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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction
In June 2018, the study item “Study on NR to support non-terrestrial networks” was completed. Potential impacts have been identified (see [1] for the full list) and solutions are currently investigated in the study item “Solutions on NR to support non-terrestrial networks”. From a RAN1 perspective, TUs have been allocated starting from April 2019 to November 2019. The following objectives for RAN 1 have been approved in [2] :
Consolidation of potential impacts as initially identified in TR 38.811 and identification of related solutions if needed  [RAN1]: 
· Physical layer control procedures (e.g. CSI feedback, power control)
· Uplink Timing advance/RACH procedure including PRACH sequence/format/message
· Making retransmission mechanisms at the physical layer more delay-tolerant as appropriate. This may also include capability to deactivate the HARQ mechanisms.
Performance assessment of NR in selected deployment scenarios (LEO based satellite access, GEO based satellite access) through link level (Radio link) and system level (cell) simulations [RAN1].
This contribution focuses on the NTN beam layout definition for calibration and, more generally, for system level simulations.


2. Agreement on beam layout for NTN
It has already been agreed in [1] that at least a hexagonal beam layout should be considered for NTN evaluations since it is already popular in satellite systems and compatible with multiple frequency reuse factors.
Concerning the satellite characteristics, a first set of values described in the tables hereafter has been agreed [1] as well. Since the equivalent satellite antenna aperture is defined in this table, one can assume a shared antenna pattern for all the beams in the satellite coverage (just the bore sight directions will be different).
The same antenna pattern is assumed for all the beams in the satellite coverage (just the bore sight directions will be different).
Table 2-1: Set 1 of satellite parameters and payload characteristics for downlink transmissions and uplink receptions
	Satellite orbit
	GEO
	LEO-1200
	LEO-600

	Satellite altitude
	35’786 km
	1’200 km
	600 km

	Equivalent satellite antenna aperture (Note1)
	S-band
	22 m
	2 m
	2 m

	Satellite EIRP density
	
	59 dBW/MHz
	40 dBW/MHz
	34 dBW/MHz

	G/T
	
	19 dB K-1
	1.1 dB K-1
	1.1 dB K-1

	Satellite beam diameter (Note 2)
	
	250 km
	90 km
	50 km

	Equivalent satellite antenna aperture (Note1)
	Ka-band
	5 m
	0.5 m
	0.5 m

	Satellite EIRP
	
	40 dBW/MHz
	10 dBW/MHz
	4 dBW/MHz

	G/T
	
	28 dB K-1
	13 dB K-1
	13 dB K-1

	Satellite beam diameter
(Note 2)
	
	110 km
	40 km
	20 km

	Note 1: This value is equivalent to the antenna diameter to be used in Sec. 6.4.1 of TR38.811v15.0.0.
Note 2 : This beam size refers to the Nadir pointing of the satellite



Finally, the need to have multi-satellite beam layouts for calibration has not been clearly defined for now. As a consequence, this document will be mainly focused on single satellite beam layout definition.
3. Proposed solution
Since the satellite antenna pattern is already agreed, defining the beams bore-sight directions and the satellite location is sufficient to provide a complete description of the NTN beam layout.
Defining the beams bore-sight directions and the satellite location is sufficient to provide a complete description of the NTN beam layout.
The bore-sight directions can be provided for instance in the azimuth-elevation coordinates in the referential of the satellite. They can also be defined in the UV plane in the referential of the satellite as well). The principle of the bore-sight directions projection on the u-v plane is illustrated on Figure 3-1.
Figure 3-1: Introduction of UV plane [5]
[image: ]

We are proposing to define a classic hexagonal beam layout in the UV plane. The adjacent beam spacing is assumed fixed in the UV plane and should be chosen based on the antenna pattern characteristics. More precisely, we are proposing to define the beam layout as such:
(1) Define the satellite location in ECEF coordinates [6].
(2) Define the central beam bore sight direction in UV coordinates (see Figure 3-2) based for instance on :
a. The satellite location combined with a specific particular location in long-lat coordinates (.e.g. Munich) on earth within the satellite field of view.
b. The satellite location combined with an elevation targets that should be experienced at the central beam centre (e.g. 90° if the central beam should be at satellite nadir). Note that with this approach, several solutions may be possible for a given elevation target.

Figure 3-2: Central beam bore sight direction definition


(3) 
Compute by finding the positive numerical solution for which the antenna gain pattern is equal to 0.5 based on the formula defined in section 6.4.1 of TR 38.811 and the antenna aperture values defined in Table 2-1.
(4) 
Compute the 3dB contour radius in UV plane .
(5) 
Compute the adjacent beam spacing in UV plane .
(6) Used the adjacent beam spacing to define 37-beam layout (i.e. 36 beams surrounding the central beam and allocated on 3 distinct “tiers”) illustrated on Figure 3-3

Figure 3-3: Beam layout definition in UV plane[image: ]

Note that using the 3dB beamwidth to calculate radius  is a simple way to obtain the adjacent beam spacing in the UV plane. Moreover, it is often adopted as initial approach for satellite system design (in particular when 4-color frequency reuse scheme is assumed). However, other strategies to define the adjacent beam spacing in UV plane can also be considered by the companies if needed.
Considering the 3dB contour is a simple method to design the beam layout.
Other strategies to define the adjacent beam spacing in UV plane can be considered if needed.
The beam layout definition principles based on the 3dB contour and the hexagonal mapping on UV plane should be adopted as baseline.
The adjacent beam spacing values have been computed based on the 3-dB contour for each configuration scenario. The results are summarized in Table 3.1.
Table 3.1: Adjacent beam spacing values for each configuration scenario
	Frequency band
	S-band
	S-band
	S-band
	Ka-band
	Ka-band
	Ka-band

