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Abstract. As we all know, satellite communication has the advantages
of wide coverage, large communication capacity, etc. compared to ter-
restrial communication, and is not easily affected by geographical nat-
ural disasters. But the coverage of one satellite is limited, so we often
need a constellation satellite communication system composed of mul-
tiple satellites to communicate. Also, the cost of satellites is relatively
high, and the satellite constellation usually needs to consider both cost
and communication performance, how to use the least cost to achieve a
best communication performance. We construct a design multi-objective
optimization model of satellite constellation for a local high capacity,
using the improved NSGA-IT algorithm to solve model, using STK soft-
ware to simulate the results of the solution.

Keywords: Constellation satellite communications design -
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1 Introduction

Compared with a single satellite, constellation satellites have the characteris-
tics of orbit diversification, strong system survivability, short communication
delay, large communication capacity, and wide coverage [1]. Various constellation
design schemes have been proposed in different countries, and some constella-
tion satellite communication systems have also been established. The primary
commercial constellation satellite communication systems built and operated are
Iridium, Globalstar, OneWeb system, SpaceX Starlink and Hongyan constella-
tion of China.

According to the different satellites in the design scenario, the optimization of
satellite constellation is mainly divided into two situations for local high capacity
and wide-area supplementary coverage. Scholars have conducted a lot of research
on these two design scenarios, and have proposed corresponding constellation
design and optimization schemes. Literature [2, 3] proposed a global-oriented con-
stellation design scheme, in which literature [2] proposed an improved algorithm
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to utilize the minimum number of satellites to achieve a stronger satellite con-
stellation coverage performance; literature [3] based on navigation accuracy and
satellite orbit parameters , based on the Walker constellation, proposed an opti-
mized design scheme for the global navigation satellite constellation. References
[4,5] and [6] proposed an area-oriented constellation design scheme. Reference
[4] divided the target area into three parts according to latitude and longitude,
combined with the satellite constellation coverage multiple, minimum coverage
requirements and the total number of satellites. The optimization problem is
solved by using genetic algorithm, and finally the regional-oriented constellation
design scheme is given; In [5], the maximum value is given by combining the
satellite orbit and the average communication elevation angle. The constellation
design scheme that minimizes the coverage factor and minimizes the semi-major
axis of the orbit; [6] gives an optimization algorithm for inter-satellite routing,
and a satellite network design scheme based on multi-layer satellites.

We can see that the satellite constellation is the basis of the satellite com-
munication system. The constellation design need to consider how to meet the
QoS of different communication services, the coverage of this constellation, the
way of satellite access and switching, communication delay and throughput, etc.,
and the need to minimize construction costs must also be considered because
the design needs to achieve the trade-off between multiple goals, so this satellite
design problem can be regarded as Multi-objective optimization problem. It was
proposed by Italian economist Pareto and was first used to solve the trade-off
problem in political economy. The multi-objective optimization problem can be
defined as determining the vector composed of decision variables in the feasible
domain so that a set of conflicting objective function values reach the maximum
value at the same time. There are many methods for solving multi-objective
optimization problems, for example, ant colony algorithm, simulated annealing,
genetic algorithm, tabu search, combinatorial optimization algorithm, etc. [7].

The design and optimization of the constellation satellite constellation for the
local high-capacity LEO satellite communication system are aimed at reducing
the deployment cost of the satellite constellation and building a more convenient
and economical satellite communication system. The traditional satellite com-
munication design focuses on the optimization of communication performance
such as satellite coverage multiple, average communication elevation angle, lack
of consideration for the needs of ground users and deployment costs, resulting
in excessive waste of satellite-related orbits, frequencies, and other resources.
We chose China as the target area, longitude range: 73°E to 135°E, latitude
range: 3°N to 53°N. The letter is mainly for the design of high-capacity low-
orbit satellites for the target area. In the design and optimization process of this
constellation, the constellation design is closely combined with the actual needs
of users, under the dual conditions of communication quality and cost efficiency,
giving a feasible constellation deployment solution for a local high-capacity satel-
lite communication system. Also, in this optimized design, We chose the walker
constellation as the basic configuration, continue to optimize the number of
satellites, the number of orbits, satellite orbit period, orbit tilt angle, and other
parameters.
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NSGA-II is an algorithm for searching the optimal solution derived from sim-
ulating biological genetics and evolution theory. We use the improved NSGA-
IT algorithm to solve the satellite design, which involves multiple optimization
parameters, the optimal solution and use STK software to simulate and eval-
uate the performance of the satellite constellation scheme, and compare with
Globalstar to verify the effectiveness of this constellation design.

