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Abstract: Low earth orbit (LEO) satellite constellation networks have a predominance of global coverage with

low propagation delays. A new spot beam judgement algorithm is presented in LEO satellite constellation. At

first, judgement of central spot beam is considered. Then the judgement of outlying spot beam is achieved by two

algorithms. One is 2-D space judgement algorithm and the other is 3-D space judgement algorithm. Based on

these algorithms, an Iridium model implemented on OPNET with dynamic topology nodes and network layer pro-

tocols is presented and simulation results are obtained. The simulation results show that the satellite serving time

has obviously increased through the method of longest visible time criterion and the equal beam width model is

validated.
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INTRODUCTION

Due to superior performances of low earth
orbit (LEO) satellites, such as global coverage,
low transmission loss, small end-to-end delay and
user mobility, it has become a hot topic in the
global personal wireless communication. In the
terrestrial wireless communication, it can im-
prove the system capacity by the way of frequency

LU while in the satellite communication, it

reuse
will implement the frequency reuse by the way of
multiple spot beam. The methods of multiple
spot beam adopted for frequency reuse has been
the concept of satellite cellular coverage. One
coverage area of the spot beam is considered as
one "cell”,

Currently there are two typical spot-beam
models with equal beam width and equal spot-
area. The antenna angle of equal beam width
model Chalf-power beam width) is equal, while
the geocentric angle of equal spot-area model is
equal. The antenna structure and parameters of
equal beam width model are completely equal, as

it is beneficial to the simplification of satellite an-
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tenna. The equal spot-area model has two poten-
tial values: (1) The antenna angle of the spot
beam which takes substellar point as the center is
larger than others, in addition, the antenna gain
is smaller. However, the antenna angle of view of
the spot beams which are far away from the sub-
stellar point is smaller and the antenna gain is
larger. It compensates the increase in path loss
which is caused by larger propagation path in
some extent. (2) The equal spot-area model is
beneficial to the even coverage of system capacity
for terrestrial service area. For the mobile cells
which move with the movement of constellation,

the equal spot-area model is a better choice!*®J.

1 GEOMETRICAL RELATION-
SHIP OF SATELLITE ORBIT

LEO satellite constellation can be classified
into two groups based on the shape of orbits: el-
liptical or circular®™. When a circular orbit is in
use, the earth is located at the orbit center. The
inclination angle and the altitude of the satellite

from the earth center are constant during the mo-
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tion. The speed of the satellite is fixed during the

[71is a classical ex-

rotation. Iridium constellation
ample of circular orbits. Iridium satellites are dis-
tributed among six evenly spaced, near-polar or-
bits with 86. 4° inclination and 780 km above the
earth. Sixty-six satellites provide the overlapping
global coverage, including polar regions™ .

Suppose that satellites are particles and the
earth is a perfect ball, the orbits of the LEO
satellites are conic (circular or elliptical ) sec-
tions. Based on Kepler's three laws of planetary
motion and the orbital theory, the satellite orbit
equations in orbital plane coordinate system can
be obtained in Eq. 1. In this paper, we need to
know where the satellite is from an observation
point on the earth surface, so a transformation
from the orbit plane coordinates (x¢, yo» 2¢) to
the rectangular coordinates (x,, y,, 2,) is given in
Eq. (2)

ro = a(l — e*) /(1 + ecosg)

Xy = 1,COSE, (1)
Iyo = r,sing,
Tz, (1) cos (,T,) sin(2,7) 0
v, ()| =|—sin(RT) cos(T,) 0|X
Lz, () 0 0 1
r A B sin{2gsini x,(t)
C D —cos{dgsinz | | y,() (2)
lsinw,sini  sinicosw, cosi 2,(t)
where

A = cosfdycosw, — sinddysinw,cos:

B = — cosf2ysinw, — sin{2xcosw,cos’
C = sinf2ycosw, — cosddysinw,cos:
D = — sinfdycosw, — sinf2ycosw,cos?