	Satellite altitude [km]
	35786
	1200
	600
	35786
	1200
	600

	Satellite antenna aperture [m]
	22
	2
	2
	5
	0.5
	0.5

	Center frequency [GHz]
	2
	2
	2
	20
	20
	20

	
 [deg]
	0.2009
	2.2099
	2.2099
	0.0883
	0.8838
	0.8838

	3dB beam-width [deg]
	0.4017
	4.4198
	4.4198
	0.17676
	1.7676
	1.7676

	

	0.0035
	0.0386
	0.0386
	0.0015
	0.0154
	0.0154

	
Adjacent beam spacing in u-v plane 
	0.0061
	0.0668
	0.0668
	0.0027
	0.0267
	0.0267



Based on the beam layout definition in UV plane and the satellite location, one can obtain the beam layout plot on earth by applying the right transfer functions (see Figure 3-4). It is also straightforward to get the antenna gain of a given beam for each point in the satellite coverage. For instance, the antenna gain of the beam #2 is displayed on Figure 3-5.
Figure 3-4: Beam layout plot in long-lat coordinates
[image: ]

Figure 3-4 : beam #2 antenna gain plot in long lat coordinates[image: ]
4. Beam layout definition proposal
GEO scenarios
The beam layout definition proposal for GEO scenarios is summarized in Table 4.1-1.
Table 4.1-1: Beam layout definition proposal for GEO scenarios
	Scenario
	Scenario A

	Carrier frequency
	S-band: 2 GHz 
Ka-band: 20 GHz for DL / 30 GHz for UL

	Beam layout definition
	Hexagonal mapping of the beam bore sight directions on UV plane defined in the satellite reference frame

	Number of beams
	Baseline: 37-beam layout (i.e. 36 beams surrounding the central beam and allocated on 3 distinct “tiers”)

	UV plane convention
	U axis is collinear to Z axis in ECEF reference frame.
The straight line being orthogonal to UV plane is pointing towards the Earth centre.
UV coordinates of the nadir of the reference satellites is (0,0)

	Adjacent beam spacing
	Baseline: adjacent beam spacing computation based on 3dB beam width.

	Central beam center definition
	Baseline: based on service target area



For GEO scenarios, the assumption that the central beam elevation is 90deg is not very likely since most of GEO satellites are covering developed countries[footnoteRef:1] (e.g. North-America, Western Europe, …).In order to get a realistic GEO coverage, we have directed the central beam bore sight direction towards the city of Munich (lon, lat) = (11.58, 48.13), which is located more or less in the centre of Western Europe. The satellite is considered located at coordinates (lon, lat) = (0, 0) on the GEO arc. Note that its location is fully compatible with this targeted service area. [1:  Even if GEO satellite services become more and more common everywhere else in the world.] 

Additional service areas may be considered if needed. Then, the satellite location should probably be revisited based on the target service area.
For GEO scenarios, the beam layout should be defined based on a target service area.
The beam layout definition proposal for GEO scenario presented in Table 4.1-1 should be adopted.
The beam layout parameters considered in this paper for the GEO beam layout definition are summarized in Table 4.1-2.
Table 4.1-2: Beam layout parameters for GEO scenarios
	Scenario
	Scenario A

	Carrier frequency
	S-band: 2 GHz 
Ka-band: 20 GHz

	Adjacent beam spacing
	S-band: 0.0061
Ka-band: 0.0027

	Satellite location in ECEF coordinates
	(X, Y, Z) = (4.21641e+07, 0, 0)

	Central beam center coordinates in long lat coordinates
	Munich: (lon, lat) = (11.58, 48.13)

	Central beam bore sight direction coordinates in UV plane
	(u, v) = (0.124, 0.023)



The beam layout parameters for GEO scenarios presented in Table 4.1-2 should be considered as a starting point for calibration.
The resulting service area for a 37-beam layout in S-band has been illustrated on Figure 4.1-1.
Figure 4.1-1: GEO beam layout over Europe in S-band
[image: ]
The complete description of the beams bore sight directions for GEO scenarios is provided in Table A-1 and Table A-2
LEO scenarios
The beam layout definition proposal for LEO scenarios is summarized in Table 4.2-1.
Table 4.1-1: Beam layout definition proposal for LEO scenarios
	Scenario
	Scenario C2/D2

	Carrier frequency
	S-band: 2 GHz 
Ka-band: 20 GHz for DL / 30 GHz for UL

	Beam layout definition
	Hexagonal mapping of the beam bore sight directions on UV plane defined in the satellite reference frame

	Number of beams
	Baseline: 37-beam layout (i.e. 36 beams surrounding the central beam and allocated on 3 distinct “tiers”)

	UV plane convention
	U axis is collinear to satellite velocity vector in ECEF reference frame.
The straight line being orthogonal to UV plane is pointing towards the Earth centre.
UV coordinates of the nadir of the reference satellites is (0,0)

	Adjacent beam spacing
	Baseline: adjacent beam spacing computation based on 3dB beam width.

	Central beam center definition
	Baseline: based on elevation target angle



Since the worst case elevation angle to be considered is equal to 10° [3], it means that the satellite field of view can cover a significant area on ground. It means also that based on the constellation design, the number of beams generated by a given satellite can reach values far more greater than 37.Therefore, it is relevant to have at least two distinct 37-beam layouts characterized by different elevation angle variation in the coverage. As a consequence, we have provided two beam layouts for each LEO scenario characterized by an elevation angle experienced at the central beam centre of 90° and 45° respectively.
Distinct beam layouts characterized by different elevation angle variation in the coverage should be considered to model accurately LEO scenarios.
The beam layout definition proposal for LEO scenarios presented in Table 4.2-1 should be adopted.
The beam layout parameters considered in this paper for the LEO beam layout definition are summarized in Table 4.2-2.
Table 4.2-2: Beam layout parameters for LEO scenarios
	Scenario
	Scenario C2/D2

	Inter-beal
	S-band: 2 GHz 
Ka-band : 20 GHz

	Adjacent beam spacing
	S-band: 0.0668
Ka-band: 0.0267

	Satellite location in ECEF coordinates
	(X, Y, Z) = (6978140, 0, 0) for LEO 600
(X, Y, Z) = (7578140, 0, 0) for LEO 1200

