 14-parameters broadcast ephemeris
user algorithm model by analyzing the existing broadcast
ephemeris parameters model to unify the design of the MEO,
IGSO, and GEO satellites. And a 14-parameters broadcast
ephemeris fitting method was also provided. The relevant
formulas were derived and verified using the precision orbit
data generated by STK. The conclusions of this study are as
follows.

(1) The 14-parameters broadcast ephemeris model is
adaptable for the GEO, MEO, and IGSO satellites of BDS.
The broadcast ephemeris user algorithm model and
broadcast ephemeris parameters fitting model of BDS can be
unified.

(2) The satellite orbit fitting precision of the 14-
parameters broadcast ephemeris model for the GEO, MEO,
and IGSO satellites of BDS are high and completely meet
the satellite position forecast requirements of BDS.

(3) Compared with the existing 16-parameters classic
broadcast ephemeris model, two ephemeris parameters are
decreased without reducing the precision, thereby possibly
saving communication resources.

This study proposed a 14-parameters broadcast
ephemeris model to redesign the BDS broadcast ephemeris.
The proposed model addresses the limited adaptability of the
existing broadcast ephemeris model and unifies the
broadcast ephemeris user algorithm model of the GEO,
MEO, and IGSO satellites of BDS without reducing
precision. This study has important guiding significance to
the broadcast ephemeris model design of the GEO, MEO,
and IGSO hybrid navigation constellation. In future research,
the performance of the proposed model should be analyzed
based on actual engineering data due to the lack of current
actual measurement satellite orbit data.

This is an Open Access article distributed under the terms of the
Creative Commons Attribution Licence

BY NC

References

1. Montenbruck, O., Hauschild, A., Steigenberger, P., Hugentobler, U.,
Teunissen, P., Nakamura, S., “Initial assessment of the
COMPASS/BeiDou-2 regional navigation satellite system”. GPS
Solutions, 17(2), 2013, pp.211-222.

2. He, F., Wang, G., Liu, L., Chen, L. C., Hu, X. G., Huang, S., Song,
Y. Z., Ruan, R. G., “Ephemeris fitting and experiments analysis of
GEO satellite”. Acta Geodaetica Et Cartographica Sinica, 40(sl),
2011, pp.52-58.



Xie Xiaogang and Lu Mingquan/Journal of Engineering Science and Technology Review 10 (4) (2017) 65-71

China Satellite Navigation Office. “BeiDou Navigation Satellite
System Signal in Space Interface Control Document-Open Service
Signal B1I (Version 1.0) [EB/OL]”. http:/www.beidou.gov.cn/.
2016-11.

Michael J. “Global Positioning Systems Directorate Systems
Engineering & Integration Interface Specification IS-GPS-
200[EB/OL]”. http://www.gps.gov/technical/icwg/IS-GPS-

200H.pdf. 2017-7.

. Petrovski, 1. G., “GPS, GLONASS, Galileo, and BeiDou for mobile
devices”. Cambridge: Cambridge University Press, United
Kingdom, 2014, pp.13-37.

. Fatkulin, R., Kossenko, V., Storozhev, S., Zvonar, V., Chebotarev, V.,
“GLONASS Space Segment: Satellite Constellation, GLONASS-M
and GLONASS-K Spacecraft, Main Features”. In: Proceedings of
the 25th international Technical Meeting of the Satellite Division of
the Institute of Navigation (ION GNSS 2012), Nashville, TN,
September 2012, pp.3912-3930.

. Hayes, D., “Galileo Signals and the Open Service Signal-in-Space
Interface Control Document”. In: Proceedings of the 25th
international Technical Meeting of the Satellite Division of the
Institute of Navigation (ION GNSS 2012), Nashville, TN,
September 2012, pp.2550-2571.

Montenbruck, O., Steigenberger, P., Riley, S., “IRNSS orbit
determination and broadcast ephemeris assessment”. In:
Proceedings of the International Technical Meeting of the Institute
of Navigation, Dana Point, California, January 2015, pp.185-193.
Reid, T., Walter, T., Enge, P., “L1/L5 SBAS MOPS Ephemeris
Message to Support Multiple Orbit Classes”. In: Proceedings of the
2013 International Technical Meeting of the Institute of Navigation,
San Diego, California, January 2013, pp.78-92.

