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Abstract: The high speed of low earth orbit (LEO) satellites makes the terminals at each
beam tend to switch rapidly and frequently. The predictable trajectories of LEO satellites al-
low for predictable terminal switching, therefore a simple and highly accurate orbit predic-
tion model is required to swiftly obtain accurate switching time. This study utilizes the sim-
plified general perturbations (Version 4) (SGP4) model to predict the LEO satellite trajecto-
ry of WT-1, an LEO satellite developed independently by the 54th Research Institute of Chi-
na Electronics Technology Group Corporation (CETC). The obtained prediction results are DOI: 10.12142/ZTECOM.202004008

compared with the actual telemetry data of the WT-1, which gives the accuracy of the SGP4 https://kns.cnki.net/kems/detail/34.1294.
TN.20201127.0912.001.html, published

online November 27, 2020

predicted satellite trajectory within 1 km. The terminal entry/exit beam timing is simulated
by using the SGP4 model-predicted orbit and the satellite”s own telemetry data. The simula-
tion result shows that the error between the SGP4 model-predicted terminal entry/exit beam Manuscript received: 2020-09-14
timing and the actual timing is less than 1 s. The influence of terminal motion on prediction
is discussed. The results show that the error caused by the movement of the ground terminal
on the prediction is less than 0.687 s, and the SGP4 model has a definitely practical value

for terminal switching determination in the LEO constellation.
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1 Introduction
ow earth orbit (LEO) satellites operate at a low alti-
tude, providing a low transmission delay and a low
transmission loss in the satellite-ground link. Further-
more, multiple LEO satellites can form an LEO con-
stellation to achieve a seamless global coverage. Featuring
the abovementioned advantages, LEO satellite communica-
tions have been favored by more and more countries!. Howev-
er, the terminal under an LEO satellite beam has to switch to
other beams for continuous communication because of the con-
stant high-speed movement of LEO satellites. The quality of

the switching method will directly affect the terminal switch-
ing delay, switching frequency, quality of service, switching
failure rate, and other indicators, consequently affecting the
entire system performance, which is one of the most challeng-
ing problems in the field. The satellite orbit is predictable,
and thus the exact timeframe that the terminal enters a specif-
ic beam can also be predicted. It calls for excellent guidance
for terminal switching, for which the critical factor is the suffi-
cient prediction accuracy. This study utilizes the LEO satel-
lite ephemeris™ to predict the WT-1 satellite trajectory using
the SGP4 model. The prediction results are then compared
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with the actual telemetry data of the WT-1 satellite to verify
the SGP4 model’ s prediction accuracy. Then, the terminal
entry/exit beam timing will be simulated with the SGP4 mod-
el’ s predicted-orbit and the WT-1 satellite’ s telemetry data.
Finally, the influence of the movement of the ground terminal
on the prediction will be discussed.

2 Related Research

DIAO et al.” verified the prediction accuracy of the SGP4
model and evaluated the accuracy of the SGP4 prediction val-
ues and the simulation results of satellite tool kit (STK) soft-
ware in his study. Based on historical two-line element (TLE)
data, XU et al."™ statistically counted and generated a large
number of target track prediction errors based on the fixed-
track standard prediction method, and then provided the mean
and mean-variance of the track prediction errors of the SGP4
model over 7 days as a function of time. When this paper was
in the works, XU et al. proposed the method™ of comparing
the historical TLE orbits of challenging minisatellite payload
(CHAMP) satellites with global positioning system (GPS) pre-
cision ephemeris, which was found to be similar to our method
of verifying the forecast accuracy of SGP4. However, XU et al.
did not discuss the feasibility of using the SGP4 model for
LEO satellite terminal switching. For the LEO satellite termi-
nal switching, a few studies are related to the terminal switch-
ing determination based on ephemeris. SU deduced the lati-
tude and the longitude of all satellites in real time in accor-
dance with the latitude and the longitude of an LEO satellite
and narrowed down the candidate range of the target satellites
on the basis of the terminal’ s geographic location. The satel-
lite with the shortest distance from the terminal was selected
from the candidate satellites as the switching target. However,
the problem of switching between different beams of the same
satellite could not be solved with this method.

3 Terminal Switching Scenarios of LEO Sat-
ellites

(2) Switching between two different satellites, which is simi-
lar to the station-to-station switching in terrestrial cellular mo-
bile communications.

As shown in Fig. 1b, when the terminal is at the edge of the
source satellite, it must be switched to an adjacent satellite,
where the inter-satellite switching is performed. When the ter-
minal switches, a switching request is initiated to the target
satellite via the interstellar link.

