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Abstract

Low earth orbit (LEO) satellite broadband network is a crucial part of the space information
network. LEO satellite constellation design is a top-level design, which plays a decisive role in
the overall performance of the LEO satellite network. However, the existing works on
constellation design mainly focus on the coverage criterion and rarely take network
performance into the design process. In this article, we develop a unified framework for
constellation optimization design in LEO satellite broadband networks. Several design criteria
including network performance and coverage capability are combined into the design process.
Firstly, the quality of service (QoS) metrics is presented to evaluate the performance of the
LEO satellite broadband network. Also, we propose a network stability model for the rapid
change of the satellite network topology. Besides, a mathematical model of constellation
optimization design is formulated by considering the network cost-efficiency and stability.
Then, an optimization algorithm based on non-dominated sorting genetic algorithm-II

(NSGA-1I) is provided for the problem of constellation design. Finally, the proposed method
is further evaluated through numerical simulations. Simulation results validate the proposed
method and show that it is an efficient and effective approach for solving the problem of
constellation design in LEO satellite broadband networks.
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1. Introduction

1.1 Background

With the development of astronautics science and technology, researchers take more

attention to explore the space information network (SIN) [1]. SIN, consisting of satellites and
satellite constellations at different Earth orbits for increasing the coverage area, can achieve
real-time acquisition, transmission, and processing of spatial information with collaboration
mechanisms [2]. As an important component in SIN, LEO satellite broadband network has
unique capabilities in terms of low-propagation delay, wide area coverage, and Internet-based
application to provide services anytime and anywhere. In order to achieve an LEO satellite
broadband network, an appropriate satellite constellation is needed [3]. However, there are
many challenges for constellation design to construct the LEO satellite network. For one thing,
a complex issue arising out of constellation design is rooted in an unlimited choice of six
parameters (altitude, eccentricity, inclination, argument of perigee, right ascension of the
ascending node and mean anomaly) for each orbit [4]. Hence, constellation design problem is
characterized by extremely high dimensionality. For another thing, different satellite
constellations may present distinct topological dynamics under given continuously global
coverage. The highly dynamic characteristics of constellations are an essential factor which
affects the stability of satellite networks [5]. These are the main reasons for an extreme
technology development delay in the research field of constellation design presently [6].

1.2 Related Works

Many researchers have done some investigations on constellation design. These topics mainly
include constellation design on the basis of geometric analytical and by using multi-objective
optimization methodology.

(1) Constellation Design Based on Geometric Analytical: Constellation design methods
have been developed based on the impacts of satellite orbital parameters on coverage
performance. Walker Constellation is the most mature and widely-used design method for
continuous global coverage by using circular orbits [7]. There are many real-world
applications based on Walk Constellation, such as GPS, GALILEO, GLONASS and so forth.
Mortari et al. [8] proposed a general method for constellation design, which named Flower
Constellation (FC). Each satellite in FC is placed in elliptical orbits. H. Keller et al.
investigated the design method of near-polar orbital constellations and successfully used this
method in the optimal deployment of Iridium system [9]. Yuri proposed a geometric approach
for complex coverage constellations by two-dimensional maps of visibility properties [10]. All
of these approaches can solve the complex problem by reducing the dimensionality of
constellation design based on some specific assumption. However, the discovery and
development of new and useful solutions are always prevented because of the assumptions.
Therefore, the novel design approach should be explored to extend the feasible solution space,
which could provide more excellent constellation for a satellite system.

(2) Constellation Design via Multi-Objective Optimization Methodology: With the rapid
advancement of the evolutionary algorithm, multi-objective evolutionary algorithms have
been applied to design optimal constellation schemes for the global or regional coverage
satellite system. Williams et al. [11] used the multi-objective evolutionary algorithm to find
constellations with minimal average and maximum revisit time for user terminals on the entire
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Earth. Mason et al. [12] proposed an optimization design method for satellite constellation
with continuous global coverage by using a genetic algorithm. More recently, researches have
applied state-of-art multi-objective evolutionary algorithms and parallel computing for lager
constellation design in order to reduce runtime [13],[14]. Williams et al. [15] presented a
method of constellation design from the perspective of the evolutionary search. Global
coverage constellation can be achieved by getting rid of the assumption of rigidly symmetric
orbits. However, these approaches are significantly influenced by the optimization algorithm,
and what’s more, coverage capability is considered only as its optimization objective.