Here are some orbital elements; Inclination
i, right ascension of the ascending node 2, ec-
centricity e, argument of perigee w,, Q1. =a, +
0.250 684 47t is the universal time (UT), the
standard time for most scientific and engineering
purposes. 7, is the radius of the orbit in polar co-
ordinate, @, is measured from axis x, and is

called the true anomaly.

2 SPOT BEAM MODELING

2.1 Judgement of central spot beam

It shows the coverage of LEO satellite in

Fig. 1, Rz=06 378 km is the radius of earth, A the
height of the satellite, ¢ the minimal elevation, @
the included angle between the substellar point
and edge point of the central spot beam. If it is
the equal beam width model, 8, is one half of (3,

and if it is the equal spot-area model, &, is one

half of 4,.

Fig.1 Substellar point and spot beam

The coordinate of the satellite is (S,,S,,S.),
the coordinate of the user is (U,,U,,U.), the
satellite, the substellar point, and the center of
the earth whose coordinate is (0, 0, 0) are in the
same straight. The coordinate of substellar point
(S.,S,,S.) is obtained as

h

VSE 4 S; + S?
S, =38, —m)

4S8, =S, —m) (3)
S.=S.(1 —m)

m =

Then the radius of central spot beam r and
the distance between the user and substellar point
d can be calculated. According to 7 and d, the po-
sition relation of user and central spot beam is de-
terminate. The algorithm is as follows:

(1) Calculate the coordinates of the user and
satellite.

(2) Calculate the coordinate of the substellar
point.

If d>r, the user is not in the central spot
beam, else the user is in the central spot beam.

The distance between the user and substellar

point is  d= (U, S+ (U, —S)t+(U.—5)°.
If it is the equal beam width model, the ra-

dius of central spot beam r can be obtained as

\/(ZRsinfi)2 + 4(h* + 2hRg) — 2Rysine
S =

2 D
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where s is the maximum distance between the
satellite and the user.

If the spot beam has two layers, according to
the sine theorem, it can be obtained as

sin(0, + 0,)  sin(90° + &)

s R; +h
r— S R(0, + 0) (5)
If the spot beam has three layers
=t R+ (0,40,
If the spot beam has »n layers
r:anlRE o OO+ +0,)

If it is equal spot-area model, 3, is one half of
B, s the relationship among »,¢, 3, and 8, is given

by (supposed the spot beam has two layers)

sin(fB, + f,)  sin(90° 4+ ©)
Ry N Rg +h
Bz - %IBI
sinf;,  sinp 6
R R+h
0, =mn—p— B,
r = I{Elgz

2.2 Judgement of outlying spot beam

The number of spot beams usually is one in
the first layer (central spot beam), six in the sec-
ond layer, twelve in the third layer, eighteen in
the forth layer-+-and 6(n—1)—6 in the nth layer.

(1) Geometrical judgement of 2-D space

The sketch map of satellite coverage is
shown in Fig. 2. Supposing that O is substellar
point, V; is the vector of the satellite’s motion di-
rection, and V, is the vector which points from
the substellar point to the user.

V,={WU, —S)H, U, —S),WU.—S)H} (1)

The included angle between vector V; and
vector V, is given by

Direction of satellite flight

User

Fig. 2 Subastral beam coverage

o V., XV,
) [V X TV,

The angle range of a is (0°, 180°). If the

beam has two layers, according to Fig. 2, it only

Cco

(8

can judge the user in spot beam 1 or spot beam 4,
in spot beam 2 or 6, and in spot beam 3 or 5. The
algorithm is given as

If 0°<<a<{30 ° users are in beam 1
JElse if 30°<a<C90 ° users are in beam 2 or 6
}Else if 90°<a<{150° users are in beam 3 or 5

Else if 150°<Ca<C180 ° users are in beam 4

If the spot beam has three layers, as shown

in Fig. 3, the character ¢ represents the third lay-
er, the character a in the center represents the

central spot beam, and the character d the forth

layer.