	Satellite normalized velocity vector in ECEF coordinates
	(X,Y,Z) = (0,0,1) for LEO 600
(X,Y,Z) = (0,0,1) for LEO 1200

	Elevation angle targets
	90 deg
45 deg

	Central beam bore sight direction coordinates in UV plane (multiple solutions exist)
	Elevation angle = 90 deg:
· LEO 600: (u, v) = (0, 0)
· LEO 1200: (u, v) = (0, 0)
Elevation angle = 45 deg:
· LEO 600: (u, v) = (0.646, 0)
· LEO 1200: (u, v) = (0.595, 0)



The beam layout parameters for LEO scenarios presented in Table 4.2-2 should be considered as a starting point for calibration.
The complete description of the beams bore sight directions for LEO scenarios is provided in the Tables A-3 to A-10.
5. Multi-satellite beam layouts
Since multi-satellite beam layout definitions might be necessary as well for performance evaluation in LEO scenarios, the same principles described in this paper can be applied but considering two or more satellites. Thus, each satellite location should be provided based for instance on the reference constellation design. Then, the beam layout description can be computed based on the proposed definition. For simplicity, only the study case where the central beam is considered right above the satellite should be considered. Finally, an additional description of the beams of interest in each satellite beam layout should be provided. An example of multi-satellite beam layout is provided in Figure 5-1 (beams generated by the same satellite are plotted in the same color).
The beam layout definition proposal discussed in the paper are compatible with multi-satellite beam layouts.
To gradually progress towards more complex simulations, it may be beneficial to start with multi-satellite single-beam setups. To do so, new sets of satellite parameters considering larger beams should be provided since the satellite parameters discussed until now are not consistent with single-beam satellite configuration.
Figure 5-1: Multi-satellite beam layout example
[image: ]

6. Conclusion
In this paper, the following proposals and observations have been made:
1. The same antenna pattern is assumed for all the beams in the satellite coverage (just the bore sight directions will be different).
1. Defining the beams bore-sight directions and the satellite location is sufficient to provide a complete description of the NTN beam layout.
Considering the 3dB contour is a simple method to design the beam layout.
Other strategies to define the adjacent beam spacing in UV plane can be considered if needed.
1. The beam layout definition principles based on the 3dB contour and the hexagonal mapping on UV plane should be adopted as baseline.
1. For GEO scenarios, the beam layout should be defined based on a target service area.
1. The beam layout definition proposal for GEO scenario presented in Table 4.1-1 should be adopted.
1. The beam layout parameters for GEO scenarios presented in Table 4.1-2 should be considered as a starting point for calibration.
1. Distinct beam layouts characterized by different elevation angle variation in the coverage should be considered to model accurately LEO scenarios.
1. The beam layout definition proposal for LEO scenarios presented in Table 4.2-1 should be adopted.
1. The beam layout parameters for LEO scenarios presented in Table 4.2-2 should be considered as a starting point for calibration.
The beam layout definition proposal discussed in the paper are compatible with multi-satellite beam layouts.
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Annex A – Beams bore sight directions description tables
Table A-1: Beams bore-sight directions for GEO in S-Band (2 GHz)
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.124
	0.023
	7.23
	10.36
	11.58
	48.14

	1
	0.130
	0.023
	7.57
	9.88
	12.72
	52.11

	2
	0.127
	0.028
	7.46
	12.40
	15.08
	50.18

	3
	0.121
	0.028
	7.12
	13.00
	13.86
	46.42

	4
	0.118
	0.023
	6.88
	10.88
	10.76
	44.60

	5
	0.121
	0.017
	7.00
	8.19
	8.47
	46.24

	6
	0.127
	0.017
	7.35
	7.80
	9.19
	49.96

	7
	0.136
	0.023
	7.92
	9.45
	14.45
	56.75

	8
	0.133
	0.028
	7.80
	11.85
	16.86
	54.50

	9
	0.130
	0.033
	7.70
	14.31
	19.14
	52.43

	10
	0.124
	0.033
	7.36
	14.98
	17.34
	48.39

	11
	0.118
	0.033
	7.02
	15.72
	16.05
	44.80

	12
	0.115
	0.028
	6.78
	13.66
	12.96
	43.04

	13
	0.112
	0.023
	6.54
	11.46
	10.13
	41.37

	14
	0.115
	0.017
	6.66
	8.61
	7.94
	42.89

	15
	0.118
	0.012
	6.79
	5.88
	5.64
	44.47

	16
	0.124
	0.012
	7.14
	5.59
	6.06
	47.98

	17
	0.130
	0.012
	7.49
	5.33
	6.63
	51.91

	18
	0.133
	0.017
	7.698
	7.449
	10.214
	54.194

	19
	0.142
	0.023
	8.263
	9.055
	17.584
	62.612

	20
	0.139
	0.028
	8.144
	11.345
	19.802
	59.726

	21
	0.136
	0.033
	8.038
	13.699
	21.956
	57.215

	22
	0.133
	0.038
	7.947
	16.111
	24.061
	54.966

	23
	0.127
	0.038
	7.611
	16.839
	21.336
	50.527

	24
	0.121
	0.038
	7.276
	17.634
	19.510
	46.691

	25
	0.115
	0.038
	6.943
	18.504
	18.179
	43.254

	26
	0.112
	0.033
	6.685
	16.527
	15.084
	41.541

	27
	0.109
	0.028
	6.436
	14.394
	12.257
	39.922

	28
	0.106
	0.023
	6.197
	12.095
	9.639
	38.383

	29
	0.109
	0.017
	6.313
	9.087
	7.521
	39.797

	30
	0.112
	0.012
	6.446
	6.196
	5.325
	41.268

	31
	0.115
	0.007
	6.595
	3.428
	3.032
	42.804

	32
	0.121
	0.007
	6.944
	3.256
	3.227
	46.143

	33
	0.127
	0.007
	7.293
	3.101
	3.490
	49.835

	34
	0.133
	0.007
	7.643
	2.959
	3.864
	54.031

	35
	0.136
	0.012
	7.839
	5.096
	7.493
	56.479

	36
	0.139
	0.017
	8.046
	7.127
	11.865
	59.272



Table A-2: Beams bore-sight directions for GEO in Ka-Band (20 GHz)
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.124
	0.023
	7.23
	10.36
	11.58
	48.14