Currently, SIN becomes increasingly important in both civilian and military fields, in which
constellation design is needed not only coverage capability but also some new requirements
[16],[17]. For constructing a global satellite communication system, constellation design is a
critical preparation before launching the satellites. Jiang et al. [18] proposed to establish an
asymmetric Equatorial-Polar plane constellation for global communication without inter-orbit
inter-satellite links (ISLs). This constellation provides an excellent coverage performance with
less satellite and only intra-orbit ISLs to reduce the system cost. Jilla et al. translated the
distributed satellite system conceptual design problem into a multi-objective optimization
problem by considering QoS metrics without establishing ISLs [19].

All of the above works focus on the methodology of constellation design, however, only a
few of them concentrates on both the QoS and networking during solving this complex
problem. It is still inadequate to systematic research of constellation design in LEO satellite
broadband network. Therefore, this paper is an attempt to develop a multi-objective
optimization methodology for the constellation design problem with considering both the QoS
metrics and establishing ISLs.

1.3 Contributions

This paper is developed an optimization design methodology for LEO satellite constellation
based on a constrained multi-objective evolutionary algorithm. The main contributions are
listed in the following:

(1) Several design criteria including network performance and coverage capability are
merged into the unified frame for optimization design of the satellite constellation. The
optimization techniques will be used to generate sets of Pareto solutions that show the tradeoff
between network stability and cost-efficiency.

(2) The QoS metrics linked to network performance are defined and formulated as the
constraints for the optimization model of constellation design. The stability factor is proposed
to evaluate the dynamic topology of the satellite constellation in the case of the relative motion
of satellites.

(3) A specialized optimization algorithm is proposed to solve the problem of satellite
constellation design. Results demonstrate the efficiency of proposed optimization
methodology by some numerical simulations.

The rest of this article is organized as follows. Section 2 gives the LEO satellite broadband
network model. In section 3, we formally define the QoS metrics and stability model for the
satellite network. In section 4, the optimization model of constellation design is established.
Section 5 introduces the constrained multi-objective evolutionary algorithm. The simulation
results and an example analysis is shown in section 6. Finally, section 7 concludes the paper by
pointing out a few possible future directions.
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2. LEO Satellite Broadband Network Model

LEO satellite broadband network can be achieved via ISLs based on a constellation, in which
users are confronted with many challenges, such as complex environment, scarce wireless
resources and limited network capacity [21]. How to design an excellent constellation and user
links to match the user requirements is the urgent problems to be solved.

2.1. Constellation Model

The global or latitudinal coverage can be realized by using Walker Constellations with
symmetrical structure [7]. A Walker Constellation consists of three integer parameters: the
number of satellites T, the number of orbit planes P, and the phase factor between satellites
in adjacent planes F , and two other orbital parameters: the orbital height h, and the
inclination i . For reducing the computational complexity, Walker Constellation is chosen as
the constellation model of the LEO satellite broadband network.

(1) Network Coverage. The satellite coverage area is determined by the minimum elevation
of the user and line-of-sight propagation. Coverage model of the circular orbit satellite is
shown in Fig. 1. Assuming that the Earth is a regular sphere, a satellite coverage area A is
given by

A=27R!(1-cosg)
(1)

R
@ = arccos ¢ _coskE |-E
R +h
where ¢ is geocentric angle between satellite and user terminal, R is the Earth’s radius, h is
the orbit height of the satellite, and E is the minimum elevation.

Fig. 1. Coverage model of circular orbit satellite

Equation (1) shows that the coverage area of a satellite with specified altitude is inversely
proportional to the minimum elevation. This indicates that the larger the minimum elevation
angle is, the smaller the satellite coverage area is. Meanwhile, the minimum elevation affects
the performance of wireless communication links between users and satellite because the
distance (D) between users and satellite increases as the minimum elevation is decreased.
Therefore, taking the complex surface of the Earth into consideration, the elevation larger than
10° is necessary to sustain effective satellite communication [22].

Due to a satellite coverage area is limited, it is needed for a satellite constellation to expand
the coverage area. For evaluating coverage performance of the constellation, this paper

introduces Percentage of coverage ¢, PY NumMerical simulation as follows:
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UCoverage = N_ Z L COVi (2)

where Lcov, e{o,l} is evaluated whether the ith grid point is covered by a satellite. Set

Lcov, to 1 If theith grid point is covered by at least one satellite, 0 otherwise. N, denotes the
total number of grid point evenly distributed on the Earth surface.

(2) Network Connectivity. The frequent handover of ISLs is caused by dynamic topology
and periodicity of the constellation. It not only increases the difficulty and cost of the
constellation design but also directly affects the transmission performance of the network. In
order to eliminate these impacts, the best way is to establish the permanent ISL between the
satellites in the constellation. Fig. 2 shows the two-dimensional geometric relationship
between two satellites in different orbits. The condition of permanent visibility between two
satellites is that the x” coordinate of sat2 is always greater than —d to avoid sat2 entering into
satl’s invisible area, which is denoted by the mathematical formulae as follow [23]

r 1l-¢

—_—2 1+$ 3
eq 1- 8m|n ()

where r is the radius of the orbit, R, denotes the equivalent Earth radius after considering the

influence of atmospheric and topography, and ¢ denotes the minimum x’-axis coordinate of
sat2.

