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ABSTRACT

In the last decades, the geostationary earth orbit (GEO) was used for satellite communication systems. The next generation of mobile satellite systems (MSS) will use low and medium earth orbit satellites (LEO/MEO). Due to the lower altitude of LEO and MEO systems the positions of the satellites are time-variant. In order to establish intersatellite links (ISLs), it is necessary to know the exact positions of the satellites and to calculate the distance, the azimuth and elevation angles of two satellites using ISLs. To establish an intersatellite link, the distance between two satellites should be small and the variation of the azimuth and elevation angle should also be small. In this paper the circular polar satellite constellation is examined for the use of ISLs. It is shown how the change of the phase angle difference between two satellites on adjacent orbital planes influences these parameters. Common equations for the distance, the azimuth and the elevation angles between two satellites are derived. These equations are applied on example systems, systems that are using ISLs and that are based on the circular polar orbit constellation and which have different phase angle differences. It is shown how a change of the phase angle difference influences the whole orbit constellation in order to receive full coverage of the earth.

I. INTRODUCTION

In the next few years, a new generation of mobile satellite systems (MSS) will be available. These systems will use low earth orbit (LEO) and medium earth orbit (MEO) satellites in order to provide mobile and fixed communication service from (almost) every point on the earth to any person at another place on the world. The names of the first proposed systems are Iridium [5, 6], Globalstar [6, 10], ICO [6], and Teledesic [9]. Since last year some systems for multimedia over satellite have also been proposed, the important systems are Mstar [2], and Celestri [7]. Some of these systems (Iridium, Teledesic, Mstar, Celestri) will use intersatellite links (=direct connections between the satellites), others won’t. For systems with ISLs the messages are routed through direct connections between satellites in the same and in adjacent orbital planes.

The ISLs can be established using two possibilities: (1) Firstly, with Intra-Orbit ISLs. Intra-Orbit ISLs connect satellites in the same orbital plane, each satellite in an orbital plane establishes a link to a satellite flying ahead or behind itsself. Since the relative motion of the satellites in the same orbital plane is close to zero, the antenna pointing angles of these ISLs are constant and no antenna steering is necessary. 

(2) Secondly, with Inter-Orbit ISLs. Inter-Orbit ISLs are connections between satellites in adjacent orbital planes. Because of the relative motion between the satellites, two satellites in adjacent orbital planes see each other under time-varying distance, azimuth and elevation angles. Hence, antenna steering is necessary. For laser intersatellite links it is very important, that the laser beam of one satellite directly hits the photo detector of the other satellite, otherwise no connection will be possible. So, each satellite has to know the exact positions of its adjacent satellites. In order to avoid permanent tracking of the intersatellite link antennas of the satellites it is also very important, that the variation of the azimuth and elevation angle between these satellites is as small as possible.

In this paper we consider satellites in a circular polar orbit constellation [1, 4, 8]. All satellites have the same altitude and each orbital plane has the same inclination angle.

In the first section of this paper we describe the circular polar orbit constellation. We show how the satellites are distributed for different phase angle differences around the earth and how the constellation is calculated for global coverage. In the second part of the paper we show the effects of changing the difference angle on the distance, and on the azimuth and elevation angles of the ISLs. We derive common equations for the distance and for the azimuth and elevation angles between two satellites as a function of the orbit parameters of the circular polar orbit constellation.
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Fig 1 Polar view on the co- and counter-rotating orbits and the seam
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Fig 2 Geometry of the coverage of a polar satellite constellation
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Fig 3 Typical satellite coverage

II. THE CIRCULAR POLAR SATELLITE CONSTELLATION

In the polar orbit constellation each orbital plane has the same number of satellites, the same inclination angle, and all satellites have the same altitude. The value of the inclination angle i is 90 degrees or near 90 degrees (between 80 ...100 degrees). The satellites of the circular polar orbit constellations are moving in northerly direction on one side of the earth and on the other side of the earth the satellites are moving in southerly direction. Due to this constellation there are two regions where satellites in adjacent orbital planes move in different directions, in [8] called counter-rotating interface. When the satellites in two adjacent orbital planes are moving in the same relative direction along the coverage interface, the interface is called co-rotating interface [8]. In order to ensure continious coverage along the interfaces, the angle separation (2 between the satellites on the counter-rotating interface must be different than the angle separation (1 for satellites on the co-rotating interface. In Fig. 1 polar view of the co- and counter-rotating interfaces with the different angle separations are shown. 