	1
	0.126
	0.023
	7.38
	10.14
	12.04
	49.83

	2
	0.125
	0.025
	7.33
	11.28
	13.08
	49.02

	3
	0.122
	0.025
	7.18
	11.52
	12.60
	47.37

	4
	0.121
	0.023
	7.07
	10.58
	11.19
	46.53

	5
	0.122
	0.020
	7.13
	9.41
	10.16
	47.28

	6
	0.125
	0.020
	7.28
	9.22
	10.54
	48.93

	7
	0.129
	0.023
	7.53
	9.94
	12.57
	51.63

	8
	0.128
	0.025
	7.48
	11.05
	13.63
	50.77

	9
	0.126
	0.027
	7.43
	12.17
	14.66
	49.94

	10
	0.124
	0.027
	7.28
	12.43
	14.09
	48.23

	11
	0.121
	0.027
	7.13
	12.69
	13.61
	46.61

	12
	0.120
	0.025
	7.02
	11.77
	12.19
	45.79

	13
	0.118
	0.023
	6.92
	10.82
	10.84
	44.99

	14
	0.120
	0.020
	6.97
	9.62
	9.84
	45.71

	15
	0.121
	0.018
	7.03
	8.44
	8.81
	46.45

	16
	0.124
	0.018
	7.18
	8.26
	9.12
	48.06

	17
	0.126
	0.018
	7.34
	8.09
	9.47
	49.74

	18
	0.128
	0.020
	7.43
	9.02
	10.97
	50.67

	19
	0.132
	0.023
	7.684
	9.738
	13.205
	53.545

	20
	0.130
	0.025
	7.632
	10.825
	14.277
	52.632

	21
	0.129
	0.027
	7.582
	11.926
	15.322
	51.751

	22
	0.128
	0.030
	7.536
	13.041
	16.344
	50.898

	23
	0.125
	0.030
	7.384
	13.311
	15.670
	49.135

	24
	0.122
	0.030
	7.234
	13.592
	15.092
	47.468

	25
	0.120
	0.030
	7.083
	13.885
	14.590
	45.880

	26
	0.118
	0.027
	6.976
	12.973
	13.178
	45.067

	27
	0.117
	0.025
	6.872
	12.032
	11.830
	44.278

	28
	0.116
	0.023
	6.769
	11.063
	10.537
	43.510

	29
	0.117
	0.020
	6.821
	9.837
	9.549
	44.207

	30
	0.118
	0.018
	6.876
	8.631
	8.542
	44.920

	31
	0.120
	0.016
	6.934
	7.444
	7.514
	45.650

	32
	0.122
	0.016
	7.087
	7.283
	7.760
	47.214

	33
	0.125
	0.016
	7.241
	7.128
	8.042
	48.855

	34
	0.128
	0.016
	7.395
	6.980
	8.368
	50.585

	35
	0.129
	0.018
	7.490
	7.923
	9.879
	51.529

	36
	0.130
	0.020
	7.586
	8.842
	11.486
	52.514




Table A-3: Beams bore-sight directions for LEO - 600 km in S-Band (2 GHz) with central beam center elevation = 90 deg
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.000
	0.000
	0.00
	0.00
	0.00
	-0.01

