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Abstract
Genetic algorithm can be applied in the optimization design of satellite constellation, which is imperative in various fields 
such as communication, surveillance and navigation. Opposite goals, such as optimizing performance and reducing the 
number of satellites in constellations along with low cost of construction and launch, have been analyzed in this paper. This 
paper focuses on a suitable and lucrative method for designing a conceptual model of satellite constellation using the GA 
method. There are many options that could be chosen as an acceptable solution to implement LEO satellite constellations 
with some adjacent satellites on different orbits. Each option should be an accurate assessment based on various indicators 
such as mass, reliability, cost and technology constraint (complexity). Important constraints including the number of satel-
lites, orbit planes, etc., are discussed. A triplet LEO constellation with three adjacent satellites on different orbits is proposed 
by considering coverage capability and precession. For regional coverage of the area on Earth, a special genetic algorithm 
model is designed for Leo triplet constellations. The optimal solution can enhance the capability of communication and 
navigation intensively. The performance of proposed algorithm is corroborated by the simulation results and indicates that 
it is feasible and effective.

Keywords  Triplet constellation · LEO satellite coverage · Orbit · Genetic algorithm · Assessment costing trade off

1  Introduction

Land cover by satellite constellations for satellite communi-
cations can be divided into two global and regional coverage 
issues. There are different ways to cover regional and global 
earth. For example, using a combination of satellite con-
stellations in orbit LEO and MEO we can have global and 
regional coverage, and in the other way, we can cover the 
entire earth using three satellites in the GEO orbit. But these 
methods have different advantages and disadvantages, and 
are not optimized. About the above-mentioned methods, the 
Globalstar constellation has 48 active satellites, located at an 
altitude between 1400 and 1450 km in the LEO orbit. Also, 
iridium constellations are located at an altitude of less than 
800 km and with 66 active satellites in the LEO orbit. These 

two examples complete the global coverage. One of the ben-
efits of satellite constellation systems that cover global cov-
erage can be pointed to increasing speed and reducing the 
time for sending and receiving data by users. Also, satellite 
constellation systems have a lot of benefits in transporta-
tion, economics, military and social issues. Throughout the 
world, there are global coverage satellite systems that pro-
vide guidance and navigation services to people. For exam-
ple, China has a national coverage of satellite navigation 
system called BeiDou (BDS). Also, the United States uses 
a global coverage satellite system called GPS, which is the 
product of the country itself and Russia also has a global sat-
ellite system called GLONASS [1]. A constellation system 
is designed in the LEO orbit based on regional coverage, 
with a combined regional coverage that can perform differ-
ent missions such as satellite communications, geographic 
information system (GIS), various military data and provide 
global Wi-Fi communications [2, 3]. Without considering 
the effects of the atmosphere, land changes and invisible 
goals, the LEO constellation system can enable global com-
munication, observation and tracking of during the 24 h of 
the day in a variety of weather conditions, all aerial and 
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terrestrial vehicles [3]. Subject to the limitations of energy 
consumption and antenna size, area based on regional cover-
age in LEO constellation is a suitable option [4]. Tollefson 
and Preiss proposed a costly computational method, which 
is based on a duplicate algorithm, is the optimal search for 
parament coverage [4]. But using this algorithm has a com-
plex and large amount of cost and time, and can not opti-
mize all satellite constellation and orbit parameters. Genetic 
algorithm is a search engine in computer science to find an 
approximate solution for model optimization, mathematics 
and search issues. Genetic algorithm is a special type of 
evolution algorithm that uses evolutionary biology tech-
niques such as heritability, biology mutation, and Darwinian 
selective principles to find the optimal formula for predicting 
or matching the algorithm. Genetic algorithms are often a 
good option for regression-based prediction techniques. In 
modeling, the genetic algorithm is a programming technique 
that uses genetic evolution as a problem solving model. The 
problem to be solved is the inputs that are converted into 
solutions through a process of genetic evolution. Then the 
solutions are evaluated as candidates by the fitness func-
tion, and if the exit condition of the problem is provided, the 
algorithm ends. In this paper, a multi-threaded optimization 
for LEO constellations is intended and the mission of this 
constellation is global and regional coverage. Various main 
topics such as maximal performance against minimal num-
bers of satellite, with the cost of launch and releasing, and 
optimal and less energy consumption has been investigated 
and analyzed. For the issue of optimizing and reducing the 
number of satellites, failure or crash of satellites in constella-
tions and other boundary limitations for communication con-
stellations and navigation constellations, a specially tailored 
GA (genetic algorithm) taking reference of area based on 
regional coverage system is applied to figure out the optimal 
solution of triplet LEO constellation design.