£

Fig. 2. Geometry relationship between two satellites in different orbits!*’)

In order to achieve satellite network, establishing ISLs between the satellites in a
constellation must obey the connection rule: there are four ISLs for each satellite in the
constellation[24]. Intra-orbit ISL is a communication link between two neighboring satellites
in the same orbit. For inter-orbit ISL, each satellite is connected to the two satellites in the left
side and right side of adjacent orbits. The initial phase of two satellites connecting through
inter-orbit ISL is the angle caused by a satellite in the backward orbit just over ascending node
when the other one in the forward orbit is locating at the ascending node.

The connectivity of a LEO satellite broadband network can be defined as:

NC 100 stl i Z 'ISlJ K (4)

|s| i=1 j=i+l k=1
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where v/ €{0,1} is evaluated whether there is a communucation link between the ith and jth
satellites at the kth time instant. N, is the number of ISLs (N, =2N_ for a constellation of
N, satellites). We consider the LEO satellite broadband network as an all-to-all network (e.qg.,
M =100%).

2.2. Link Budget Mode

Assuming that the LEO satellite broadband network adopts uncoded binary phase shift keying
(BPSK) modulation scheme with coherent demodulation. Therefore, bit error rate (BER) is
obtained by [25]

P, =%(1—erf E, /N, ) 5)

Under given the BER of the satellite network, the corresponding signal-to-noise ratio (SNR)
threshold E, / N, can be calculated from equation (5).

The data rate R of the downlink in the satellite network can be given by [25]:

R — PSatGSatGrLD LRM (6)
SNRKT

where P, is the transmission power of a satellite, G, is gain of the satellite transmitting
antenna, G, is gain of the receiving terminal, L., denotes link margin, T denotes noise
temperature of the receiving terminal, k is the Boltzmann’s constant, SNR is obtained from
equation (5) under given BER, and L, denotes the downlink propagation loss.
L, =L, +A,, +L +L,, where L denotes free-space loss, A, denotes rain fade in the
troposphere, L, denotes the atmospheric absorption loss, and L, is all the interference losses.

In order to ensure efficiency of the wireless link, a certain margin is needed to compensate
satellite links.

To simplify the module, the characteristics of satellite antennas are described by user
requirements without a particular shaped antenna (i.e. phased array antennas, parabolic
antenna and so on). The satellite antenna as an abstract resource could “intelligent”
dynamically configure beam patterns to the coverage area. Then the satellite antenna gain G

is [26]

Sat

Sat = nSat —2

c
where A, is the equivalent area of the satellite downlink antenna, 7., denotes the antenna
efficiency, and f_ is the downlink transmission frequency.

G 472- ASal fc (7)

The satellite capacity C_, can be calculated depending on equation (6) and (7) as follows:

Rn
— MAE 8
W= (8)

where 7,,. denotes the efficiency of multi-access, R, is the date rate provided for user

terminals (i.e.T1 link, a standard is to set the date rate of broadband communication at least
1.544 Mbps by the Federal Communication Commission ). It is worth noting that different
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information rate standards of broadband communication will not affect the constellation
design and the numerical results are just different.

Therefore, the network capacity is defined as the total number of the user terminals servered
by LEO satellite broadband network in all target grids . The maximum network capacity C,,_
IS written as

Ngrid

Cyw = 2, Min{C,, (grid),C,,.,, (grid)} (9)
grid=1
where N, denotes the grid number on the Earth surface, C,, (grid) is the satellite capacity
C
The minimum value between C_ (grid) and C,,(grid) is chosen as C,,(grid) .
Assuming that the same number of the user terminals are uniformly distributed in each grid.

inthe target grid, and C,,., (grid) is total demand of the user terminals in the same grid.

sat

2.3. Assumptions

As a general optimization design methodology of the satellite constellation, the specific
communication scheme and antenna technology are not discussed in this article. Without loss
of generality, the following assumptions are needed to make for simplicity.

(1) Due to the dynamic characteristics of the LEO satellite constellation, a handover
between the satellite and user will be established frequently. Moreover, the distribution of the
users and communication service in the coverage area is exceedingly uneven. It is assumed
that the satellite network can provide QoS guarantee for users by resource management [27].

(2) The satellites are interconnected by ISLs. It is assumed that permanent ISL can be
established between two satellites as long as equation (3) is met.

(3) The user uplink is ideal and the downlink capacity is only taken into account in
constellation design.