	1
	0.067
	0.000
	3.83
	0.00
	0.00
	0.35

	2
	0.033
	0.058
	3.83
	60.00
	0.31
	0.17

	3
	-0.033
	0.058
	3.83
	120.00
	0.31
	-0.19

	4
	-0.067
	0.000
	3.83
	180.00
	0.00
	-0.37

	5
	-0.033
	-0.058
	3.83
	240.00
	-0.31
	-0.19

	6
	0.033
	-0.058
	3.83
	300.00
	-0.31
	0.17

	7
	0.134
	0.000
	7.67
	0.00
	0.00
	0.72

	8
	0.100
	0.058
	6.64
	30.00
	0.31
	0.54

	9
	0.067
	0.116
	7.67
	60.00
	0.63
	0.36

	10
	0.000
	0.116
	6.64
	90.00
	0.63
	-0.01

	11
	-0.067
	0.116
	7.67
	120.00
	0.63
	-0.37

	12
	-0.100
	0.058
	6.64
	150.00
	0.31
	-0.55

	13
	-0.134
	0.000
	7.67
	180.00
	0.00
	-0.73

	14
	-0.100
	-0.058
	6.64
	210.00
	-0.31
	-0.55

	15
	-0.067
	-0.116
	7.67
	240.00
	-0.63
	-0.37

	16
	0.000
	-0.116
	6.64
	270.00
	-0.63
	-0.01

	17
	0.067
	-0.116
	7.67
	300.00
	-0.63
	0.36

	18
	0.100
	-0.058
	6.641
	330.000
	-0.314
	0.537

	19
	0.200
	0.000
	11.555
	0.000
	-0.001
	1.097

	20
	0.167
	0.058
	10.175
	19.107
	0.316
	0.909

	21
	0.134
	0.116
	10.175
	40.893
	0.633
	0.726

	22
	0.100
	0.173
	11.555
	60.000
	0.955
	0.546

	23
	0.033
	0.173
	10.175
	79.107
	0.950
	0.177

	24
	-0.033
	0.173
	10.175
	100.893
	0.950
	-0.188

	25
	-0.100
	0.173
	11.555
	120.000
	0.955
	-0.557

	26
	-0.134
	0.116
	10.175
	139.107
	0.634
	-0.737

	27
	-0.167
	0.058
	10.175
	160.893
	0.317
	-0.920

	28
	-0.200
	0.000
	11.555
	180.000
	0.001
	-1.109

	29
	-0.167
	-0.058
	10.175
	199.107
	-0.316
	-0.920

	30
	-0.134
	-0.116
	10.175
	220.893
	-0.633
	-0.738

	31
	-0.100
	-0.173
	11.555
	240.000
	-0.955
	-0.558

	32
	-0.033
	-0.173
	10.175
	259.107
	-0.950
	-0.189

	33
	0.033
	-0.173
	10.175
	280.893
	-0.950
	0.177

	34
	0.100
	-0.173
	11.555
	300.000
	-0.955
	0.545

	35
	0.134
	-0.116
	10.175
	319.107
	-0.634
	0.725

	36
	0.167
	-0.058
	10.175
	340.893
	-0.317
	0.908





Table A-4: Beams bore-sight directions for LEO - 600 km in S-Band (2 GHz) with central beam center elevation = 45 deg
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.646
	0.000
	40.26
	0.00
	0.00
	4.73

	1
	0.713
	0.000
	45.49
	0.00
	0.00
	5.78

	2
	0.680
	0.058
	43.01
	4.86
	0.44
	5.23

	3
	0.613
	0.058
	38.00
	5.39
	0.41
	4.31

	4
	0.580
	0.000
	35.42
	0.00
	0.00
	3.92

	5
	0.613
	-0.058
	38.00
	354.61
	-0.41
	4.31

	6
	0.680
	-0.058
	43.01
	355.14
	-0.45
	5.23

	7
	0.780
	0.000
	51.25
	0.00
	0.00
	7.31

	8
	0.746
	0.058
	48.48
	4.43
	0.50
	6.49

	9
	0.713
	0.116
	46.25
	9.21
	0.95
	5.88

	10
	0.646
	0.116
	41.04
	10.15
	0.86
	4.79

	11
	0.580
	0.116
	36.23
	11.29
	0.79
	3.97

	12
	0.546
	0.058
	33.31
	6.04
	0.38
	3.59

	13
	0.513
	0.000
	30.85
	0.00
	0.00
	3.27

	14
	0.546
	-0.058
	33.31
	353.96
	-0.38
	3.59

	15
	0.580
	-0.116
	36.23
	348.71
	-0.80
	3.97

	16
	0.646
	-0.116
	41.04
	349.85
	-0.86
	4.79

	17
	0.713
	-0.116
	46.25
	350.79
	-0.96
	5.88

	18
	0.746
	-0.058
	48.478
	355.570
	-0.508
	6.490

	19
	0.847
	0.000
	57.846
	0.000
	-0.005
	10.008

	20
	0.813
	0.058
	54.616
	4.067
	0.604
	8.478

	21
	0.780
	0.116
	52.034
	8.435
	1.113
	7.477

	22
	0.746
	0.173
	50.028
	13.083
	1.576
	6.758

	23
	0.680
	0.173
	44.546
	14.318
	1.381
	5.398

	24
	0.613
	0.173
	39.568
	15.803
	1.255
	4.428

	25
	0.546
	0.173
	34.963
	17.621
	1.168
	3.672

	26
	0.513
	0.116
	31.712
	12.710
	0.745
	3.302

	27
	0.479
	0.058
	28.872
	6.878
	0.360
	2.987

	28
	0.446
	0.000
	26.487
	0.000
	-0.001
	2.710

	29
	0.479
	-0.058
	28.872
	353.122
	-0.363
	2.986

	30
	0.513
	-0.116
	31.712
	347.290
	-0.748
	3.302

	31
	0.546
	-0.173
	34.963
	342.379
	-1.171
	3.671

	32
	0.613
	-0.173
	39.568
	344.197
	-1.259
	4.427

	33
	0.680
	-0.173
	44.546
	345.682
	-1.386
	5.396

	34
	0.746
	-0.173
	50.028
	346.917
	-1.582
	6.756

	35
	0.780
	-0.116
	52.034
	351.565
	-1.120
	7.476

	36
	0.813
	-0.058
	54.616
	355.933
	-0.612
	8.477





Table A-5: Beams bore-sight directions for LEO - 1200 km in S-Band (2 GHz) with central beam center elevation = 90 deg
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.000
	0.000
	0.00
	0.00
	1.00
	-0.01