Fig.3 Four-layer beam

In Fig. 4 it is obvious that A, B, = B,C, =
CA,.,BE =ED =ED =F/C,, so it deduces
that /E,AD, = /F/AD, = 14.037 5° and
/BAE =/CAF =15.9625°. The judgement
algorithm of range of beam spot is presented as
If 0°<{a<{14.037 5° users are in beam 1
Else if 14. 037 5°<<a<{45. 962 5° users are

in beam 2 or 12
Else if 45. 962 5°<Ca<{74. 037 5° users are

in beam 3 or 11
Else if 74.037 5°<a<{105. 962 5° users are

in beam 4 or 10
Else if 105. 962 5°<Ta<(134. 037 5° users are

in beam 5 or 9
Else if 134. 037 5°<<e<C165. 962 5° users are

in beam 6 or 8

Else if 165. 962 5°<a<(180° users are in beam 7

If the spot beam has four layers, the charac-
ter d represents the forth layer. In Fig. 4 it is ob-
vious that A,B,=B,C,=C,A, andE,D,=D,F,=
2B,E, = 2F,C,, so it deduces that /E,A,D, =
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Fig. 4 Relation graph of spot beam judgement

/F,A,D,=18.437 8%and /B,AE,=/C,AF,=
11.562 2°, the judgement algorithm of range of
beam spot is given as
If 0°<Ca<C18. 437 8° users are in beam 1 or 18
Else if 18.4378°< a<{41.562 2° users are
in beam 2 or 17
Else if 41.562 2°<a<{60° users are
in beam 3 or 16
Else if 60°<{a<(78. 437 8° users are
in beam 4 or 15
Else if 78. 437 8°< a<{101. 562 2° users are
in beam 5 or 14
Else if 101.562 2°<Ca<{120° users are
in beam 6 or 13
Else if 120°<<a<C138. 437 8° users are
in beam 7 or 12
Else if 138. 437 8°< a<{161. 562 2° users are
in beam 8 or 11

Else if 161. 562 2°<a<{180° users are

in beam 9 or 10
(2) Geometrical judgement of 3-D space
It cannot judge whether the user in the beam
2 or 6 in the 2-D space. In the 2-D space, the
beam 2 or 6 represents that the user in the left or
right of the satellite’s motion vector. In the 3-D
space, the beam 2 or 6 represents that the user is
above or below the orbital plane of satellite.
Supposing that the celestial sphere is divided
into two parts by orbital plane of the satellite, it
can determine whether the user is above or below
the orbital plane with the method of left-hand
rule. Flung up the left hand and crook the fin-
gers, the direction of the thumb pointed repre-
sents that the user is above the orbital plane,
while the opposite direction is below the orbital

plane.

In Fig. 5, B and A represent that the user is
above or below the orbital plane respectively.
Supposing that C is the reference point, O is the
geo-centre. It is obvious that the angle of BOC is
obtuse while the angle of AOC is acute. Accord-
ing to the angle it can deduce the position of user
in space. Supposing that the longitude and lati-
tude of user is (4,, @), the longitude and latitude
of reference point is (A, =£,+90°,e—90°), there-
fore the included angle between the user and ref-
erence point is given as

0 = arccos (sing;sing, + cosd,cos (A, — A,)) (9)

The algorithm is given as

If 0°<<6<C90 ° users are below the

J orbital plane (beam 2 or beam 3)

<

Else if 90°<Ca<C180 ° users are above the

orbital plane (beam 6 or beam 5)

Fig. 5 Spatial geometrical relationship between loca-

tion of user, reference point and geo-centre

3 SIMULATION RESULT
ANALYSIS

In this paper, an Iridium constellation sys-
tem model is built based on OPNET platform
combining with MATLAB which is good at ma-
trix operation. The world map is placed as the
simulation background. Iridium orbital files are
imported into OPNET model generated by STK
software with orbital parameters. The nodes in
the system are user terminals, Iridium satellite
constellation and the earth stations. In the OP-
NET simulation, it should judge which spot beam
the user is in and whether the user is above or be-
low the orbital plane. The flow chart is shown in

Figs. 6,7.
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Obtaining parameters of
users and LEO satellite