(4) Due to the effect of J2 perturbation and gravity from other celestial bodies in space,
satellite orbit will drift. Assuming that self-adaption control system is used for stationkeeping
of a constellation.

These assumptions can be achieved with the help of advanced technology in aerospace
engineering, electronic engineering, and other related technologies.

3. QoS Metrics and Network Stability

3.1 QoS Metrics

The QoS is derived from the contradictory between the quality and the quantity of services in
the communication networks. But a unified definition on the QoS has not been formed. For
International Telecommunication Union (ITU), the QoS is described as a set of service quality
requirements based on the effect of the services for the users. In order to take full use of
resources, administrators need to fully investigate characteristic of service requirements for
allocating reasonably network resource. The QoS metrics are described as transmission delay,
delay jitter, bandwidth, packet loss ratio and reliability and so on. From the perspective of the
distributed satellite system, Jilla et al. defined the QoS metrics as four parameters (such as
isolation, integrity, rate, and availability) to evaluate the performance of the network [19].
Dong et al. established QoS metrics which are appropriate to the requirement of HAP
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broadband network from the HAP constellation design perspective [28]. In this paper, we
define the QoS metrics as the effectiveness and fairness of the mobile broadband services
provided by the satellite network. The parameters of our proposed QoS metrics are listed in
Table 1.

Table 1. The QoS metrics

QoS Metrics Equivalent Parameter Symbol
Signal-to-noise ratio SNR,
Effectiveness Date rate BER,
Bit error rate R,
Faimess Percentage of cov§r§ge Mooverage
Network connectivity Mhe

The effectiveness of the services is mainly determined by three elements:

(1) Signal-to-noise ratio: which represents an approach of signal isolation for the LEO
satellite broadband network. It indicates that whether the satellite network is able to identify
the useful signals from the noise signals and different interference.

(2) Date rate: which measures the information transmission rate between source and
destination nodes in the satellite network. In this paper, date rate represents that the network
must provide the user terminals with the least information per second (bits/second).

(3) Bit error rate: Bit error rate (BER) is the number of bit error per unit time in digital
transmission owing to noise, interference, or distortion. BER refers to the quality of the
information being transmitted through the LEO satellite broadband network.

The fairness of the services characterizes the user requirements and the state of the network
as follow:

(1) Coverage percentage: which is the ratio of the number of the grids covered by the
satellites to the total number of the grids on the Earth surface. Percentage of coverage is
guantified by a numerical simulation method in this paper.

(2) Network connectivity: which is used to describe the number of ISLs in the LEO satellite
broadband network. It is obvious that the higher network connectivity means the better
robustness of the network.

Fig. 3. Location of satellites on the celestial sphere
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3.2 Satellite Network Stability Model

In LEO satellite networks, due to the relative movements between satellites shown in Fig. 3,
the network topology changes rapidly. Because of these rapid changes in topology, satellite
networks will no longer be able to provide stable date flow interaction. And the factors
affecting LEO satellite network stability can be outlined as two parts: the change rate of
relative distance and azimuth angle of neighboring satellites [29],[30]. On the one hand, the
relative distance variation can dramatically affect the reliability of information interaction
between two satellites. The change rate of distance is too fast, and it is hard to establish an
effective ISL. Meanwhile, the transmission attenuation will be more serious with the distance
among satellite nodes increasing. On the other hand, when an antenna is used to track peer
satellites with higher angular velocity, the excessive angular speed may have a significant
impact on the stability of the satellites in orbit and therefore could deteriorate the stability and
quality of ISLs. Moreover, satellite antennas also cannot afford such an excessive change rate
of distance and azimuth angle to maintain the I1SLs.

Therefore, it is necessary to design a reasonable satellite constellation for establishing ISLs
in the case of the relative motion of satellites. To address this problem, ISLs should be well
designed based on the distribution of satellites in a constellation. After reasonable design, it is
available to build an efficient and reliable communication between the two satellites.

In this paper, our approach is to consider the factors affecting satellite network stability into
the constellation optimization design process. Therefore, network stablity factor ¥ is defined
to characterize the stability of the LEO satellite network as follow

Y =aAd+ Ay (10)

where Ad and A:/'/ indicate distance rate and angular rate of the ISL, respectively. « and g
are the control parameter satisfying o+ f=1. They can be adjusted by considering the
different focuses of establishing a ISL.

Distance rate of ISL [31] Ad s given by
Ad = E[ @j (11)
ot

where Ad denotes the ISL’s relative distance, E(o) is calculating mean value.

j (12)

Under this definition, the smaller stability factor suggests a great opportunity to build a
stable LEO satellite network. Then, we put the defined network stability factor into the
constellation design objective functions. And the best stable satellite network can be found by
minimizing the network stability factor.