	1
	0.067
	0.000
	3.83
	0.00
	1.00
	0.72

	2
	0.033
	0.058
	3.83
	60.00
	1.62
	0.36

	3
	-0.033
	0.058
	3.83
	120.00
	1.62
	-0.37

	4
	-0.067
	0.000
	3.83
	180.00
	1.00
	-0.73

	5
	-0.033
	-0.058
	3.83
	240.00
	0.38
	-0.37

	6
	0.033
	-0.058
	3.83
	300.00
	0.38
	0.35

	7
	0.134
	0.000
	7.67
	0.00
	1.00
	1.45

	8
	0.100
	0.058
	6.64
	30.00
	1.63
	1.08

	9
	0.067
	0.116
	7.67
	60.00
	2.26
	0.72

	10
	0.000
	0.116
	6.64
	90.00
	2.26
	-0.01

	11
	-0.067
	0.116
	7.67
	120.00
	2.26
	-0.73

	12
	-0.100
	0.058
	6.64
	150.00
	1.63
	-1.09

	13
	-0.134
	0.000
	7.67
	180.00
	1.00
	-1.46

	14
	-0.100
	-0.058
	6.64
	210.00
	0.37
	-1.09

	15
	-0.067
	-0.116
	7.67
	240.00
	-0.26
	-0.73

	16
	0.000
	-0.116
	6.64
	270.00
	-0.26
	-0.01

	17
	0.067
	-0.116
	7.67
	300.00
	-0.26
	0.72

	18
	0.100
	-0.058
	6.641
	330.000
	0.371
	1.082

	19
	0.200
	0.000
	11.555
	0.000
	0.999
	2.206

	20
	0.167
	0.058
	10.175
	19.107
	1.634
	1.827

	21
	0.134
	0.116
	10.175
	40.893
	2.269
	1.461

	22
	0.100
	0.173
	11.555
	60.000
	2.915
	1.101

	23
	0.033
	0.173
	10.175
	79.107
	2.905
	0.362

	24
	-0.033
	0.173
	10.175
	100.893
	2.905
	-0.371

	25
	-0.100
	0.173
	11.555
	120.000
	2.916
	-1.111

	26
	-0.134
	0.116
	10.175
	139.107
	2.271
	-1.471

	27
	-0.167
	0.058
	10.175
	160.893
	1.636
	-1.838

	28
	-0.200
	0.000
	11.555
	180.000
	1.001
	-2.218

	29
	-0.167
	-0.058
	10.175
	199.107
	0.366
	-1.839

	30
	-0.134
	-0.116
	10.175
	220.893
	-0.269
	-1.473

	31
	-0.100
	-0.173
	11.555
	240.000
	-0.915
	-1.113

	32
	-0.033
	-0.173
	10.175
	259.107
	-0.905
	-0.373

	33
	0.033
	-0.173
	10.175
	280.893
	-0.905
	0.360

	34
	0.100
	-0.173
	11.555
	300.000
	-0.916
	1.099

	35
	0.134
	-0.116
	10.175
	319.107
	-0.271
	1.460

	36
	0.167
	-0.058
	10.175
	340.893
	0.364
	1.827




Table A-6: Beams bore-sight directions for LEO - 1200 km in S-Band (2 GHz) with central beam center elevation = 45 deg
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.595
	0.000
	36.52
	0.00
	1.00
	8.47

	1
	0.662
	0.000
	41.45
	0.00
	0.99
	10.40

	2
	0.629
	0.058
	39.14
	5.26
	1.87
	9.40

	3
	0.562
	0.058
	34.38
	5.88
	1.80
	7.71

	4
	0.528
	0.000
	31.90
	0.00
	1.00
	6.98

	5
	0.562
	-0.058
	34.38
	354.12
	0.20
	7.71

	6
	0.629
	-0.058
	39.14
	354.74
	0.12
	9.40

	7
	0.729
	0.000
	46.78
	0.00
	0.99
	13.20

	8
	0.695
	0.058
	44.24
	4.75
	1.98
	11.71

	9
	0.662
	0.116
	42.22
	9.91
	2.87
	10.59

	10
	0.595
	0.116
	37.32
	11.00
	2.68
	8.59

	11
	0.528
	0.116
	32.74
	12.35
	2.55
	7.07

	12
	0.495
	0.058
	29.89
	6.66
	1.74
	6.36

	13
	0.462
	0.000
	27.49
	0.00
	1.00
	5.76

	14
	0.495
	-0.058
	29.89
	353.34
	0.25
	6.36

	15
	0.528
	-0.116
	32.74
	347.65
	-0.56
	7.07

	16
	0.595
	-0.116
	37.32
	349.00
	-0.69
	8.59

	17
	0.662
	-0.116
	42.22
	350.09
	-0.88
	10.59

	18
	0.695
	-0.058
	44.24
	355.25
	0.01
	11.71

	19
	0.795
	0.000
	52.698
	0.000
	0.991
	18.262

	20
	0.762
	0.058
	49.841
	4.339
	2.187
	15.362

	21
	0.729
	0.116
	47.544
	9.018
	3.181
	13.523

	22
	0.695
	0.173
	45.775
	14.009
	4.090
	12.212

	23
	0.629
	0.173
	40.694
	15.430
	3.704
	9.711

	24
	0.562
	0.173
	36.010
	17.161
	3.460
	7.922

	25
	0.495
	0.173
	31.635
	19.314
	3.293
	6.516

	26
	0.462
	0.116
	28.416
	14.066
	2.463
	5.826

	27
	0.428
	0.058
	25.601
	7.691
	1.707
	5.234

	28
	0.395
	0.000
	23.255
	0.000
	0.998
	4.713

	29
	0.428
	-0.058
	25.601
	352.309
	0.288
	5.233

	30
	0.462
	-0.116
	28.416
	345.934
	-0.469
	5.824

	31
	0.495
	-0.173
	31.635
	340.686
	-1.299
	6.514

	32
	0.562
	-0.173
	36.010
	342.839
	-1.468
	7.919

	33
	0.629
	-0.173
	40.694
	344.570
	-1.714
	9.709

	34
	0.695
	-0.173
	45.775
	345.991
	-2.103
	12.209

	35
	0.729
	-0.116
	47.544
	350.982
	-1.195
	13.521

	36
	0.762
	-0.058
	49.841
	355.661
	-0.203
	15.361




Table A-7: Beams bore-sight directions for LEO - 600 km in Ka-Band (20 GHz) with central beam center elevation = 90 deg
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.000
	0.000
	0.00
	0.00
	0.00
	-0.01

