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Abstract- VHTS (Very High Throughput Satellites) play a key 
role in future 5G networks to complement terrestrial networks . 
VHTS satellite systems suppose a uniform traffic requested by 
beam, but it is anticipated that future traffic demands will be 
non-uniform in the service area. The uniform distribution of 
traffic capacity means that some beams are overstretched, while 
others may not have enough resources. This results in real VHTS 
systems not fully utilizing their capacity advantage. Therefore, 
the design of the new generation of satellite payloads must be able 
to have a flexible allocation of resources. The optimization of the 
coverage is an intermediate step and too important in the design 
of the flexible payload. In this sense, this article presents a 
preliminary analysis for the optimization of coverage. We explain 
the definition of the problem, as well as the approach of the 
methodology to analyze it in a study case. 

I. INTRODUCTION 

Very High Throughput Satellites (VHTS) are optimized 
satellite systems that will meet the demands to increase data 
traffic. VHTS exceeds the capacity of traditional systems that 
provide FSS and MSS (Fixed and Mobile Satellite Services, 
respectively) that use contoured regional footprints. The goal 
of VHTS is to achieve 1 Terabit/s by satellite in the near future 
and is based on multi-point coverage with polarization and 
frequency reuse schemes that use larger bandwidths in the 
feeder link in the frequency bands Q/V or through optical links 
[1]. These systems provide higher satellite links capacity with 
a reduced cost per Gbps-in-orbit. Since traffic demand is not 
always the same in the service area and it may change over 
time, new flexible payload concepts are required [2]. 

Currently, VHTS satellite systems assume that the traffic 
requested by beam is uniform, however, it is anticipated that 
future traffic demands will be non-uniform in the service area. 
Authors in [3] [4], explain that the uniform distribution of the 
traffic capacity of the VHTS systems causes some beams to be 
overprovisioned while others may not have enough resources. 
Therefore, the design of the new generation of satellite 
payloads should be flexible. For this, the new proposals for 
flexible payload systems not only need the analysis of an 
efficient and novel cost function to optimize the allocation of 
resources, but also need the analysis of the payload 
architecture and its adaptable allocation methods for new 
traffic demand scenarios [5]. 

In this sense, authors in [4] propose MFB (multiple feed 
per beam) for adaptive beamwidth allocation. The OMUX of 
traditional payload must be replaced by BFNs (beam forming 
networks). There must be a BFN configuration for each of the 
pre-designed and optimized coverage scenarios depending on 
the projection of traffic demand [4]. The BFN configuration 
change is halfway between being able to synthesize any beam 
and a choice between a set of possible configuration for the 
same coverage. Although the BFN configuration changes 
would not have total flexibility, very satisfactory results can 
be obtained by optimizing the coverage for previous forecasts 
of traffic demand over the lifetime of the satellite, adding 
flexibility in the bandwidth and power it will provide an 
optimized resource allocation. 

Given the previous points, this paper presents a 
methodology to optimize the beams assignment in the given 
coverage area. This methodology helps to the payload pre-
design of the VHTS satellites, since in an optimal way the 
number of beams necessary to cover a service area and the 
pointing positions of each one is obtained. 

This paper is divided in four section, in section II, the 
definition problem is explained, in section III, the 
methodology is proposed. Some preliminary results are 
presented in section IV. And Finally the conclusions and 
future works are presented in section V. 

II. PROBLEM DEFINITION 

As already mentioned in the previous section, for a flexible 
payload architecture it is necessary previously the coverage 
optimization for regular or irregular beam size. 

In this senses, assuming regular beam size allocation, the 
optimizations problem is shown in the next expression: 
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93dBmax > e3dB > e3dBmin (4) 

Figure 1 shows graphically the definition of the problem, 
where ay is the required service area (in square kilometer), and 
it is represented by the black color polygon. ax is the resulting 
service area (in square kilometer), and it is represented as the 
area occupied by the beams taking into account the 
overlapping. The pair of latb and lonb are the geographical 
position references, where the satellite antenna is pointing its 
first beam. 

How it looks in figure 1, the 63dB parameter is the half-
power beamwidth is that depends on the satellite antenna 
design. The inclination angle φ is beams grid angle with 
respect to the equator being positive from east to north. This 
is important to ensure that there will be overlapping between 
the adjacent beams and thus be able to match the desired 
coverage. The service area percentage 0 is the portion of the 
service area that lies at least into one beam and it must always 
be greater or equal to the minimum required. The coverage 
beam efficiency β is the proportion of each beam is inside the 
service area and it must be greater or equal to the minimum 
required for each beam. In this work, we consider a regular 
coverage where the beams are all inclined in same φ and with 
the same beamwidth. 