Similarly, angular rate of ISL[31] A:/./ is given by

. Gl
Ay =E| [P
v Gat

where y,, denotes the ISL’s azimuth angle.
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4. Satellite Constellation Optimization Design

To apply a multi-objective optimization tool for satellite constellation design, optimization
variables, objective functions, and constraints should be determined on the basis of the
performance requirements of LEO satellite broadband network.

4.1 Optimization Variables

Given a set of optimization variables, there will be a unique network architecture. For a small
number of optimization variables, the size of the design space is decreased. Meanwhile, the
number of optimization variables are less so that computational complexity will be greatly
reduced.

The optimization variables, outlined in Table 2, contain seven parameters: the number of
orbital planes, the number of satellites per orbital plane, phase factor, orbital height,
inclination, the equivalent area of satellite downlink antenna, and transmission power of a
satellite. The architecture of LEO satellite broadband network can be developed based on
these key independent optimization variables. Note that a very small change in the
optimization variables space could lead to a large jump in the design tradeoff space. Thus, to
explore the optimal solutions is necessary by using an optimization algorithm.

Table 2. Optimization variables

OptimizationVariable Symbol Uints

Number of Orbital Planes P -
Number of Satellite per Orbital Planes S -
Phase Factor F -

Orbit Height h km

Inclination i deg

Equivalent Area of Downlink Antenna A, m?
Transmission power of the satellite P.. w

4.2 Optimization Model

This paper is aimed to achieve a cost-efficient satellite network with high stability by
optimization design of the satellite constellation. Therefore, a mathematical model for
constellation optimization design is then formulated as

Objective: Max @ = G
N A Pea
Min ¥ = ¢ Ad+ Sy
Constraints: Subject to
Effectiveness SNR > SNR,§ (13)
BER < BER,
R>R,
Fairness =100%

nCoverage
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Ny =100%
T 1—-¢ )
Permanent Visibility LIS 1+—( ‘9"‘2'”)
Req 1_8min

The first objective function is network capacity per cost (NCPC) ®. The NCPC is a function
of the maximum capacity and potential cost of the satellite network. The satellite number N

Sat !
equivalent area of the antenna A, and transmission power P, make up the potential cost of
the network [28]. The second objective function is network stability factor (NSF) ¥ defined

as before. The optimization constraints include the QoS metrics (SNR;, BER,, R;, 77,0, and
Neoersge ) 2N the condition of permanent visibility r /R, . Uper or lower bounds on the

effectiveness of services are set as the first three constraints. And for the fairness of services,
coverage percentage 7., and network connectivity 7, must equal to 100%.

It should be noticed that the QoS metrics are transformed into boundary constraints rather
than the optimization objectives in equation (13). Because this paper pays more attention to
whether the QoS metrics of the whole network are satisfied and does not focus on how much
redundant resource the satellite network can provide for a specific user.

5. Optimization Algorithm

From equation (13), the optimization model of constellation optimization design is
characteristic of non-convex, nonlinear, and discontinuous. The specific optimization problem
is difficult to be solved by the traditional optimization method.

5.1 Integrating NSGA-II with Constraint Handling

Recently, multi-objective evolutionary algorithms (MOEASs) have achieved great success in
various fields with its low complexity and fast convergence. In particular, NSGA- I proposed
by Deb has been increasingly used in various optimization fields [20]. However, the
traditional EA cannot solve the optimization problems with constraints. Therefore, it is
necessary to propose a new MOEA which can effectively handle the constraints.

The survey on constraint handling approaches for EA has been divided into four types:
separation of objectives and constraints, decoders, penalty functions, and special operators
[32]-[34]. The first one with the simple concept is often used to improve the reserved strategy
of the solutions in NSGA- II [32]. The strategy of tournament selection or elitism can be
improved as follow:

(1) The solution with the better value of objective function is selected between two feasible
solutions.

(2) The feasible solution is chosen between a feasible and an infeasible solution.

(3) The solution with the lower constraint violations level is selected between two infeasible
solutions.

Plenty of studies have proved that it is beneficial to reserve appropriate infeasible solutions
in each generation. The selected infeasible solution is an especial link between the regions of
feasible solutions. Such infeasible solutions are often better than some feasible ones and they
should increase the opportunity to be reserved. Moreover, some feasible solutions
approximating constraint values will be identified as infeasible solutions with high risks.
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According to the above analysis, this paper proposes an improved NSGA- Il integrating
with constraint handling method. This method is used to sort the infeasible solutions based on
the constraint violation value. This new optimization algorithm is called NSGA-II based on
Infeasible Sorting (NSGA- II -1S).