In this paper, multi-objective optimization based on vari-
ous constraints for the design of the LEO triplet constella-
tion to cover the global earth has been considered. Objectives 
and contradictory goals, including maximal performance 
against minimal numbers of satellite, with the cost of launch 
and releasing, and optimal and less energy consumption has 
been investigated and analyzed. To avoid the collision of three 
adjacent satellites in triplet LEO constellation, a convenient 
and efficient GA is applied to find the optimal solutions with 
limitation of satellite numbers and other boundary constraints. 
The purpose of the triplet LEO constellation design is to pro-
vide continuous coverage of the Earth and to form a “belt of 
coverage” by three adjacent satellites, which make it possible 
to achieve a global coverage and this is a great advantage. 
Another advantage can be said to reduce the delay of send-
ing and receiving data, and this type of constellation can be 
used for global and regional Internet Wi-Fi missions. Reducing 
the number of satellites used and reducing the amount of cost 

are other advantages of these constellations. The triplet LEO 
constellation is dedicated to global coverage, especially in the 
regions of China and Russia, with the aim of guidance and 
navigation, the global and regional Wi-Fi Internet, weather 
data and ect.

2 � Determination of Parameters

2.1 � Altitude Determination

For LEO constellation design, Important parameters are 
needed for optimization which include inclination angle (i), 
satellite’s altitude (h), relative phasing (F), number of orbit 
planes (P) and total number of satellites (T) [4, 5]. At an alti-
tude of less than 700 km, there are erosive attacks of oxygen 
atoms and atmospheric dragging, which reduce the life of the 
satellite and its premature destruction. Regarding the environ-
ment of radiation and plasma winds in LEO orbits, satellite 
constellations should not be placed in this circuit at an alti-
tude between 1500 and 5000 km. Because in this area, there 
are erosion irradiation and van Allen radiation belt, and these 
will reduce the life of the satellite [6]. Given the problems and 
damage mentioned in the LEO orbit, the selected range of alti-
tude for the constellation is 700–1500 km. In cycles with less 
regression, the performance of satellite constellations is better. 
Also, resonant orbits should not be used in altitude selection, 
but should be considered retrograde orbits [7]. When we use 
the quasi-regression orbit there is no retrograde orbit. How-
ever, quasi-regression orbits cannot provide a good service for 
all areas throughout the day [1, 8]. Recurrence and regenera-
tive orbits are called regression cycles that provide a backward 
or retrograde motion that provides coverage requirements in 
the opposite direction. On the basis of regression conditions, 
we obtain the number of regression cycles and express it with 
n. Using the Kepler theorem, the relation between satellite alti-
tude a and satellite motion period Tsat is obtained from Eqs. (1) 
and (2); Re represents the radius of the earth,

and Kepler constant as,

According to Eq. (1), the period of satellite motion is speci-
fied for different altitudes of satellites in the range of between 
700 and 1500 km. Also, the range k/n can be calculated by 
Eq. (2), which at the same time expresses the relationship 
between the time of rotation of the earth and the period of 
satellite movements. The n value is obtained given that k and 
n are both integers. And here k = 1, 2, …, and according to the 
value of k, n is determined,

Re = 6378.137 km,

� = 398601.58 km3∕s2.