The rest of the letter is organized as follows. In Sect.2, the system model
is described. Section 3 introduces the improved NSGA-II algorithm, and the
model is solved. The results are simulated by STK software and compared with
Globalstar. Conclusions are drawn in Sect. 4.

2 System Model

According to the previous discussion, we need to achieve a balance between the
performance and cost of the constellation. It can generally be modeled as a multi-
objective optimization problem. Assuming that there are ¢ optimization goals,
and these q optimization goals may conflict with each other, the mathematical
model can usually be expressed by the following formula:

mink’ = [fl(x)an(x)vqu(I)]
{s.t.gi(x) <0,i=1,2,...,m (1)

In the formula, x = (z,z, ...,7,)T is an n-dimensional decision vector, and its
space is called the decision space, where each variable x,, which is the decision
variable, affects the performance of the optimization goal: (fi(x), fa(z), ..., fe())
are gq-dimensional target vectors, and their space is called the target space. Each
target function f,(x) corresponds to the sub-goal to be optimized; g;(z) < 0
is the inequality constraint condition, which means the constraint condition to
be met by the variables in the decision space. In this letter, we divided the
entire constellation design optimization target into performance target and cost
target. In the performance target, the coverage N of the satellite to the target
area and the communication capacity C of the constellation are mainly consid-
ered. The coverage of the constellation is an important indicator to measure
the performance of the constellation. High coverage rate is an important fac-
tors to achieve seamless connection for ground terminals and ground stations.
The communication capacity of the constellation mainly refers to the ability of
the constellation to serve the target area. In summary, the performance objec-
tive function is expressed as increasing communication capacity and coverage as
much as possible. In the cost targe, since the total cost of a single satellite is
still relatively high, reducing the cost of satellite constellation is also the focus
of research.

2.1 Performance Target

Since the Walker constellation coverage performance is stronger than the polar
orbit constellation, and the design of the regional constellation is not troubled
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by the establishment of the ground station, the Walker is selected as the basic
configuration of the constellation design. Divide into small grids according to 1
° of latitude and longitude, and the points on the grid are the feature points.
Assuming that the total number of feature points is n, then it is considered to
be measured every minute within an orbital period to calculate the constellation
coverage at the current time. The rate is m/n, and the average constellation
coverage of one orbit period is our optimization goal, which is expressed as
follows:

1 [Pl my
C=— — 2
In the formula, [.] indicates rounding down, C indicates the average coverage

rate of the target area at the kth measurement, the number of covered feature
points is my, the total number of feature points in the target area is ng, and p
is the orbital period.

Analysis of constellation satellite capacity requires comparison with the user
needs to form a constraint. The constellation capacity we define here refers to
the service capability of the satellite constellation for the target area, that is,
the number of satellites that the constellation can serve for the target area. The
mathematical model established is as follows:

First, the capacity of a single satellite is as follows:

PsathatGLfLM -1

Csat = SNRETRyeor

3)

L) represents the rain attenuation of the signal in free space, Ryser represents
the user rate of a single user, Ps,; represents the transmission power of the
satellite to the user, G4, represents the satellite antenna gain, G represents the
user antenna gain, and Ly represents the signal when the signal propagates in
free space Path loss. SNR represents the required signal-to-noise ratio of the user,
k represents the Boltzmann constant, T represents the noise temperature of the
user terminal, and R,s., represents the data rate of the user terminal. In the
process of serving users, the satellite receives interference from other satellites
as follows:

A 2
I= Y PuatjGear;Gy (W) (4)
J

JENandj#i

N represents the number of satellites in this constellation, of which m satellites
interfere with the target satellite, where Psq: ; represents the transmission power
of the satellite labeled j, and Gq¢,; represents the satellite labeled j for the user’s
antenna gain, G; represents the user terminal’s reception gain for the interfering
satellite marked j, and the last part represents the path loss of the satellite
marked j in free space.