(1) Infeasible Sorting Operator: In each generation, the constraint violation values of all
solutions are calculated on the basis of the constraints. The value of constraint violation
reflects the degree of violating a constraint. The value 0 is allotted for a solution that does not
violate a constraint. Otherwise, a non-zero value is allotted. A solution can get an ascending
order by sorting the constraint violation value. In this sorted list, a solution with the least
constraint violation value gets rank 1 and the solutions with the same constraint violation value
get the same rank. All the constraints implement this sorting operator separately. Finally,
constraint violation level of each solution is obtained by summing the ranks for each constraint
which is violated.

(2) Modify Elitist Component: The parameter a is defined as the proportion of the infeasible
solutions which are retained in the population. If the infeasible set is smaller than the
a-proportion, all the infeasible solutions are copied into the next generation. The other
solutions of the new population are selected from the feasible set. If the feasible set includes
fewer solution, all the feasible solutions are chosen and there will be filled new population
with infeasible solutions.

(3) e-Dominated Sorting [35]: The epsilon factor is used to control the overall archive size
to ensure the diversity of evolution population. In each generation, the solutions of the
population are divided into a feasible set and an infeasible set respectively. The feasible set is
e-dominated sorted of k objectives. On the other hand, the infeasible set is e-dominated sorted
using k+1 objectives (constraint violation level treat as the additional objective).

Gen=0, Initialize population (Po)
and proportion of infeasible solution(a)

Constraints

Satisfy Dissatisfy

‘ Feasible solution set ‘ ‘ Infeasible solution set ‘

gen=gen+1 i
‘ Calculate constraint

A
violation level

: v
g-dominated sorting e-dominated sorting
using k objectives using k+1 objectives
‘ (l_ a) Po ¢ o PO ‘

‘ Combine feasible and infeasible ‘

v

Create child population by selection,
crossover and mutation operations

Create new population by combining
population of parent and offspring

v

gen<maxgen

No

Output pareto
solutions

Fig. 4. The flow chart of NSGA- 11 -1S
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The flow chart of improved NSGA- I -IS based on infeasible sorting is shown in Fig. 4.
Although this constraint handling approach is simpler, the advantages of this approach are as
follows:

(1) A constraint problem is transformed into an unconstraint problem by taking the
constraint violation level as an additional objective. The values of constraint violation in each
infeasible solutions can be ignored.

(2) Infeasible solutions with higher ranks than some feasible solutions will extend the
search space to the infeasible solutions area. It promotes the search of solutions towards the
constraint boundary.

5.2 Algorithm Testing

In order to verify the effectiveness of the proposed algorithm, we use the CTP series of
benchmark problems [36] as bi-objective optimization test problems. A population of size 200
and a maximum generation of 200 are used. The proportion of infeasible solutions remains at
twenty percent (0¢=0.2). We have used the crossover parameter with nc=15 and mutation
parameter with nm=20. A crossover probability of 0.9 and mutation probability of 0.1 are
chosen. Fig. 5 shows the distributions of the 160 final feasible solutions for 2-objective test
instance, CTP1, CTP3, CTP6, and CTP7. Simulation results show that the obtained solutions
present good uniformity of diversity, and approach the true frontier of Pareto.

CTP-1 CTP-3
1.1 r ’ y 1.2 T -
1.0 —\ 1.0
+
+
0.9
' 0.8 A
- 0.8 \;‘ — +
(o] : (o] +
= R = 0.6 +
0.7 ) +
0.4 +
0.6 h - B
. —""'*‘O-H.... +
0.5 - - : : 0.2 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
f(1) f(1)
(@) (b)
CTP-6 CTP-7
4 - - - 1.0 : ' T T
\“ﬂ\ 0.8 \
34 g,
"\%H \.
iy 0.6
a = N
= 24 \ = 044
. N
M\h 0.2
11 g N
- - - - 0.0 ; - : T
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Fig. 5. Simulation results on the CTP series of benchmark problems
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6. Simulations

In this section, we will evaluate our proposed optimization methodology of constellation
design in a realistic LEO satellite broadband network scenario. In addition, we also analyze the
influence of the main design variables on the performance of satellite networks. In all
slmulations, the results are carried out by using both STK (Satellite Tool Kit) and Matlab.

6.1 Influence Factors Analysis

According to the aforementioned analysis, optimization variables are important to build a
satellite network. In this respect, it is necessary to analyze the influence of the main
optimization variables on network coverage and stability.