(1)a =
3

√
�

(
Tsat

2�

)2

− Re,
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where n represents the number of regression cycles and the 
Earth’s rotation period Te, K a period of regression and Tsat 
represents the period of the satellite motion.

By accepting the regressive condition, Tsat can be obtained 
by putting K and n in Eq. (2). Using this solution, by apply-
ing the values of Tsat in relation (1) we can get satellites’ 
altitude. As a result, the altitude of the satellites is chosen 
from 700 to 1500 km. To determine the final altitude of 
each satellite, resonance orbits are avoided and the priority 
is with retrograde orbits. An orbital resonance occurs when 
two orbiting bodies exert a regular, periodic gravitational 
influence on each other, usually due to their orbital periods 
being related by a ratio of two small integers. Orbital reso-
nances greatly enhance the mutual gravitational influence of 
the bodies. In most cases, this results in an unstable inter-
action, in which the bodies exchange momentum and shift 
orbits until the resonance no longer exists.

2.2 � Inclination Determination

Given the predetermined distances, we can determine the set 
value of the inclination and altitude of the satellites. Consid-
ering the rate of precession and retrograde orbits, and other 
requirements, the set values of inclination and altitude of the 
satellite are obtained [9]. Given the following relationships, 
the precession rate of the desired orbits in different inclina-
tions can be obtained,

where � represents the angular rate of the satellites, 𝛺̇ the 
rate of precession of the orbits used, J2 = 1.0826 × 10−3 
second-order harmonics, and e is eccentricity.

2.3 � Number of Satellites Required

Satellite constellations are designed based on the require-
ments of the various areas of the earth needed to cover 

(2)Tsat =
k

n
Te,

Te = 86164s.

(3)𝛺̇ = −
3

2

J2
√
𝜇

a
3

2

�
1 − e2
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Re

a

�2

cos (i),

(4)T =
2�√
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a

3

2 ,

(5)𝛺̇ = −
3

2

J2𝜔(
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(
Re

a

)2

cos (i),

their global or regional satellite and in these areas, it is 
possible to assess the quality of satellite services for users. 
Figure 1 shows how much a satellite covers the area of the 
earth. � and α, respectively, represent the line sight angle 
and the elevation observation angle. Only when the eleva-
tion angle is greater than α, users can connect to satel-
lites and use their services. r and L, respectively, represent 
the radius of coverage by satellite and geocentric angle. 
According to Fig. 1, r, L and � can be obtained through the 
following equations:

The three factors, including satellite altitude, the 
lowest observation elevation angle �min and the largest 
central angle of the earth Lmax , are the most influential 
parameters on the satellite coverage of the Earth. When 
the observation elevation angle is increased, the range of 
ground coverage decreases, so we need more satellites to 
further coverage. Also, when �min is achieved, due to the 
decrease in height, satellite coverage of the Earth reaches 
the surface of the plateau and for full regional coverage, 
we need additional orbital planes and n satellite numbers. 
Due to various obstacles, including natural obstacles such 
as high mountains, which reduce observation, the low-
est observation elevation angle can be obtained using an 
observation ground station [10]. To remove the barriers of 
satellite communications and meeting the needs of users, 
guidance and navigation from LEO and Polar orbits are 
used to design satellite constellations. To optimize the 
parameters of satellites and their selection, the parameters 
of the LEO and polar constellation indicators are examined 
and evaluated. Different methods are used to overlap the 
earthly footprints of satellites on the pole and increase 

(6)� = arcsin

(
Re

a + Re

cos �

)
,

(7)L = arccos

(
Re

a + Re

cos �

)
− �,

(8)r = ReL.

Fig. 1   How to cover the earth 
by a satellite
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coverage in low, middle and high latitudes [10]. Figure 2 
shows the central angle of the Earth, also if we assume 
that n satellites are distributed at each orbital plane, so 
the angle between the two satellites is equal to S = 360°/N.