The angular separations (Fig. 2) are

(1 = c + (                                   (1a)

(2 = 2c                                      (1b)

where c and ( (here: for single coverage) can be calculated using spherical geometry

c = arccos (cos( / cos((/s))                  (2)

( = arccos (cos( / cos(((/s)-())              (3)

with the phase difference angle ( between the satellites on the co-rotating interface.

The earth central angle ( (Fig. 3) is

 EQ ( = arccos ((Re/(Re+H)) cosE( - E            (4)

In equation 4 the value E is the elevation constraint, s represents the number of satellites in each orbital plane, and H is the altitude of the satellites over the earth surface. For the circular polar satellite constellation we get 2(p-1) co-rotating interfaces and two counter-rotating interfaces which results in the equation

2(p-1)(1 + 2(2 = 2(                    (5)

and with equations 1-3 in



(6)

This equation can be solved for ( and then for c, (, (1, and (2 with given values for p, s, and (. In Tab 1a-d we have listed the solutions for ( and (1 of different constellations for given p (p = 2...6), s, and ( for some circular polar orbit constellations.

	p
	s
	( [°]
	(1 [°]
	H [km], E=10°

	2
	3
	66.716312
	104.477247
	20958.620810

	2
	4
	57.631603
	98.421000
	10127.101222

	3
	5
	42.279402
	66.139539
	3888.488654

	3
	6
	38.682256
	64.340979
	3135.514671

	4
	7
	30.781856
	48.312586
	1917.191788

	4
	8
	28.913101
	47.565071
	1694.402093

	5
	9
	24.181000
	38.060272
	1214.622688

	5
	10
	23.045540
	37.681845
	1115.251907

	6
	11
	19.906922
	31.401933
	868.026177

	6
	12
	19.146507
	31.184615
	813.760184


Table 1a) ( = ( / s
	p
	s
	( [°]
	(1 [°]
	H [km], E=10°

	2
	3
	67.100183
	102.199790
	21757.693222

	2
	4
	58.094826
	96.737020
	10458.416296

	3
	5
	42.929443
	64.828714
	4042.001406

	3
	6
	39.273778
	63.365994
	3249.090123

	4
	7
	31.396458
	47.556631
	1995.151965

	4
	8
	29.469349
	46.966825
	1758.554432

	5
	9
	24.725652
	37.576668
	1264.304136

	5
	10
	23.544084
	37.282300
	1158.195973

	6
	11
	20.387173
	31.067865
	903.387209

	6
	12
	19.591023
	30.900179
	845.228798


Table 1b) ( = ( / (2s)

	p
	s
	( [°]
	(1 [°]
	H [km], E=10°

	2
	3
	67.479002
	99.999921
	22594.717156

	2
	4
	58.504339
	95.264242
	10763.543907

	3
	5
	43.499115
	63.717947
	4181.492230

	3
	6
	39.771754
	62.560969
	3347.640202

	4
	7
	31.918719
	46.937702
	2063.329693

	4
	8
	29.930416
	46.482837
	1813.096830

	5
	9
	25.182104
	37.186775
	1306.981715

	5
	10
	23.954524
	36.962253
	1194.354483

	6
	11
	20.786713
	30.800719
	933.462635

	6
	12
	19.955496
	30.673753
	871.563950


Table 1c) ( = ( / (3s)

	p
	s
	( [°]
	(1 [°]
	H [km], E=10°

	2
	3
	69.295213
	90.000000
	27437.653475

	2
	4
	60.000000
	90.000000
	11986.978426

	3
	5
	45.522509
	60.000000
	4717.842879

	3
	6
	41.409709
	60.000000
	3692.031708

	4
	7
	33.655376
	45.000000
	2303.543104

	4
	8
	31.399758
	45.000000
	1995.577033

	5
	9
	26.658066
	36.000000
	1451.753976

	5
	10
	25.242900
	36.000000
	1312.738982

	6
	11
	22.058789
	30.000000
	1033.320016

	6
	12
	21.090693
	30.000000
	956.751444


Table 1d) ( = 0°

Table 1 Angle values of different polar orbit for different phase angle differences (
[image: image4.wmf]i

j

i

i

g

i

g

j

H

+

R

E

r

i

j

t

=

0

t

=

0

x

x

y

j

i

y

i

j

o

r

b

i

t

i

n

t

e

r

s

e

c

t

i

o

n

p

o

i

n

t

D

1

e

q

u

a

t

o

r

i

a

l

p

l

a

n

e


Fig 4  Geometry of a satellite pair [3].