(1) Network Coverage. We now study the impact of orbital height and inclination on the
coverage performance of a single satellite. The orbital height of the satellite is 700km, 1100km

1600km and 2000km, respectively. Simulation is done for satellite inclination i (0° <i<90°)

and the user with the minimum elevation angle E (E =10°) in the Northern Hemisphere, as
shown in Fig. 6. It is obvious that the satellite with small inclination only covers low latitude
area, while the satellite operating at near-polar orbit can cover remote users at all latitude. For
covering high latitude area, a satellite with lower orbital height must operate at larger
inclination orbit. Hence, it is necessary to take into account both the orbital parameters of the
satellite and the location of users in constellation optimization design.
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Fig. 6. Percentage of coverage with different satellite inclinations and user latitudes with E=10°
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Fig. 7. The influence of orbit height and inclination on NSF.

(2) Network Stability. In this subsection, we mainly investigate the stability of satellite
networks versus the main optimization variables (i.e., orbital height, inclination and the
number of orbital planes). Noting that the smaller network stability factor suggests a great
opportunity to build the more stable LEO satellite network from section 3.2. Fig. 7 shows the
network stability factor for the different number of orbital planes with the various inclination
and orbital height, respectively. We can observe from Fig. 7(a) that the stability of the network
increases as the number of orbital planes and inclination are decreased. The reason is that the
bigger number of orbital planes and the smaller inclination would result in the more dynamic
of ISL. From Fig. 7(b), It can be noticed that the network stability factor keeps decreasing as
the number of orbital planes and orbital height increase. At the constant number of orbital
planes, satellite network will be more stable with the orbital height increasing due to less
dynamic ISLs.

These simulation results show that orbital height, inclination and the number of orbital
planes have the important influence on the satellite networks. Therefore, we need to make a
good trade-off between these parameters in constellation optimization design.

6.2 Optimization, Analysis, and Comparison of Results

In order to establish a baseline for all the simulations, the resolution of a grid on the Earth’s is
spaced 6° in latitude and longitude respectively and each constellation is evaluated over one
day of propagation.

(1) Parameters Setting in Optimization. In order to allow meaningful comparisons, link
budget parameters should be kept constant during the whole optimal design process. The
values of the link budget parameters are set in Table 3.

Table 3. Link budget parameters ©'!

Parameter Symbol Value
Downlink Frequency f, 12.2GHz
Required Information Rate R, 1.544Mbps
Required Bit Error Rate BER, 10°

Required Signal-to-Noise Ratio E, /N, 6.4dB
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Rain Loss and Link Margin Lo 7.8dB
Multi-Access Efficiency Mne 90%
Back-off of Output Power [BO].. 3dB

User Terminal System Noise Temperature Toer 135K
User Terminal Aperture Diameter D... 0.6m
User Terminal Illumination Tcer 60%

In Table 3, the downlink frequency is set as 12.2 GHz. It should be noted that the
simulations can also be done at the Ka/Ku band while the rain loss and link margin need to be
modified accordingly. The values of R, BER, and E, / N, are the essential requirement for
the implementing broadband system. For simplicity, we only consider the multi-access
efficiency which is the ratio of usable information rate to the total information rate and ignore
the specific multi-access scheme in the simulation. In practice, the satellite transponder must
work in a back-off state and [BO]  is the back-off of output power. The user terminal system
noise temperature is assumed to be 135K. The gain of the user terminal antenna can be
obtained by the user terminal aperture diameter and illumination.

The detailed simulation parameters of NSGA- 11 -IS are listed in Table 4 for the proposed
constellations optimization design methodology.

Table 4. Parameters of NSGA- 11 -IS

Parameters Values
Population Size 100
Generations 100
Crossover Probability 0.9
Mutation Probability 0.1
Crossover Distribution Index 15
Mutation Distribution Index 20
Proportion of Infeasible Solutions 0.2

(2) Baseline Optimization Results. Fig. 8 depicts the non-dominated solutions generated by
NSGA- I -1S during the run of the constellation design problem.

Studying the results in Fig. 8 provides powerful insight into the tradeoff between
cost-efficient and network stability. It is obvious that network capacity per cost of the
solutions rises as the network stability factor increases. This indicates that cost-efficient of the
network will improve with the decrease of network stability. Further conclusions can be drawn
from Fig. 8. The approximate Pareto fronts suggest generally improving cost-efficient of the
network and reducing the network stability for decreased the number of orbital planes. Fig. 8
also illustrates that with fixing the number of orbital planes, cost-efficient of the network
degrades as the total number of satellites increase.
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As shown in Fig. 8, there exists a ‘steep’ characteristic of the approximate Pareto fronts.
The reason for such a situation is that the change of the total number of satellites is
discontinuous in the optimization process.