If 2Lmax < S < 3Lmax , there is a swath of width Lsat 
covering continuously on the ground trace in real time. As 
shown in Figs. 3 and 4, it is assumed that the satellite foot-
print strip is projected on a hypothetical ground, as well 
as when 2Lmax < S < 3Lmax the earth is considered non-
rotating. Given these assumptions, the Earth’s rotation and 
its coverage gaps should be taken into account which these 
factors make the calculation time longer. If the constella-
tion of the satellites uniformly and permanently covers the 

non-rotating earth, it can also cover the ground in real-rotat-
ing mode [11]. The width of coverage swath is given by,

Suppose satellites are on the neighboring orbit planes 
which are adjacent simultaneously moving in one direction, 
width or breadth of coverage of satellites is continuous and 
permanent is DmaxS , but if satellites are on the neighboring 
orbit planes which are adjacent simultaneously moving in 
contrary directions, DmaxOPP denotes the width of the area 
covered continuously,

In Fig. 5, it is shown that half the number of satellites in 
constellations at any time move to the South Pole and the 
other half are moving towards the North Pole. Equation (10) 
is satisfied with both coverage areas, while (11) denotes the 
satellites moving oppositely along the seams between them. 
Using Eq. (12), the whole coverage of the earth can be per-
manently realized by applying n satellites,

Due to the effects of altitude, there are no change conti-
nuity in the polar constellation. Because the altitudes of the 
orbits are not considered, and considering the width of the 
coverage strip, the number of satellites is determined.

(9)COSLsat =
cos Lmax

/
cos(S∕3).

(10)DmaxS = 2Lsat + Lmax,

(11)DmaxOPP = 3Lstreet.

(12)(N + 1)Lstreet + (N − 1)Lmax > 180◦.

Fig. 2   Two-dimensional image of the central angle of the earth

Fig. 3   The coverage of three adjacent satellites on the different orbit 
planes (2Lmax < S < 3Lmax)

Fig. 4   The coverage belt of three neighbor Satellites on different 
orbits

Fig. 5   Polar constellation performance pattern (observed from the 
north)
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3 � Satellite Design

Due to the fact that the purpose of this design is the optimal 
use of the LEO orbit for satellites, the technical specifica-
tions of the satellite required to be used in the orbit should 
be designed and carried out. This section is complemen-
tary to the design of satellite constellations. The satellites 
in LEO constellation are interconnected to the ground-based 
infrastructure and to the (PSTN) public-switched telephone 
network. The procedure of designing a triplet constellation 
with three adjacent satellites on different orbits is shown in 
Fig. 6. The discipline model of conceptual design is shown 
in Table 1. In this section, a system design is described to 
obtain the required satellite parameters for use in the LEO 
orbit. The genetic algorithm will use the necessary satellite 
design factors, the most important of which is the satellite 
mass and its launch cost. This research is a compilation of 
the system design and GA method.

3.1 � Mission Design

Circuit parameters, speed variation rates, angles of the sun, 
and the amount of time available include mathematical cal-
culations for design. Also, calculations include other restric-
tions and capabilities of launch vehicles. For simplicity of 
computing, we consider the Earth to be full Korean. All 
disorders and disturbances of the orbital are calculated under 
the worst conditions and are constant throughout the mis-
sion. All calculations are based on equations in Wertz and 
Larson [12]. The approximate height of the satellite vehicle 
is 429 cm which has a triangular cross section is equal to 
89 cm per side. To optimize the use of the launch vehicle, a 
triangular configuration is used to launch several SVs simul-
taneously. It is maintained with three axes of stability of 
the SV kept long axially in space and in the direction of the 
center of the earth. Table 2 shows the spacecraft’s budget.