4 Satellite Trajectory Predictions by the

SGP4 Model

The SGP4 orbital model was developed by Ken CRAN-
FORD in 1970 for near-earth objects with flight periods that
are no longer than 225 min. This model is a simplification of
the extensive analytic theory of LANE and CRANFORD. It
considers the following perturbations: (1) atmospheric pertur-
bations based on a static, non-rotating, spherically symmetric
atmosphere, the density of which can be described by the pow-
er law; (2) fourth-order potential harmonics (J2, J3, and J4);
(3) spin-orbit resonances in synchronous and semi-synchro-
nous orbits; and (4) the influence of the solar and lunar gravi-
ty. Among the perturbations, (3) and (4) have less influence on
the LEO satellite prediction than the other two. The code of
the SGP4 model is open to the public, which is very conve-
nient for academic research and has relatively high prediction
accuracy.

The TLE orbital report released by the North American
Aerospace Defense Command (NORAD) in 2005 considered
the effects of Earth being a non-standard sphere and various
perturbations (e. g., atmospheric resistance, solar gravity and
lunar gravity), with each TLE representing a particular target
in space. The position coordinates problem of the satellite in
the true equator mean equinox (TEME) system can be solved
by combining the TLE with the SGP4 model. This study is
based on the WT-1 LEO satellite developed independently by
the 54th Research Institute of CETC. Table 1 presents the

The terminal switching scenarios of LEO
satellites are described as below.

(1) Switching between different beams of
the same satellite, which is similar to the sta-
tion switching in terrestrial cellular mobile
communications.

As shown in Fig. 1a, the source and target
beams are in the same satellite. When the ter-
minal is at the edge of the source beam, the
source beam is unavailable to provide servic-
es to the terminal, and hence the terminal
must switch to the adjacent target beam.

When the switching occurs, the system reallo-

a) Switching between different beams of
g
the same satellite

(b) Switching between two different satellites

cates the available channels for the terminal.
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A Figure 1. Terminal switching scenes of low earth orbit (LEO) satellite.
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main orbital parameters of the WT-1 satellite.

The TLE of the satellite for March 12, 2020 was download-
ed from the website: http://celestrak. com. The coordinates of
the satellite’ s position from 11:44:10 on March 13, 2020 to
11:54: 10 on March 13, 2020 were predicted, as shown in-
Table 2.

5 Conversion from the WGS84 to TEME

System

The telemetry data of the satellite from 11:44:10 on March
13,2020 to 11:54:10 on March 13, 2020 were obtained to veri-
fy the accuracy of the satellite trajectory prediction by the
SGP4 model. The satellite position coordinates under the
World Geodetic System 1984 (WGS84) system are generated
by the satellite’ s own GPS and considered to be accurate, as
shown in Table 3.

The position coordinates of the WGS84 system satellite will
be compared with those predicted by the SGP4 model. Howev-
er, WGS84 and TEME belong to two different reference sys-
tems and must be converted to the coordinates of the same co-
ordinate system for a comparison. First, the satellite position
coordinates of the WGS84 system (B, L, H) were converted in-
to the position vector ry; of the corresponding satellite in the
earth-centered and earth-fixed (ECEF) system. Next, the corre-
sponding satellite position vector r gy, in the J2000 system
(which belongs to the earth centered inertial system) was ob-
tained using the relevant formula. Finally, the corresponding
satellite position vector 1y, in the TEME system was calcu-
lated. Fig. 2 illustrates the conversion process.

A detailed presentation of the conversion process is showed
in Ref. [7] , where the satellite position coordinates of the
WGS84 system were converted to the position coordinates of
the TEME system through the abovementioned process that is
showed in Ref. [7]. Table 4 shows the results and Table 5
presents the differences from the position coordinates predict-
ed by the SGP4 model.

The comparison shows that the difference between the sat-
ellite position coordinates predicted by the SGP4 model and
the actual satellite position coordinates is within the range of
1 km. Meanwhile, the distance between the predicted and ac-
tual sub-satellite points by the SGP4 model did not exceed
‘ AF ‘ X R

R+h

ence between the satellite position vector predicted by the

~ 1.59 km, where Ar,;,; is defined as the differ-

SGP4 model and the actual satellite position vector. R is the
Earth radius, and h is the satellite altitude, which is negligi-
ble compared with the satellite beam size.