(3) Optimization Variable Analysis. Each data point made up of the non-dominated fronts in
Fig. 8 represents a set of optimization variables that define a constellation for a satellite
network. To better understand the designs discovered by the optimization algorithm, orbital
height and inclination are respectively plotted versus the two optimization objective for all
Pareto solutions.
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The solutions in Fig. 9 are orbital height and inclination versus network stability,
respectively. At the constant number of orbital planes, the stability of the network is enhanced
with the increase of orbital height, and the network stability is degraded due to the more
frequent changes in ISLs as the inclination increases. The optimization results and the
simulation results in section 6.1 match well. However, as the number of orbital plane
decreases, the network is less stable when orbital height and inclination of the constellation is
fixed.

Fig. 10 reflect the influence of the orbital height and inclination on the network capacity per
cost. In order to realize a higher network cost-efficient ratio, orbital height should be lower and
the inclination should be less with fixing the number of orbital planes. As the number of orbital
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plane increases, the network capacity per cost will decrease when the orbital height and
inclination remain constant.
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Moreover, it can be summarized that the proposed algorithm could maintain the diversities
of the solution spaces from these simulation results. It also means that constellations with
lower orbital height and inclination are preferred for LEO satellite network.
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Fig. 11. Pareto fronts for seven-, eight-, nine-,and ten-orbital planes of constellations

(4) Performance Comparison. The Pareto fronts found by the optimization algorithm for
seven-, eight-, nine-, and ten-orbital planes of constellations are shown in Fig.11 when the
other optimization variables and parameters maintain consistently in each optimization
process. These results further show the tradeoff between between cost-efficient and network
stability.

A comparison of the constellations for LEO satellite broadband networks with the same
cost-efficiency is carried out in this section. The motivation is to discover how to choose an
optimal constellation in practical application. At the constant network capacity per cost of

1.17x10°, the values of optimization variables are shown in Table 5. Fig 12 compares the

envisaged four different LEO satellite networks in terms of some important parameters, such
as orbital height, inclination, system complexity (i.e. the total number satellites in the
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constellation), satellite payloads (i.e. the equivalent area of satellite downlink antenna and
transmission power of a satellite), and network capacity.

Table 5. Comparison of constellation designs with the same cost-efficient

(T/PIF) h/km ilDeg  Aw/m?>  Padw  NSF Capacity
56/7/0 1571.7 64.2 1.43 414.4 1.18 3.88*10"
64/8/1 1425.0 63.7 1.24 351.3 1.45 3.26*10"
99/9/1 1039.6 67.8 0.91 283.0 1.35 2.98*10"
90/10/1 1109.4 67.1 1.19 219.1 1.32 2.75*10"
System System
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Fig. 12. Comparison of different LEO satellite broadband network

The parameter values used for obtaining Fig. 12 are normalization of the data from Table 5.
It can be seen that the greater the shadowed area is for one system in Fig. 12, the better its
overall evaluation is. Hence, the constellation with seven orbital planes appears to achieve the
best performance as the architecture of the LEO satellite broadband network.

Fig. 13 provides the coverage performance of the constellation (56/7/0) reported by STK.
In this paper, the coverage multiplicity is used to estimate the coverage performance of the
constellation. Coverage multiplicity is the number of satellites in sight of the users in each grid.
From Fig. 13, the contour shows that global seamless coverage can be achieved by the
constellation (56/7/0). More than 97% of the earth surface can be covered by at least two
satellites. The region between north latitude 30°-70°, where people act multifariously and
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concentratedly, can be covered by three or more satellites. Even in polar regions, there are at
least one satellites in sight of the user terminals.

Multiplicity

Fig. 13. Coverage multiplicity of the constellation (56/7/0)

Fig. 14 shows the average elevation of user terminals in the satellite network supported by
the constellation (56/7/0). The satellite network can provide a better broadband
communication quality for user terminals located between about 70° N and 70° S because the
average elevation of them is more than 25°. Even in polar regions, user terminals can get
effective communication service due to the average elevation larger than 10°.
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Fig. 14. Average elevation of user terminals compare to different latitudes

7. Conclusions

This paper studied optimization methodology of constellation design in LEO satellite
broadband network. The optimization model of constellation design takes comprehensive
factors into account, including QoS metrics, network stability, network capacity, and network
construction cost. In addition, improved NSGA- Il with constraints handling is proposed to
solve the optimization model. The Pareto fronts provide more choice for the decision maker to
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design a suitable satellite constellation with a trade-off in the network cost-efficiency and
stability. The simulation results validate that the proposed optimization methodology of
constellation design can guide the optimal deployment of the LEO satellite network as well as
SIN planning and construction.

In the future work, we plan to relax the assumptions as stated in the previous section and
make the optimization model close to reality. The practicality of designed constellation will be
greatly improved in actual application. Moreover, to further improve the performance of the
satellite network, it requires research on the constellation optimization design for multi-layer
satellite networks.
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