Fig. 6   Satellite design diagram relationships

Table 1   Fields of the satellite conceptual design model

Field Explanation

1. Mission design Defines operating modes and mission phases; characterizes all aspects of launch and orbit; determines velocity 
changes necessary to achieve and maintain orbit

2. Payload Instruments and devices used to achieve the mission goals
3. Attitude determination and 

control system
Receives and transmits signals between the satellite and ground stations on the Earth

4. Telecommunications Orients and stabilizes the satellite for specific events countering external and internal disturbances that act upon 
it

5. Command and data handling Stores and processes commands and data
6. Power Generates, conditions, regulates, stores, and distributes power throughout the satellite
7. Structures and mechanisms Supports and protects all other subsystems for all operating modes of the satellite in all of the expected mission 

phases; deploys components and/or separates them from other elements during the mission
8. Thermal control Maintains all components of a satellite within their allowable temperature limits for all operating modes of the 

satellite and in all of the expected thermal environments

Table 2   Spacecraft mass budget

Subsystem Mass (kg)

Structure 117
TCS 10
Propulsion subsystem (dry) 14
Guidance, navigation, and control subsystem 19
Electrical power subsystem 104
Antenna subsystem 100
Communications electronics subsystem 159
Spacecraft mass (dry) 526
Consumables 115
Spacecraft mass (wet) 640
Spacecraft reserve mass 22
Spacecraft wet mass with reserve 662
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3.2 � Payload

The satellite payload consists of an imaging payload (pan-
chromatic camera). The panchromatic imager (PAN) mass 
and resolution are estimated in the scaling equations given 
by Wertz & Larson [12]. The resolution of payload and 
swath are considered in designing variables with lower and 
upper limits. The complexity of SV payload is determined to 
optimize to reduce the processing load on ground stations, 
as well as to provide better service and greater flexibility to 
conduct reaction routing traffic.

3.3 � Structure and Mechanisms

The model of structural subsystem determines structure 
masses, mechanism masses and satellite bus dimensions. 
According to the launch vehicle axial, longitudinal loads 
and selected shape of the satellite bus, proper thickness of 
main structure of top and down decks, panels and interme-
diate ring with adaptor are calculated. Structure masses are 
computed on material density and thicknesses which are 
obtained from the reference model. Assuming that the mass 
is uniformly distributed system will calculate the inertia 
moment.

3.4 � Subsystem of Command and Data Processing

The data storage capacity, temperature control and power 
consumption, hardware recording and mass processing of 
onboard are determined by the subsystem of command and 
data processing. Here, the component is selected relative to 
the required amount and data storage capacity. A complex 
classification is higher than the threshold of data, so it needs 
more mass and power. A hardware recorder fits the amount 
of data storage and thresholds required. There is also a sim-
ple classification when it is below the threshold of data, a 
simple model that requires less power and mass. All calcula-
tions for this discipline are based on Wertz and Larson [12].

3.5 � Communication

Using the telemetry transmission and command (TT&C) 
data, sharing, storing, receiving, processing, and execut-
ing data collection can provide the desired performance for 
communication. These factors are all under the TT&C sys-
tem or telemetry, tracking and controlling. The function of 
the TT&C subsystem is the simultaneous operation of the 
communication, which means that there is no weakening 
or interference in other missions. The communication sub-
system determines specific components of communications 
(e.g., antennas, filters, diplexers, transmitters, etc.). Power 
consumptions and pointing requirements are also based 
on equations given by Wertz and Larson [12]. Simplified 

assumptions include the high-gain antenna in both commu-
nication and telemetry to the earth stations.

When satellite service is used as a network node for the 
entire communications network, the 29.1–29.3 GHz band for 
telecommand uplink is used. And the band 19.4–19.6 GHz 
is used to downlink telemetry. For relay between satellites, 
band 20–30 GHz is used where the TT&C data are shared. 
All control signals and TT&C data will be sent at speeds of 
1.0 kbps when the narrow band transmission is in operation. 
To reduce the negative effects of geometry and antenna pat-
tern to the lowest level, we use (BPSK/PM) binary phase-
shift keying/pulse modulation. Table 3 shows the downlink 
telemetry properties. Transmission of the command received 
from the ground station is converted into a digital bit stream. 
When a command from the TT&C ground station is received 
by the destination satellite, if successful, the command is 
confirmed and executed at the specified time. Table 4 shows 
some command properties in the uplink.