6 Terminal Entry/Exit Beam Simulation
The satellite beam distribution was known. The terminal’ s
position can be obtained from the terminal’ s GPS, which can

VTable 1. WT-1 satellite orbital parameters

Parameter Value

Mean motion

0.062529 (°)/s

Eccentricity 0.0013813
Inclination 44.986°
Argument of perigee 66.1849°
RAAN 264.862°

Mean anomaly 294.047°

RAAN: right ascension of ascending node

V Table 2. Satellite locations under the true equator mean equinox
(TEME) system

China Standard Time x/km y/km z/km

2020.3.13 11:44:10 3863.993669 -3 847.324286 4273.157394
2020.3.13 11:45:10 4 056.98337 -3 462.02762 4420.758271
2020.3.13 11:46:10 4232.491773 -3061.813747 4 549.260951
2020.3.13 11:47:10 4 389.766796 -2 648.408587 4 658.107881
2020.3.13 11:48:10 4528.130257 -2223.593925 4746.832314
2020.3.13 11:49:10 4 646.985855 -1789.196663 4 815.051091
2020.3.13 11:50:10 4 745.828379 -1347.093298 4 862.473403
2020.3.13 11:51:10 4 824.232006 —-899.185654 4 888.895188
2020.3.13 11:52:10 4 881.857388 -447.405918 4 894.202678
2020.3.13 11:53:10 4918.458824 6.301533 4 878.372617
2020.3.13 11:54:10 4933.881246 459.983122 4 841.478646
WGS84 ECEF J2000 TEME

ECEF: earth-centered and earth-fixed

TEME: true equator mean equinox

WGS: World Geodetic System

AFigure 2. Conversion process from the WGS84 to the TEME line.

VTable 3. Satellite locations under the WGS84 system

China Standard Time WGS-84 Latitude/° L:Z](;istuiip Wij lj:i;}ibi:n
2020.3.13 11:44:10 38.26304 87.84068 557.6183
2020.3.13 11:45:10 39.83494 91.99098 557.8841
2020.3.13 11:46:10 41.23245 96.33451 558.1623
2020.3.13 11:47:10 42.43918 100.8635 558.4458
2020.3.13 11:48:10 43.43949 105.5628 558.7287
2020.3.13 11:49:10 44.21923 110.4087 559.0039
2020.3.13 11:50:10 44.7665 115.3699 559.2705
2020.3.13 11:51:10 45.07252 120.408 559.5237
2020.3.13 11:52:10 45.13219 125.4794 559.7598
2020.3.13 11:53:10 44.94455 130.5386 559.9766
2020.3.13 11:54:10 44.51283 135.5408 560.1755

be applied to calculate the angle in the terminal-satellite-
beam center and compare the angle with the radiation half-an-
gle of the beam to determine whether the terminal enters or ex-
its the beam. Fig. 3 illustrates a beam of an LEO satellite.
Point O is the intersection of the beam centerline SO and the
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V Table 4. Coordinates of the WGS84 system after conversion to the
TEME system

China standard time x/km y/km z/km

2020.3.13 11:44:10 3863.603979 -3847.004987 4273.719086
2020.3.13 11:45:10 4056.61683 -3 461.700266 4 421.288605
2020.3.13 11:46:10 4232.149693 -3061.479339 4 549.755952
2020.3.13 11:47:10 4 389.448946 -2 648.067763 4 658.56557
2020.3.13 11:48:10 4527.837177 —-2223.247797 4747.249801
2020.3.13 11:49:10 4 646.718945 —1788.848319 4 815.426487

2020.3.13 11:50:10 4 745.586409 —-1346.743636 4 862.803998

2020.3.13 11:51:10 4 824.014636 -898.837155 4 889.179076
2020.3.13 11:52:10 4 881.666028 —-447.059779 4 894.439026
2020.3.13 11:53:10 4 918.294604 6.64335 4 878.562042
2020.3.13 11:54:10 4 933.745006 460.318547 4 841.620424

V Table 5. Difference between the predicted coordinates of the SGP4
model and the converted coordinates of the WGS84 system

China standard time x/km y/km z/km

2020.3.13 11:44:10 -0.38969 0.319299 0.561692
2020.3.13 11:45:10 -0.36654 0.327354 0.530334
2020.3.13 11:46:10 -0.34208 0.334408 0.495001
2020.3.13 11:47:10 -0.31785 0.340824 0.457689
2020.3.13 11:48:10 -0.29308 0.346128 0.417487
2020.3.13 11:49:10 -0.26691 0.348344 0.375396
2020.3.13 11:50:10 -0.24197 0.349662 0.330595
2020.3.13 11:51:10 -0.21737 0.348499 0.283888
2020.3.13 11:52:10 -0.19136 0.346139 0.236348
2020.3.13 11:53:10 -0.16422 0.341817 0.189425
2020.3.13 11:54:10 -0.13624 0.335425 0.141778