The total satellite capacity of the constellation is calculated as follows:

S

Ctotal = NpNsatCsat Sc

(5)
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N, represents the number of orbits, Ny, represents the number of satellites in
each orbit, S; represents the area when the target area is mapped into space,
depends on the periods of the satellite constellation orbit and the area of the
target area, S. represents the size of the constellation coverage area, the value
depends on satellite constellation orbit period P and orbit inclination angle i [8].
Demand of users is represented by the number of satellite communication
users in the target area. Therefore, the user demand model is mainly to establish
the relationship between the population of the target area and the size of the
communication market and the number of satellite communication users. First
of all, the population of the target area can be calculated by the density of the
ground population and the population distribution. In this model, the actual
population mainly refers to the statistical results of NASA’s International Earth
Science Center. Based on the relevant information on the website, the population
density of the ground can be calculated. We use population density data for 2020,
see the Fig. 1. The scale of the communication demand mainly depends on the
economic development of the target area and the user’s acceptance of satellite
communication. These indicators are reflected in the user demand model.

Fig. 1. Global 2020 population density of NASA’s International Earth Science Center

We have previously calculated the coverage rate and divided the target area
into several small grids. We directly obtained the population density of each small
grid from the data, and then normalized the population density. The normalized
formula is as follows:

NQ
> D(grid) =1 (6)

grid=1

N, represents the number of all grids, grid represents the number of the grid, and
D(grid) represents the normalized population density distribution. Therefore,
the satellite communication users in each grid are as follows:

DM(gT’Ld) = fsatMnumbeTD(gTid) (7)
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2.2 Cost Target

Due to the complexity of satellite cost calculation, there is currently a variety
of satellite cost calculation methods. This letter mainly calculates based on the
cost model given in Reference [9]. To simplify the calculation, this letter focuses
on analyzing the deployment cost of the space segment. The total cost of a
satellite communication system includes satellite cost, launch cost, maintenance
cost, number of satellites, satellite power, and satellite quality. Therefore, the
cost is as follows:

COST = Np*Nsat*(l—kﬂ)*(1+a+0.00049*((((%)2*GM)% —) %13 W0 (8)

[ represents the proportion of insurance costs, a represents the ratio of the
weight of the aircraft to the weight of the loader, Wy,; represents the weight of
the satellite.

Wsat = (1 + a)(Warray + Wbattery + Wtran + Wantenna)

Warag = 0.1 X Pyoiq represents the weight of the solar array, Wiygien ~ 0.125 X
Piota; represents the weight of the battery, Wi, = 0.075P,ota; 1+ 50 represents
_GM 3
the weight of the on-board transponder, and W ,tema = ( 277)2) represents the
weight of the on-board antenna. Pj.;,; represents the total power of the satellite.

In summary, we unified the performance target and the cost target to make
the performance target as large as possible and the cost target as small as
possible. We proposed a multi-objective optimization model for the local high-
capacity satellite constellation optimization model. This constellation design is
to use the minimum satellite deployment cost to achieve a low-orbit satellite
constellation that meets the needs of users in the target area. The Walker con-
stellation is used as the basic constellation. The orbit altitude is limited to [500,
2000] kilometers. The minimum communication elevation angle when it is not
greater than 60, deploy a low-orbit satellite constellation that serves users in the
target area. Therefore, the optimization model is as follows:

min _ (COST, —Ciotar, —C)

prNsat:an

N, .
Ctotal Z ZgrpidleM(grld);
C > 90%;
Npmax Z Np Z Npmin;

s.t. 9
Nsatmax > Nsat > Nsatmin; ( )

(r+2000)2 (r4500)2 |
2\ e 2 P 2 2m\ o

emax Z 0 Z emin

In order to achieve better economic benefits and optimization effects, the num-
ber of satellites in the constellation and the orbit period need to be controlled
within a certain range. Walker is the basic configuration in the design process
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of this constellation, so the orbital inclination is limited to between 40 and 60.
It can be seen that the design of satellite constellation for local high capacity
is an optimization process that includes multiple optimization goals. From the
objective function, it can be seen that the satellite deployment cost, satellite con-
stellation coverage, and satellite capacity are mutually restricted. As the number
of satellites increases, the coverage of the satellite constellation increases, and
the satellite constellation capacity increases first and then tends to be flat. How-
ever, the increase in the number of satellites will increase the cost of satellite
deployment. The traditional mathematical optimization solution method is not
suitable for solving such multi-objective optimization problems, so we will use
the improved NSGA-IT algorithm [10] to solve the optimization problem in the
next section.