3.6 � Attitude Determination and Control

This subsystem model determines altitude components (e.g., 
horizon sensors, sun sensors, magnetic sensors, etc.), while 
altitude control actuators include maneuvers (e.g., magne-
torquers, reaction wheels, gravity gradient boom, etc.), and 
mass is considered in the mission requirements.

The model also determines power requirements and satel-
lite pointing capabilities. Orbit and attitude control system 
(OACS) are tasked to keep the satellite at the desired point 
and maintain its stability. It also has the ability to move and 
propel to satellite orbital transfer operations. The control 

Table 3   Data transmission satellite properties TT&C

Non networked Networked

Antenna polarization LHCP LHCP (feeder link)
Frequency band 19.4–19.6 GHz 19.4–19.6 GHz
Data rate 1 kbps 3.125/12.5 Mbps (total 

feeder link/crosslink data 
rate)

Modulation BPSK/PM QPSKa

Table 4   Signal data command features

Non networked Networked

Antenna polarization RHCP RHCP
Frequency band 29.1–29.3 GHz 29.1–29.3 GHz
Data rate 1 kbps 3.125 Mbps 

(total uplink 
data rate)

Modulation BPSK/PM QPSKa
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of the initial attitude of the satellite is accomplished by a 
gyroscope stabilizer. The single-axis pitch is stable and fixed 
using the momentary force of the reaction wheel (MFRW). 
Using a small horizontal sensor set, the initial nadir atti-
tude is calculated. It also uses infrared sensors to detect the 
Earth’s horizon; the value of roll and pitch errors is obtained. 
Pitch axis errors are removed by computing changes in 
wheel speed, which results in an exchange of the momen-
tum. Both roll and yaw errors are taken by command torques 
from two magnetic torque rods. The direction of the Earth 
magnetic field is determined by a three-axis magnetometer. 
Momentum dumping of the MFRW is also accomplished 
using magnetic torque. In the various phases of the satel-
lite operation, the OACS system uses additional sensors and 
hardware. After separating the boosters, a three-axis gyro-
scope set is used to detect and determine the initial attitude.

3.7 � Electrical Power Supply

This subsystem determines the specific parameters of energy 
and power supply. Power, solar arrays, battery capacity, 
charger, and distributor are determined by this system. Nor-
mally, the solar array dimension growth is more than the 
allowable space of launch vehicle; deployable solar array 
option is chosen automatically. In this case, the solar arrays 
are assumed to be body mounted. All calculations are ref-
erenced by Wertz and Larson [12]. The bus control soft-
ware runs inside the space vehicle computer (SVC), which 
controls battery recharging. Table 5 sets forth the electri-
cal power budget and indicates end-of-life (EOL) power 
capabilities.

3.8 � Heat and Temperature Control Subsystem

This subsystem controls the temperature of the metal parts, 
radiators, heater and power supply. The face of each side of 
the satellite and the thermal radiation are calculated, to comply 
with the instructions of the subsystem of temperature control 
and the temperature balance of the satellite. For reliability at 
maximum temperature, the radiator size is designed for the 
worst conditions, as well as heaters and fan heaters for the 
worst possible temperature and minimum temperature. So 
according to these assumptions and reliability in the design 

of radiators, heaters and so on, the temperature of satellite is 
controlled in a specific case of extreme intervals on the orbit. 
By incorporating active and passive controls, an optimal ther-
mal environment is provided for the SV equipment, which is 
called the TCS subsystem or thermal control system. Pipes and 
heaters are used for heat transfer, which means the active heat 
control system. Thermal coatings, surface coatings, paints and 
radiators are used for passive thermal control. When the bat-
teries are recharged, heat is produced, to reduce and discharge 
this heat from a set of radiator batteries. The bus control soft-
ware runs inside the SVC, which controls battery recharging.