SN

AFigure 3. Relationship between the terminals and the satellite beams.

tangent plane of sub-satellite point. The beam radiation half-
angle is . The angle between the beam centerline SO and the
z-axis is denoted by 6. The beam centerline SO projection in
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the ySx plane is SO ’. The angle between the SO’ and the x-
axis is denoted by B. Meanwhile, «, 6, and B were known at
the time when the antenna design was completed. And h is the
satellite altitude. The coordinates of point O(x,,y,,z,) in the
satellite’ s centroid orbit coordinate system were calculated as

follows.
SO" =h - tan#, (1)
x, = SO' - cosf, )
¥, = SO' - sinf3, 3)
z, = h. (4)

The terminal’s coordinates are in the WGS84 reference sys-
tem, while the satellite beam distribution is in the centroid or-
bit coordinate system. The terminal coordinates must be con-
verted into a satellite centroid orbit coordinate system to calcu-
late the angle in the terminal-satellite-beam center. The satel-
lite’ s centroid orbit coordinate system is centered on the satel-
lite’ s mass point. The z-axis is pointed to the Earth’s center
by the satellite, the x-axis is the tangential direction of the sat-
ellite operation, and the y-axis conforms to the right-hand
rule. By making r and v as the absolute position and the abso-
lute velocity vectors of the reference satellite in the geocentric
inertial coordinate system, the 8ry, = (x,,y0.2,)" vector of the
terminal relative to the satellite in the centroid orbit coordi-
nate system can be calculated according to the following Egs.

(5), (6) and (7)".

&r"(H X r)
== 5
T Tl X ©)
or'H
- - ) 6
Yo IH (6)
8 T
=t (7
Irl

where H = r X v. Here r and v denotes the position and veloci-
ty vectors of the satellite in the geocentric inertial coordinate
system, and 6r is the position vector of the terminal relative to
the satellite in the geocentric inertial coordinate system.

The terminal obtains its position coordinates via GPS and
converts the coordinates to U(x,,y,.z,) using the above con-

version formula, where
SO - or,

2USO = ————— | (®)
ISO1 - 161,
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With the satellite movement,
the terminal is within the beam
coverage area when ZUSO < L,
otherwise, it is not. Similarly, the
timing of the terminal’ s entry/exit
of all beams from and to the satel-
lite can be calculated based on
the same method.

This simulation was imple-
mented using the C programming
language. The flowchart is shown
in Fig. 4.

Get the time when the
terminal exits the beam

We assumed herein that the

satellite has six beams to achieve

Enter the geographic
location of the terminal

v

Read TLE of WT-1
LEO satellite

v

Calculate the center point coordinates of each
beam under the satellite’s centroid orbit system
according to the beam distribution

Calculate the next
beam entry time

Have all 6 beams

0° to £60° coverage of the circu-
lar region as shown in Fig. 5.

Increase model

been traversed?

The terminal coordinates are mputtime
as follows: latitude: 37°, longi-
tude: 113° and altitude: 0 m. A
simulation of the terminal’ s en- No No
try/exit beam timing was per-
formed by using the SGP4 model-
predicted satellite trajectory, and Yes
Table 6 presents the results. A
simulation of the terminal’ s en- N AN
try/exit beam timing was also per- The first time LUSO - when the terminal
formed using the satellite teleme- >Loifefe£;:$mg enters the beam has

try data, and Table 7 shows the
simulation results.

The sampling period of the te-
lemetry data was 1 s, and thus,
the calculation of the terminal en-

been obtained?

TLE: two-line element

Use the SGP4 model to calcu-
late the position vector r and ve-
locity vector v of the WT-1 LEO

satellite in the TEME system

v

Calculate the position coordi-
nates of the terminal in the satel-
lite’s centroid orbit system ac-
cording to the r and v

No

The first time £ZUSO<Za?

¢ Yes

Get the time when the terminal
enters the beam

LEO: low earth orbit

try/exit beam moment can only be
accurate to seconds. A conclusion
that the error between the SGP4-

A Figure 4. C language programming implementation flowchart.

predicted orbit simulated termi-

nal beam and the actual telemetry

data simulated terminal beam was not greater than 1 s could
be reached by comparing Tables 6 and 7.