	1
	0.027
	0.000
	1.53
	0.00
	0.00
	0.14

	2
	0.013
	0.023
	1.53
	60.00
	0.12
	0.07

	3
	-0.013
	0.023
	1.53
	120.00
	0.12
	-0.08

	4
	-0.027
	0.000
	1.53
	180.00
	0.00
	-0.15

	5
	-0.013
	-0.023
	1.53
	240.00
	-0.12
	-0.08

	6
	0.013
	-0.023
	1.53
	300.00
	-0.12
	0.07

	7
	0.053
	0.000
	3.06
	0.00
	0.00
	0.28

	8
	0.040
	0.023
	2.65
	30.00
	0.12
	0.21

	9
	0.027
	0.046
	3.06
	60.00
	0.25
	0.14

	10
	0.000
	0.046
	2.65
	90.00
	0.25
	-0.01

	11
	-0.027
	0.046
	3.06
	120.00
	0.25
	-0.15

	12
	-0.040
	0.023
	2.65
	150.00
	0.12
	-0.22

	13
	-0.053
	0.000
	3.06
	180.00
	0.00
	-0.29

	14
	-0.040
	-0.023
	2.65
	210.00
	-0.12
	-0.22

	15
	-0.027
	-0.046
	3.06
	240.00
	-0.25
	-0.15

	16
	0.000
	-0.046
	2.65
	270.00
	-0.25
	-0.01

	17
	0.027
	-0.046
	3.06
	300.00
	-0.25
	0.14

	18
	0.040
	-0.023
	2.65
	330.00
	-0.12
	0.21

	19
	0.080
	0.000
	4.590
	0.000
	0.000
	0.426

	20
	0.067
	0.023
	4.047
	19.107
	0.125
	0.354

	21
	0.053
	0.046
	4.047
	40.893
	0.249
	0.282

	22
	0.040
	0.069
	4.590
	60.000
	0.374
	0.211

	23
	0.013
	0.069
	4.047
	79.107
	0.374
	0.066

	24
	-0.013
	0.069
	4.047
	100.893
	0.374
	-0.078

	25
	-0.040
	0.069
	4.590
	120.000
	0.375
	-0.222

	26
	-0.053
	0.046
	4.047
	139.107
	0.250
	-0.294

	27
	-0.067
	0.023
	4.047
	160.893
	0.125
	-0.366

	28
	-0.080
	0.000
	4.590
	180.000
	0.000
	-0.438

	29
	-0.067
	-0.023
	4.047
	199.107
	-0.125
	-0.366

	30
	-0.053
	-0.046
	4.047
	220.893
	-0.249
	-0.294

	31
	-0.040
	-0.069
	4.590
	240.000
	-0.374
	-0.222

	32
	-0.013
	-0.069
	4.047
	259.107
	-0.374
	-0.078

	33
	0.013
	-0.069
	4.047
	280.893
	-0.374
	0.066

	34
	0.040
	-0.069
	4.590
	300.000
	-0.375
	0.210

	35
	0.053
	-0.046
	4.047
	319.107
	-0.250
	0.282

	36
	0.067
	-0.023
	4.047
	340.893
	-0.125
	0.354





Table A-8: Beams bore-sight directions for LEO - 600 km in Ka-Band (20 GHz) with central beam center elevation = 45 deg
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.646
	0.000
	40.26
	0.00
	0.00
	4.73

	1
	0.673
	0.000
	42.30
	0.00
	0.00
	5.11

	2
	0.660
	0.023
	41.30
	2.01
	0.17
	4.91

	3
	0.633
	0.023
	39.30
	2.09
	0.16
	4.55

	4
	0.620
	0.000
	38.29
	0.00
	0.00
	4.38

	5
	0.633
	-0.023
	39.30
	357.91
	-0.17
	4.55

	6
	0.660
	-0.023
	41.30
	357.99
	-0.18
	4.91

	7
	0.700
	0.000
	44.40
	0.00
	0.00
	5.54

	8
	0.686
	0.023
	43.37
	1.93
	0.18
	5.32

	9
	0.673
	0.046
	42.42
	3.93
	0.35
	5.12

	10
	0.646
	0.046
	40.39
	4.09
	0.34
	4.74

	11
	0.620
	0.046
	38.42
	4.26
	0.33
	4.39

	12
	0.606
	0.023
	37.35
	2.18
	0.16
	4.22

	13
	0.593
	0.000
	36.37
	0.00
	0.00
	4.07

	14
	0.606
	-0.023
	37.35
	357.82
	-0.16
	4.22

	15
	0.620
	-0.046
	38.42
	355.74
	-0.33
	4.39

	16
	0.646
	-0.046
	40.39
	355.91
	-0.34
	4.74

	17
	0.673
	-0.046
	42.42
	356.07
	-0.36
	5.12

	18
	0.686
	-0.023
	43.37
	358.07
	-0.18
	5.32

	19
	0.726
	0.000
	46.579
	0.000
	-0.003
	6.033

	20
	0.713
	0.023
	45.509
	1.856
	0.185
	5.781

	21
	0.700
	0.046
	44.522
	3.778
	0.366
	5.554

	22
	0.686
	0.069
	43.615
	5.766
	0.540
	5.347

	23
	0.660
	0.069
	41.550
	5.997
	0.518
	4.937

	24
	0.633
	0.069
	39.550
	6.248
	0.500
	4.572

	25
	0.606
	0.069
	37.607
	6.521
	0.484
	4.241

	26
	0.593
	0.046
	36.495
	4.455
	0.317
	4.077

	27
	0.580
	0.023
	35.456
	2.282
	0.155
	3.925

	28
	0.566
	0.000
	34.492
	0.000
	-0.002
	3.782

	29
	0.580
	-0.023
	35.456
	357.718
	-0.159
	3.925

	30
	0.593
	-0.046
	36.495
	355.545
	-0.321
	4.077

	31
	0.606
	-0.069
	37.607
	353.479
	-0.488
	4.241

	32
	0.633
	-0.069
	39.550
	353.752
	-0.504
	4.571

	33
	0.660
	-0.069
	41.550
	354.003
	-0.523
	4.937

	34
	0.686
	-0.069
	43.615
	354.234
	-0.544
	5.346

	35
	0.700
	-0.046
	44.522
	356.222
	-0.371
	5.553

	36
	0.713
	-0.023
	45.509
	358.144
	-0.191
	5.781





Table A-9: Beams bore-sight directions for LEO - 1200 km in Ka-Band (20 GHz) with central beam center elevation = 90 deg
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.00
	0.00
	0.00
	0.00
	1.00
	-0.01