3 Improved NSGA-II Algorithm to Solve the Model

Given the shortcomings of NSGA, Deb et al. proposed NSGA’s improved
algorithm-non-dominated set sorting genetic algorithm with elite strategy
(NSGA-II). NSGA-II is a genetic algorithm based on Pareto optimal concept.
Compared with NSGA, NSGA-II has made the following improvements [11]:

(1) Using the fast non-dominated sorting method, the computational complexity
is reduced from O(kN?3) to O(kN?). Where k is the target number and the
number of individuals in the N-group.

(2) The crowded distance is adopted to maintain the diversity of the population.

(3) Introduce elite strategies to prevent the loss of excellent solutions.

Experiments show that the results of NSGA-II are better than several other
representative algorithms, but the performance of the SBX (Simulated Binary
Crossover) cross operator is relatively weak, which limits the search performance
of the algorithm to a certain extent. Besides, NSGA-II has yet to be improved
in terms of convergence rate and maintaining the diversity of the population.

Lei Peng et al. applied the reverse learning mechanism to the population’s
initialization process and obtained good results [12]. Because it considers both
population P and reverses population P*, it is larger than simple random initial-
ization. The probability is close to the optimal goal of the problem. Apply reverse
learning mechanism to genetic process. In the genetic process of each generation,
the reverse population P* of its population P is calculated, and N optimal indi-
viduals are selected from the population P and the reverse population P* as the
evolutionary population of the next generation. However, considering the signif-
icance of solving the inverse later in the algorithm, it reduces the speed of the
algorithm. Therefore, the following method is adopted: In each generation of the
evolution process, its population P is calculated with a certain probability O,
(opposite rate) of its reverse population P*, and during the evolution process, it
decreases linearly, namely:

g

O, =max O, — IYTele (max O, — min 0, (10)
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where M GG is the maximum genetic generation, g is the current generation, and
mazxO, and minO, are the maximum and minimum values of O,., respectively.
In the way, the reverse learning mechanism can accelerate the convergence of the
algorithm. To maintain the diversity of the population in the evolution process,
when the individual z;;(g) and the individual ox;;(g) of the reverse population
are not dominated by each other, ox;; (accept rate) is accepted with a certain
probability. Similarly, the probability of accR is also linearly decreasing:

accR = maxaccR — % (max accR — min accR) (11)

Considering that in the genetic process, it is hoped that individuals with bet-
ter distribution (low-rank value) and better distribution (large dist value) will
occupy a larger proportion of the genes of individual offspring, for this reason,
The crossover operator is as follows:

A-rank+B-rank’
A-ds

-dist _ .
m714 -rank = B - rank

o { —Berank A ponk # B - rank (12)

A - rank represents the non-dominated ranking of individual A of the current
generation, and A - dist represents the crowded distance of individual A of the
current generation. In the later stage of the algorithm, the genes of the better-
distributed individuals are better preserved, and thus improved algorithms [10]
is as follows:

Algorithm 1. Improved NSGA-II algorithm
Random initialization of population P and calculate opposite population Px
Selecting N fittest individuals from Pand Px as initial population
Evaluate initial population
while the halting criterion is not satisfied do
Tournament Selections routines
Arithmetic Crossover routines
Polynomial Mutation routines
Evaluate population P
if (rnd(0,1) < O,) then
Compute opposite population Px
Select PopSize fittest Individuals from P and Px
end if
end while

The flowchart of satellite constellation optimization is as Fig. 2.
Some notes on algorithm solving:

a) In the entire constellation design, the decision variables are the number of
satellite constellation orbits, the number of satellites in a single orbit, the
satellite orbit tilt angle, the satellite orbit period, and the satellite minimum
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Fig. 2. Satellite constellation optimization flowchart

communication elevation angle. In this scenario, the value range and preci-
sion range of each decision variable determine its length in the chromosome.
Also, the minimum communication elevation angle is directly taken as 10°
according to the Globalstar system. The coding method of each chromosome
is as follows:

X = [Np/Ngat/i/P)

For each set, each individual has a multi-dimensional optimization target
value, sort the optimization target values separately, adjust the individual’s
level according to the sorting result, and solve the crowding degree.