Calculating subastral point
and radius of center beam

Calculating distance from
users and subastral point d

Users are in center beam |

Layer3  Layer4

Y ¥

Users are in beam 2 or 6|

Calculating
layer of beam

Users are in beam 3 or 5|

Users are in beam 4

Spot beam judgement of 2-D space process in

Fig. 6

system

[Users are Users are
in beam 1 in beam 2|
N
Users are in Y Users are
beam 2 or 6 in beam 6|
Users are in| udgement Y [Users are
beam 3 or 5 in beam 5|
N
Users are Users are
in beam 4 in beam 3|

Fig. 7 Spot beam judgement of 3-D space process in
system

The simulation time is set as 48 h, and the
users are located in the southeast whose latitude
and longitude are about 31°N, 121°E. The orbital
parameters of Iridium 8 are shown in Tablel.

Table 1 Parameters of Iridium 8

Satellite Iridium 8
Catalog Orbital
24 792 . . 100. 4
number period/min
. Semimajor
Epoch time 7 077.527 687 54 . 7 156
axis a/km
Inclination 82. 997 0 Apogee 793
i/ ’ altitude /km
RA of Node _ Perigee
53.406 8 . 776
0,/ altitude /km
E tricit A latitud
ceentricity 001 176 6 pogee latitude/ 0.1
e C(+N/—=S)
Arg of Perigee 150. 590 0 Perigee latitude/ 2.1
w/ () C(+N/—S)
Mean anomaly Mean motion
14. 342 172
M/ () n/(rev » day 1)

The selection of the next servicing satellite is
based on some rules. In the paper, the minimum
distance (MD) selection and the longest visible
time selection are used. According to this criteri-
on, the user will be served by the closest satellite
or the longest serving satellite. For the user, no
matter which satellite comes to access, the access
criterions are the same. In the paper, the layers
of beams are set as 2, 3, 4 and the beam shape is
shown in Fig. 3.

The cumulative distribution of the satellite
serving time is illustrated in Fig. 8. We observe
that 50% of the satellite serving time of the
longest visible time selection is more than 350 s,
while 50% of the satellite serving time of MD is
only more than 200 s. The average satellite serv-
ing time of the longest visible time selection is
about 410 s, while the latter is 250 s. Therefore,
there is a good agreement with the characteristics
of Iridium constellation, and the hypothesis is ac-
cepted. The satellite serving time has obviously
increased through the method of the longest visi-

ble time criterion.

1.0
09r
08
0.7
0.6
0.5+
041
03+
02
0.1

0.0 - - - -
100 200 300 400 500 600

Satellite serving time/s

—— Minimum distance
—=— Longest visible time

Cumulative distribution

Fig. 8 Cumulative distribution of satellite serving time

In the following, the equal beam width mod-
el of 2, 3 and 4 layers is adopted , respectively. In
the same simulation condition, the average cell
serving time curves of 2, 3 and 4 layers are shown
in Figs. 9,10,11, respectively. While the instan-
taneous cell serving time curves are shown in
Figs. 12,13 and 14. From Figs. 9,10,11,it can be
seen that the average cell serving time of 2, 3 and
4 layer models is about 55, 75 and 120 s. The in-
stantaneous cell serving time vary {from 0 s up to

600 s.
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Fig.9 Average cell serving time curves of 2-layer beam
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Fig. 10 Average cell serving time curves of 3-layer beam
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Fig. 11 Average cell serving time curves of 4-layer beam
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Fig. 12 Instantaneous cell serving time of 2-layer beam
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Fig. 14 Instantaneous cell serving time of 4-layer beam

4 CONCLUSION

In actual system, the handovers between dif-
ferent satellites or different beams vary with the
pilot signal intensity. However, in the system
simulation, it is impossible to determine the spot
beam which the user is in through the method of
pilot signal. Usually it will determine the spot
beam which the user is in through the method of
coverage in the simulation. In the paper, it pre-
sents a new spot beam judgement algorithm in
LEO satellite constellation, and an Iridium model
implemented on OPNET with dynamic topology

nodes and network layer protocols is presented

and simulation results are obtained.
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