. Sakai, T., Yamada, H., Fukushima, S., Ito, K., “Generation and
Evaluation of QZSS LI1-SAIF Ephemeris Information”, In:
Proceedings of the 24th International Technical Meeting of The
Satellite Division of the Institute of Navigation (ION GNSS 2011),
Portland, OR, September 2011, pp.1277 -1287.

. Goeken, D., Johnson, O., “Runge—Kutta with higher order derivative
approximations”. Applied Numerical Mathematics, 34(2), 2000,
pp.207-218.

. Jefferson, D, C., Propulsion, J., “Accuracy and Consistency of
Broadcast GPS Ephemeris Data”. Institute of Navigation, 2000,
pp-391-395.

71

13.

14.

20.

21.

22.

23.

24.

25.

26.

Steigenberger, P., Montenbruck, O., Hessel, U., “Performance
Evaluation of the Early CNAV Navigation Message”. Navigation,
62(3), 2015, pp.219-228.

Xie, X, G., Zeng, D, Z., Long, T., Wang, H., “Research on broadcast
ephemeris direct fitting algorithm of BeiDou GEO satellite”.
Journal of Huazhong University of Science & Technology, 42(3),
2014, pp.14-18.

. Du, L., Zhang, Z, K., Liu, L., He, F., Huang, H., “Fitting Parameter

Design of GEO Satellite Broadcast Ephemeris”. Chinese Space
Science and Technology. 33(3), 2013, pp.46-51.

. Liu Lin. “Orbit Theory of Spacecraft”. Beijing: National Defence

Industry Press, China, 2002, pp.184-188.

. Chang, Z, Q., Hu, X, G., Du, L., Guo, R, He, F., Li, X, J., Wang, Y.,

Dong, E, Q., “Almanac Designing with Second Class of
Nonsingular Orbital Elements for Bei Dou Navigation Satellite
System”. Journal of Astronautics. 37(11), 2016, pp.1298-1303.

. Xie, X, G., Zeng, D, Z., Teng, L., Zhang, L., “An improved

ephemeris algorithm of Beidou GEO satellite for user”. Journal of
National University of Defense Technology, 36(1), 2014, pp.82-87.

. Wen, Y, L., “Satellite Navigation System Analysis and Simulation

Technology”, Beijing: China Aerospace Press, China, 2009, pp.240-
267.

Xing, Z, C., Wang, X, X., “Method of Calculating Numerical
Derivative of Jacobin Matrix for Fitting Algorithm of GPS
Broadcast Ephemeris Parameters”. GNSS World of China, 2012,
pp.28-31.
Liu, L., “Orbit mechanics of Man-made earth satellite”. Beijing:
Higher Education Press, China, 1992, pp.191-235.

Capderou, M., “Handbook of Satellite Orbits: From Kepler to
GPS”. Biochemical Journal, 398(398), 2014, pp.411-21.

Hintz, G, R., “Orbital mechanics and astrodynamics: Techniques
and tools for space missions”, New York: Springer International
Publishing, USA, 2015, pp.201-211.
Jia, R, X,, Li, X, Y., Xia, C, F., Jin, D, Y., “Broadcast Ephemeris
Accuracy Analysis for GPS Based on Precise Ephemeris”. Applied
Mechanics and Materials, Vols. 602-605, 2014, pp.3667-3670.
Wang, A., Chen, J., Wang, J., “China Satellite Navigation
Conference (CSNC) 2017 Proceedings: Volume I”. Singapore:
Springer International Publishing, Singapore, 2017, pp.431-440.
Ananda, M, P., Bernstein, H., Cunningham, K, E., “Global
Positioning System (GPS) autonomous navigation”. In: Position
Location and Navigation Symposium, Las Vegas, USA: IEEE, 1990,
pp.497-508.