	1
	0.07
	0.00
	3.83
	0.00
	1.00
	0.72

	2
	0.03
	0.06
	3.83
	60.00
	1.62
	0.36

	3
	-0.03
	0.06
	3.83
	120.00
	1.62
	-0.37

	4
	-0.07
	0.00
	3.83
	180.00
	1.00
	-0.73

	5
	-0.03
	-0.06
	3.83
	240.00
	0.38
	-0.37

	6
	0.03
	-0.06
	3.83
	300.00
	0.38
	0.35

	7
	0.13
	0.00
	7.67
	0.00
	1.00
	1.45

	8
	0.10
	0.06
	6.64
	30.00
	1.63
	1.08

	9
	0.07
	0.12
	7.67
	60.00
	2.26
	0.72

	10
	0.00
	0.12
	6.64
	90.00
	2.26
	-0.01

	11
	-0.07
	0.12
	7.67
	120.00
	2.26
	-0.73

	12
	-0.10
	0.06
	6.64
	150.00
	1.63
	-1.09

	13
	-0.13
	0.00
	7.67
	180.00
	1.00
	-1.46

	14
	-0.10
	-0.06
	6.64
	210.00
	0.37
	-1.09

	15
	-0.07
	-0.12
	7.67
	240.00
	-0.26
	-0.73

	16
	0.00
	-0.12
	6.64
	270.00
	-0.26
	-0.01

	17
	0.07
	-0.12
	7.67
	300.00
	-0.26
	0.72

	18
	0.10
	-0.06
	6.64
	330.00
	0.37
	1.08

	19
	0.20
	0.00
	11.56
	0.00
	1.00
	2.21

	20
	0.17
	0.06
	10.18
	19.11
	1.63
	1.83

	21
	0.13
	0.12
	10.18
	40.89
	2.27
	1.46

	22
	0.10
	0.17
	11.56
	60.00
	2.92
	1.10

	23
	0.03
	0.17
	10.18
	79.11
	2.90
	0.36

	24
	-0.03
	0.17
	10.18
	100.89
	2.91
	-0.37

	25
	-0.10
	0.17
	11.56
	120.00
	2.92
	-1.11

	26
	-0.13
	0.12
	10.18
	139.11
	2.27
	-1.47

	27
	-0.17
	0.06
	10.18
	160.89
	1.64
	-1.84

	28
	-0.20
	0.00
	11.56
	180.00
	1.00
	-2.22

	29
	-0.17
	-0.06
	10.18
	199.11
	0.37
	-1.84

	30
	-0.13
	-0.12
	10.18
	220.89
	-0.27
	-1.47

	31
	-0.10
	-0.17
	11.56
	240.00
	-0.92
	-1.11

	32
	-0.03
	-0.17
	10.18
	259.11
	-0.90
	-0.37

	33
	0.03
	-0.17
	10.18
	280.89
	-0.91
	0.36

	34
	0.10
	-0.17
	11.56
	300.00
	-0.92
	1.10

	35
	0.13
	-0.12
	10.18
	319.11
	-0.27
	1.46

	36
	0.17
	-0.06
	10.18
	340.89
	0.36
	1.83




Table A-10: Beams bore-sight directions for LEO - 1200 km in Ka-Band (20 GHz) with central beam center elevation = 45 deg
	beam center index
	u
	v
	theta [deg]
	phi [deg]
	long [deg]
	lat [deg]

	0
	0.595
	0.000
	36.52
	0.00
	1.00
	8.47

	1
	0.662
	0.000
	41.45
	0.00
	0.99
	10.40

	2
	0.629
	0.058
	39.14
	5.26
	1.87
	9.40

	3
	0.562
	0.058
	34.38
	5.88
	1.80
	7.71

	4
	0.528
	0.000
	31.90
	0.00
	1.00
	6.98

	5
	0.562
	-0.058
	34.38
	354.12
	0.20
	7.71

	6
	0.629
	-0.058
	39.14
	354.74
	0.12
	9.40

	7
	0.729
	0.000
	46.78
	0.00
	0.99
	13.20

	8
	0.695
	0.058
	44.24
	4.75
	1.98
	11.71

	9
	0.662
	0.116
	42.22
	9.91
	2.87
	10.59

	10
	0.595
	0.116
	37.32
	11.00
	2.68
	8.59

	11
	0.528
	0.116
	32.74
	12.35
	2.55
	7.07

	12
	0.495
	0.058
	29.89
	6.66
	1.74
	6.36

	13
	0.462
	0.000
	27.49
	0.00
	1.00
	5.76

	14
	0.495
	-0.058
	29.89
	353.34
	0.25
	6.36

	15
	0.528
	-0.116
	32.74
	347.65
	-0.56
	7.07

	16
	0.595
	-0.116
	37.32
	349.00
	-0.69
	8.59

	17
	0.662
	-0.116
	42.22
	350.09
	-0.88
	10.59

	18
	0.695
	-0.058
	44.24
	355.25
	0.01
	11.71

	19
	0.795
	0.000
	52.698
	0.000
	0.991
	18.262

	20
	0.762
	0.058
	49.841
	4.339
	2.187
	15.362

	21
	0.729
	0.116
	47.544
	9.018
	3.181
	13.523

	22
	0.695
	0.173
	45.775
	14.009
	4.090
	12.212

	23
	0.629
	0.173
	40.694
	15.430
	3.704
	9.711

	24
	0.562
	0.173
	36.010
	17.161
	3.460
	7.922

	25
	0.495
	0.173
	31.635
	19.314
	3.293
	6.516

	26
	0.462
	0.116
	28.416
	14.066
	2.463
	5.826

	27
	0.428
	0.058
	25.601
	7.691
	1.707
	5.234

	28
	0.395
	0.000
	23.255
	0.000
	0.998
	4.713

	29
	0.428
	-0.058
	25.601
	352.309
	0.288
	5.233

	30
	0.462
	-0.116
	28.416
	345.934
	-0.469
	5.824

	31
	0.495
	-0.173
	31.635
	340.686
	-1.299
	6.514

	32
	0.562
	-0.173
	36.010
	342.839
	-1.468
	7.919

	33
	0.629
	-0.173
	40.694
	344.570
	-1.714
	9.709

	34
	0.695
	-0.173
	45.775
	345.991
	-2.103
	12.209

	35
	0.729
	-0.116
	47.544
	350.982
	-1.195
	13.521

	36
	0.762
	-0.058
	49.841
	355.661
	-0.203
	15.361
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