Fig. 1 Definition Problem 

However, in a non-uniform traffic scenario, it is possible 
to define different service areas to which different beam sizes 
will correspond depending on the traffic demand. For 
example, Figure 2 shows three different traffic demands, for 
the red color area it would correspond to the smaller beam, to 
the blue color the medium beam and the black beam to the 
larger beam. Assuming an irregular beamwidth assignment, 
the optimization problem can be expressed as follows: 
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Fig. 2 Different service areas in coverage 

Non-uniform traffic demand needs to divide the total 
service area in n smaller areas and each n-th area has different 
initial conditions (e.g. the set of possible combinations of 63dB 

and φ) and constraints (e.g. the maximum antenna diameter) 
which depend on the required throughput inside this area. 

III. METHODOLOGY 

Figure 3 shows the algorithm of the proposed methodology 
for optimizing coverage for each given Service Area. 

First, a set of different possible values of the variables 63dB 
and φ are defined, and for each possible combination, the 
normalized error between the service area and the coverage 
area is minimized. 

Algorithm 

Coverage optimization (Equation 1 for regular beam sizes 
and equation 5 for irregular beam sizes). 

1: to define the constraints and initial conditions for coverage 
2: to define n (number of areas over total service area) 
3: to define a set of different possible values of the variables θ3dB 
and φ 
4: N is the number of possible combinations between θ3dB and φ 
5: for i=1:N 
6: to select an Optimizer 
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for irregular beam size 

end 
to save the set of optimized values of latb and lonb 
to compare and to select the one that contains the best features 

Fig. 3 Algorithm for minimizing objective function 

The set of optimized values of latb and lonb, are saved and 
then compared to select the one that contains the best features. 



For coverage optimization, ax is one scalar value obtained 
by a nonlinear relationship between the four variables (lat, lon, 
93dB and cp). Three different coverage optimization methods 
are here proposed and compared. The first is a nonlinear least-
squares method (Optimizer 1) [6], the second is a methodology 
of nonlinear programming (Optimizer 2) and the last is a 
methodology of nonlinear programming with nonlinear 
constraints (Optimizer 3) [7], the non-linear constraint is 
defined in (1) assuming that ax is a non-linear function. The 
methodology for coverage optimization was divided in two 
parts to obtain better results, 93dBn and cpn are constants in the 
first optimization part to find the best pair of latn and lonn (the 
satellite antenna pointing direction is for the first beam over the 
nth-area), 93dBn and cpn are variable in the second optimization 
part to find the four variables (latn, lonn, 93dBn and cpn) for 
coverage optimization. 

IV. STUDY CASES 

A. Study Case for regular beam sizes 
This section shows preliminary results for coverage using 

regular beams. The proposed case study is to optimize 
coverage in a service area defined by Spain, Portugal and 
France, given an orbital position of 9 E , for a downlink 
frequency of 19.7 GHz (foward link) and a bandwidth of 250 
MHz, a power assigned by beam of 16 dBW (assuming 
uniform power for all beams), a value of user G/T of 17 dB/K, 
using a ModCod (Modulation and Coding) of 64-APSK 11/15. 

Table 1 shows the preliminary results of evaluating the 
methodology proposed in the case study using the Optimizer 1, 
for different possible values of e3dB and cp, with the minimum 
constant (3 of 30%. In the table, possible combinations with 
three different values of 93dB (0.55, 0.60 and 0.65) and seven 
values of cp (-20, -10, 0, 10, 20, 30 and 40) are observed as input 
values. 

The optimal geographic reference position that minimizes 
the cost function was obtained (Equation 1) for these input 
values. 