The characteristics of the elite strategy are that the excellent individuals
in the parent directly enter the offspring, avoiding the loss of the optimal
solution caused by chromosome crossover and gene mutation. First, eliminate
the infeasible solutions in the parent; secondly, according to the results of
non-dominated sorting, add individuals to the new population in descending
order until the new population size exceeds the initial population size. Sort
the population from large to small to fill the new population and build a new
parent.

Select individuals from each generation according to the roulette wheel selec-
tion method. In general, the probability of individual inheritance depends on
the size of the individual’s crowding degree, and the probability that an indi-
vidual with a large crowding degree inherits the next generation is greater.
As shown in the following formula.

P =

fi
Z;‘V:1 fj

The selection table of some related parameters is shown in the Table 1.

(13)
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Table 1. Algorithm related parameter table

Algorithm related parameters Value
Chromosome length 50
Maximum genetic generation 100
Gene crossover probability 0.8
Gene variation probability 0.3
Chromosome coding method Binary
Binary code length 48
User terminal rate Ro 1.544 Mbps
Downlink frequency f 40 GHz
User terminal antenna gain G 41dB
User terminal system noise temperature 7' | 135 K
SNR 4.8dB
Rain attenuation and other losses L/ -5dB

f) To ensure the cost of constellation design, the total number of constellation
satellites is limited to 100, the number of orbits does not exceed 10, and the
number of satellites in each orbit does not exceed 10. Besides, the inclination
angle range of the track is limited to 30 to 60.

According to the proposed optimization scheme, the improved NSGA-II algo-
rithm is used to solve the satellite constellation design of the target area. The
results are as follows. The satellite constellation uses the Walker constellation
as the basic configuration and consists of 35 low-orbit satellites with a total of
5 orbital inclination angles. It is a 48° orbital plane, and there are 7 evenly
distributed satellites in each orbit, with a satellite orbit period of 110 min. The
constellation illustration simulated by stk software are shown in Fig. 3 and Fig. 4.

Fig. 3. 3D illustration of satellite constellation
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120881(5

Fig. 4. 2D illustration of satellite constellation

To verify the effectiveness of the LEO satellite constellation scheme given for
the target area in this paper, we mainly compare it with the Globalstar system.

First of all, we use the STK coverage analysis module to analyze coverage
rate, and use our design and Globalstar to calculate coverage rate for the same
small area. The results are shown in Fig.5 and Fig. 6.
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Fig. 5. Coverage rate of our designed scheme
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Fig. 6. Coverage rate of Globalstar

The coverage rate of our design is more concentrated in 100%, which shows
that the solution is more stable than Globalstar.

Then the cost analysis. In our design, there is only 35 satellites and Globalstar
has 48 satellites. In terms of space segment deployment cost, the overall cost of
the constellation we design is lower than Globalstar, which just meets the design
goals of this article and greatly saves Constellation deployment costs.
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Fig. 7. Cost comparison analysis

4 Conclusion

In this letter, the constellation design problem for the target area is proposed. In
order to achieve a compromise between cost and performance of satellites, this
paper construct a design multi-objective optimization model of satellite con-
stellation and use the improved NSGA-II algorithm to solve model, using STK
software to simulate the results of the solution. But, the letter should be more
innovative, our solution just compare the design with Globalstar. Comparing the
design with Globalstar, we can see that our solution is better than Globalstar in
terms of coverage performance and cost. In addition, due to some shortcomings
in our design scheme, such as not considering the impact of inter-satellite links,
not considering the ground cost, etc., we will improve it in future work.
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