7 Influence of Terminal Speed on SGP4
Model Prediction

The terminals discussed in this study are limited to ground
terminals. When the terminal is a ground fixed terminal, only
the SGP4 model error and the TLE error will affect the predic-
tion. But if the speed of the terminal is not zero, the movement
of the terminal will also cause errors in the prediction. The
scenario of using the SGP4 model to predict the terminal entry/
exit beam is shown in Fig. 6.

In Fig. 6, ¢, is the moment when the SGP4 model is invoked
and ¢, is the moment when the terminal enters Beam 2. Point

A is the position where the terminal enters Beam 2, and ¢, is

A Figure 5. Satellite beam distribution.
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V Table 6. SGP4-predicted orbital simulation of the terminal entry/exit
beam timing

Beam Timing of the Beam Entry Timing of the Beam Exit
Beam 1 N/A —
Beam 2 March 13, 2020, 11:47:35 March 13, 2020, 11:49:21
Beam 3 March 13, 2020, 11:49:26 March 13, 2020, 11:51:11
Beam 4 N/A —
Beam 5 N/A —
Beam 6 N/A —

VTable 7. Telemetry data of the terminal entry/exit beam timing simulation

Beam Timing of the Beam Entry Timing of the Beam Exit
Beam 1 N/A —
Beam 2 March 13, 2020, 11:47:35 March 13, 2020, 11:49:21
Beam 3 March 13, 2020, 11:49:26 March 13, 2020, 11:51:11
Beam 4 N/A —
Beam 5 N/A —
Beam 6 N/A —

Vsat

| “"- X N

]
| )
| I Time

>

b Lok

A Figure 6. Predicted terminal entry/exit beam scenario.

the moment when the terminal leaves Beam 1. Point B is the
position where the terminal enters Beam 1. ¢,, t;, A and B are
all predicted values of SGP4 model. Assume the speed of ter-
minal is v,,, and its magnitude and direction remain constant.
Then, the distance error between the terminal and point A af-
ter time (£, — t,) is:

d:’”UE‘X(tz_tl)~ )

The speed of the satellite relative to the terminal is v, and
its value is:

60 | ZTE COMMUNICATIONS
December 2020 Vol. 18 No. 4

V=0 T U, . (10)
Then, when the satellite movement distance is ‘vm, X (8, —
t,), considering terminal motion, the time taken is:
‘vmt x (tZ - tl)
f=— . (11)
o]

So, the predicted time error of entering Beam 2 due to the
terminal speed is: (t,~t,) —t.

Take Iridium as an example, the orbit altitude of the satel-
lite is 780 km, and the moving speed of the satellite is about
7.52 km/h. Each satellite carries 3 L-band antennas, which
generate 48 spot beams on the ground, and the diameter of
each spot beam coverage area is about 400 km. The diameter
of a single satellite coverage area is about 4 500 km"®. Gener-
ally, the overlap area of satellite beams acoount% for about ten
|, Without consider-
ing the terminal speed, the time for the terminal to pass

percent of the entire beam coverage areal

through the overlap area is about 5 s. The fastest speed of high-
speed trains can reach 350 km/h. When the high-speed train is
connected to Beam 1, the SGP4 model is called, hence, ¢, —
t, < 400/v,, =532 s and d < |y |x (6, - 1,) = 5.172 km.

When the terminal and the satellite move towards or relative to

sal

each other, the absolute value of the time error is the largest,

sat x (tz - tl)

12

which is: ¢, — ¢, - ~ 0.687s. It can be seen

K2

that the time error caused by the movement of the terminal is
much smaller than the time for the terminal to pass through the
overlap area.

8 Conclusions

This study adopts the SGP4 model to predict the TLE sat-
ellite trajectory. Furthermore, we verify that the prediction
accuracy of the SGP4 model on the trajectory of the LEO sat-
ellite is less than 1 km through a comparison with the teleme-
try data of the LEO satellite itself. The simulation of the ter-
minal entry/exit beam timing between the predicted orbit and
the telemetry data of the satellite itself shows that the error
between the predicted and actual terminal entry/exit beam
timing is within 1 s. Finally, we discuss the impact of termi-
nal motion on prediction. The error caused by the movement
of the ground terminal on the prediction does not exceed
0.687 s. The time error caused by the SGP4 model and the
movement of the terminal is much smaller than the time for
the terminal to pass through the overlap area. Furthermore,
the SGP4 model is less complex, indicating that it has a cer-
tain practical value for determining the terminal switching of
LEO constellation.
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