Observing Table 1, we can see the trade-off that exists 
when comparing the results, that is, for the three possible 
values of 93dB, similar results were obtained from C I N R 

Tabla 1 Results for different values of 3 and 

Inputs 

Case 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 
12 

13 

14 

15 

16 

18 

19 

20 

21 

22 

Theta 

0.55 

0.55 

0.55 

0.55 

0.55 

0.55 

0.55 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.65 

0.65 

0.65 

0.65 

0.65 

0.65 

0.65 

Phi 

-20 

-10 

0 

10 

20 

30 

40 

-20 

-10 

0 

10 

20 

30 

40 

-20 

-10 

0 

10 

20 

30 

40 

Min Beta 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

Outputs 

Lat_op 

30.77 

30.68 

30.77 

32.2 

30.77 

31.66 

31.13 

30.59 

31.93 

31.57 

31.04 

31.04 

31.57 

30.86 

30.68 

31.13 

30.5 

31.84 

32.2 

31.48 

30.95 

Lon_op 

5.263 

5 

9.77 

5 

9.474 

5.263 

10 

5 

7.105 

7.105 

7.895 

10 

6.053 

8.421 

9.211 

7.895 

7.632 

5.263 

7.368 

6.316 

9.211 

Number 
of beams 

14 

14 

13 

16 

14 

17 

17 

12 

11 
12 

12 

14 

14 

17 

11 
9 

10 

12 

9 

14 

13 

Max EIRP 
[dBW] 

67.6931 

67.6931 

67.6931 

67.6931 

67.6931 

67.6931 

67.6931 

66.5595 

66.5595 

66.5595 

66.5595 

66.5595 

66.5595 

66.5595 

65.5166 

65.5166 

65.5166 

65.5166 

65.5166 

65.5166 

65.5166 

C/N [dB] 

21.9098 

21.9098 

21.9098 

21.9098 

21.9098 

21.9098 

21.9098 

20.7762 

20.7762 

20.7762 

20.7762 

20.7762 

20.7762 

20.7762 

19.7333 

19.7333 

19.7333 

19.7333 

19.7333 

19.7333 

19.7333 

C/l [dB] 

19.5593 

19.5593 

19.8812 

18.9794 

19.5593 

18.7161 

18.7161 

20.2288 

C/(N+I) 

[dB] 

17.5671 

17.5671 

17.7678 

17.1917 

17.5671 

17.0155 

17.0155 

17.4836 

20.6067 1 

20.2288 

20.2288 

19.5593 

19.5593 

18.7161 

20.6067 

21.4782 

21.0206 

20.2288 

21.4782 

19.5593 

19.8812 

17.4836 

17.4836 

17.115 

17.115 

16.6148 

17.1378 

17.5084 

17.3191 

16.9637 

17.5084 

16.6351 

16.7963 

Capacity 
per beam 

9.855E+08 

9.855E+08 

9.948E+08 

9.682E+08 

9.855E+08 

9.600E+08 

9.600E+08 

9.817E+08 

9.908E+08 

9.817E+08 

9.817E+08 

9.646E+08 

9.646E+08 

9.415E+08 

9.657E+08 

9.828E+08 

9.741E+08 

9.576E+08 

9.828E+08 

9.424E+08 

9.499E+08 

Total 
Capacity 

1.380E+10 

1.380E+10 

1.293E+10 

1.549E+10 

1.380E+10 

1.632E+10 

1.632E+10 

1.178E+10 

1.090E+10 

1.178E+10 

1.178E+10 

1.350E+10 

1.350E+10 

1.601E+10 

1.062E+10 

8.845E+09 

9.741E+09 

1.149E+10 

8.845E+09 

1.319E+10 

1.235E+10 

Coverage 
Area 

Percentage 
(Clear Sky) 

100 

100 

100 

99.712 

100 

99.712 

99.712 

100 

100 

100 

100 

99.917 

99.917 

89.2 

100 

100 

100 

100 

100 

90.052 

91.001 

a 

1.002888E-02 

1.080054E-02 

1.068513E-02 

1.046156E-02 

1.080054E-02 

1.116221E-02 

1.116585E-02 

1.057217E-02 

1.003000E-02 

1.040000E-02 

1.057543E-02 

1.080394E-02 

1.097022E-02 

1.111235E-02 

1.049804E-02 

1.080525E-02 

1.122189E-02 

1.039501E-02 

1.060445E-02 

1.037344E-02 

1.017294E-02 

(Carrier to Noise Ratio plus Interference) by beam for values 
of cp equal to 0 for a 03dBof 0.55, cp equal to -10 for a 03dBof 
0.60 and cp equal to -10 and 20 for a 03dBof 0.65 (Case 3, 9, 16 
y 20). 