III. INTERSATELLITE LINKS

Intersatellite links are direct connections between satellites. In order to examine the intersatellite links between two satellites we must derive the equations of the distance,  the azimuth angle, and the elevation angle of two satellites as a function of orbital parameters. In Fig. 4 the geometry of a satellite pair is shown. The phase angle of satellite i is (i and of satellite j it is (j. The azimuth angle from satellite i to satellite j is (ij  and from satellite j to satellite i it is (ji. The inclination angle of the two orbital planes is i and the intersatellite range is rij. The intersatellite great circle range rij can be derived applying the law of cosines for sides to the small triangle formed by the two satellites i and j and the orbit intersection point [3]. It results in

cos rij = (cos2((1/2)-cos2i sin2((1/2))cos((i - (j) +

+ 2 cosi sin((1/2) cos((1/2) sin((i - (j) -

- sin2i sin2((1/2) cos((i + (j + 2x)          (7)

The distance is then

dij = 2 (H + Re) sin (rij  / 2)                   (8)

The equations for the azimuth angle can be calculated using the Napier analogies and results in

tan(ij = [sini sin(1 cos((j + x) - sin2i sin2((1/2)] / 

/ [sin2i sin2((1/2) sin((i + (j + 2x) +

+ 2 cosi cos((1/2) sin((1/2) cos((j - (i) +

+ (cos2((1/2) - cos2i sin2((1/2)) sin((j - (i)]    (9)



Fig 5 Azimuth angles between satellite i and satellite j for different phase angle differences as a function of time t 



Fig 6 First derivation of the azimuth angles



Fig 7 Elevation angle between satellite i and satellite j for different phase angle differences as a function of time t

The equation of the azimuth angle for looking from satellite j to satellite i can be obtained by an interchange of indices. The elevation angle between the two satellites can be derived using the intersatellite great circle range rij.

It results in

(ij = rij / 2                              (10)

Now we consider the constellations with 11 satellites in 6 orbital planes for the phase angle differences ( = 0, (/s, (/(2s), and (/(3s) (Tab.1a-d):

A. Azimuth Angle

First we calculate the azimuth angles between two satellites on the co-rotating interface for these constellations. The azimuth angles between satellite i looking to satellite j for these constellations are illustrated in Fig. 5 for different phase angle differences as a function of time. Due to the time-variant behaviour of a constellation the variations of the azimuth angles are large. To enable a connection between satellites the variation of azimuth angles should be as small as possible. Therefore, we have calculated the first derivation of the azimuth angles over the time, shown in Fig. 6. For the polar orbit constellation the greatest variation of the azimuth angles appears over the north and the south pole (in Fig 5: crossing zero. In Fig 6: where the peaks appear). Normally,  ISLs are established over or near the equator. So it is necessary, that the first derivation of the azimuth angle does not vary too much when the satellites are over this position. We see, with a smaller phase angle difference ( the variation of the azimuth angle is getting smaller over this position. Therefore, it is better to use a small phase angle difference if the system will use ISLs, but this also results in a higher altitude in order to get global coverage. In the next step we investigate elevation angle and distance for these different phase angles differences.

B. Elevation Angle

In Fig. 7 the elevation angle of satellite i looking to satellite j is shown. The change of the elevation angle is small if compared with the azimuth angle. In Fig. 8 the maximal, minimal, and difference (delta) change of the elevation angle is shown as a function of the phase angle difference. In both pictures it can be seen, that the variation of the elevation angle is also getting smaller with decreasing phase angle difference. Only the difference between maximal and minimal elevation angle (delta) is increasing with greater phase angle difference. (Note: ((s ( 16.36°, (((2s) ( 8.18°, (((3s) ( 5,45°)

C. Distance

The distance of satellite i looking to satellite j is shown in Fig. 9. The distance has the same behaviour as the elevation angle. It can be seen, that the variation of the distance is also getting smaller with decreasing phase angle difference. In Fig. 10 the maximal, minimal, and delta change of the distance is shown as a function of the phase angle difference. Only the difference (delta) is increasing with greater phase angle difference.

Fig 8 Minimal, maximal, and difference elevation 



angle between satellite i and satellite j as a function 

of the phase angle difference



Fig 9 Distance between satellite i and satellite j for different phase angle differences as a function of time t



Fig 10 Minimal, maximal, and difference distance between satellite i and satellite j as a function of the phase angle difference

IV. CONCLUSION

This paper has shown that the variation of the elevation and azimuth angle, and the distance can be decreased using a smaller phase angle difference. But with a smaller phase angle difference the constellation is not optimal for coverage. In order to archive global coverage with a smaller phase angle difference, the altitude of the constellation must increase, but this also means a higher price for the transportation of the satellites into their orbital planes. Due to these reasons a satellite planer has to find a own solution suitable for his special constellation.
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