This similarity between the values of CINR is due to the 
fact that for cases in which the beams are narrower there will 
be a greater directivity and therefore a higher CNR (Carrier to 
Noise Ratio), but it is a greater number of beams are required, 
so the CIR (Carrier to Interference Ratio) will be lower due to 
co-channel beams. However, as already mentioned, although 
the values of CINR are similar in the four cases, a different 
number of beams is required to give the same coverage, in case 
3, 13 beams are required, in case 9 they are required 11 beams 
and in case 16 and 20 9 beams are required. This trade-off will 
have a strong impact on the channel capacity per beam, the 
total capacity of the system and the cost and the payload 
architecture. 

If only the optimization of equation 1 is taken into account, 
the optimal combination for 93dB and cp would be case 1, 
however, in terms of CINR and number of beams it is not an 
optimal combination. Therefore, the trade-off that is observed 
in the results must be studied in more detail. 

B. Comparison between Optimizers 
Figure 4 shows the finally results for coverage optimization 

for regular beam size using the three different optimizer for a 
specific scenario (same scenario than section A). Where 
Optimizer 1 is the nonlinear least-squares method, Optimizer 2 
is a methodology nonlinear programming and Optimizer 3 is a 
methodology nonlinear programming with nonlinear 
constraints. 

It can be observed that Optimizer 2 and Optimizer 3 
provides similar results except for parameter cp (the direction 
of the adjacent beam center for each beam), and this parameter 
changes the parameter 0 (the proportion of the service area that 
lies within at least one beam) and the orientation of the satellite 
antenna. However, it can be observed that Optimizer 2 and 
Optimizer 3 are better than Optimizer 1 due to better results are 
obtained, for example, with Optimizer 2 and Optimizer 3 
beamwidths are smaller (0.04845° less) and therefore more 
directive which increases the EIRP (0.98 dB less). In addition, 
the desired coverage using a lower number of beams is 



achieved which represents a lower cost of the system. 
However, Optimizer 1 has a higher service area percentage (∅). 

(a)Optimizer 1: 
12 beams 

0 =96.9036% 
03dB= 0.65994° 

<p =20.0021° 
EIRPmax = 67.52 dBW 

Satellite antenna diameter= 
1.616 m 

(b) Optimizer 2: 
10 beams 

0 =96.0267% 
03dB= 0.61149° 

<p =18.6325° 
EIRPmax = 68.50 dBW 

Satellite antenna diameter= 
1.74 m 

(c) Optimizer 3: 
10 beams 

0 =96.07% 
03dB= 0.61149° 

<p =19.3856° 
EIRPmax = 68.50 dBW 

Satellite antenna diameter= 
1.74 m 

Fig. 4 Results for coverage optimization for regular 
beam size using the three different optimizations 

C. Study Case for irregular beam sizes 
Figure 5 shows an example of a possible scenario of traffic 

demand over Portugal, Spain, France and Italy for non-uniform 
traffic demant. It is possible that traffic demand will change for 
the next interval, so the flexible payload must be capable to 
adaptive the coverage for the new requirements. 

To adapt the irregular beam sizes over time is complicate 
but it has many advantages due to the EIRP(t) over each 
geographical position is different depending of traffic demand 
and the flexibility will depend less of adaptive power and 
bandwidth allocation since there will be a previous adaptation 
changing beamwidth. This is shown in figure 6, where it can 
be observed EIRP(t) over each geographical position inside 
serve area. The coverage optimization was made with 
nonlinear programming solver without nonlinear constraints. 

Very Intense traffic demand 

I Intense traffic demand 

•Regular traffic demand 

Fig. 5 Traffic demand when t=T over Portugal, Spain, France 
and Italy 

EIRP (t=T) dBW 

L2* 
Fig. 6 EIRP over service area in time t=T for irregular beam 
size. 

V . CONCLUSIONS 

In this paper, a methodology was presented for the 
optimization of coverage for regular and irregular beams, and 
study cases has been presented. 

Due to the fact that traffic demand in the near future will 
be very different within the service area, it is necessary to 
study the payload architecture to achieve a flexibility that 
adjusts to the demand for traffic that is not uniform and 
changes over time. A preliminary step to the pre-design of 
these architectures is the optimization of coverage using 
regular and irregular beams. 

With these preliminary results it can be observed that there 
is clearly a trade-off between all the possible variables of the 
cost function, since depending on the beamwidth, the 
directivity will change, which will affect the value of the C N R , 
and in turn the number of beams needed to cover the coverage 
will be different, thus changing the value of the C I R . All this 
will have as consequence a trade-off between the C I N R , the 
capacity by beam, the total capacity of the System and the cost. 

As a future work, we intend to exhaustively study this 
methodology, taking into account the type of optimization that 
is being used. 
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