4 � Requirements and Design Indicators

The LEO constellation is a combination of uniform orbital 
surfaces and apart from each other there is same number of 
satellites in orbit. For triplet LEO constellation design with 
three adjacent satellites, important parameters are needed for 
optimization which include inclination angle (i), satellite’s alti-
tude (h), relative phasing (F), number of orbit planes (P) and 
total number of satellites (T) [4, 5].

According to regional coverage theory, determined by the 
inclination angle the regions covered with a circular area [4] in 
Fig. 7 are shown. If the inner radius of the cover is smaller, the 
extension of the coverage area is much higher. Figure 7 shows 
the coverage in two regions with two different radii, which 
are marked with two red and white colors. This radius is the 
function of the angle of inclination satellites (the central area 
of the circle is covered). Also, the inclination angle (i) should 
be equal to or greater than 3°, since the inclination angle (i) 
determines the outer radius of the cover circle. Because com-
putational methods and techniques of global coverage based 
on the circular area of coverage are not available, in this paper, 
the numerical computation method has been selected which 

Table 5   Average power budget, 24 h

Subsystem EOL (W)

Communication electronics 252
Phased array 280
SV housekeeping 88
Total load 620
Instantaneous peak power >4000

Fig. 7   The radius of coverage based on regional coverage
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is done on the whole target grid [13]. Observation factors of a 
given grid in area and time with component j and k are given 
by,

where k and j, each one is in the order expressive to be the 
target grid in time scope and the area scope; factor Ysur to 
calculate and evaluate the performance of a global satellite 
communications system which is based on regional cover-
age. It works by a constellation defined as below:

where Yo total is the parameter to observe each target in the 
area of the desired grid and mission area. Also, m is the 
number of multi-layer regional coverage in the target grid 
area and Tc is the period of motion and return of satellites in 
the constellation. To optimize launch and production costs, 
we need to minimize the number of orbital surfaces in the 
triplet LEO constellation. Also, the constellation and satel-
lite height should be at the lowest level for better perfor-
mance and as the angle of gravity is low, the area of the 
circular cover is increased [3],

(13)YJ = Y0 + Y1 + Y2 +⋯ + Yi=J =

J∑
i=0

Yi,

(14)YK = Y0 + Y1 + Y2 +⋯ + Yi=K =

K∑
i=0

Yi,

(15)Yo(j, k) = Yi(j, k),

(16)Yo total =

J∑
i=0

K∑
i=0

Yi =
∑
j

∑
k

Y0(j, k),

(17)Tc =
Yo total

Ysur
,

(18)Ysur =

∑
j

∑
k Y0(j, k)

Tc
,

(19)Yo total =

{
1 if(m ≥ 1)

0 otherwise,

(20)YP =

(
P

P0

)2

,

(21)Yh =

(
h

h0

)2

,

(22)Yi = i2 → i ∶ constant for each orbital plane,

So the parameters such as the cost of energy, production 
and launch are defined as follows:

where P0 and h0 are, respectively, representing the number 
of orbit planes and the lowest satellite altitude. To specify 
the configuration of the LEO constellation, three special 
parameters T, P and F are required. If the time period is 
identical, satellites are in a similar geographical length and 
latitude, causing a collision between the satellites. This is 
due to the lack of precise configuration in the design of the 
constellation [14, 15]. For the costing reasons, It has been 
chosen for the lowest number Nmin and highest number Nmax 
to the number of area regional coverage satellites. According 
to the analysis of the issues mentioned, optimization design 
based on multi-threaded method for regional coverage LEO 
constellation is expressed as follows:

where Col indicates the collision of satellites in constella-
tions with parameters T, P and F and also S represents the 
search area. LEO constellation has symmetric patterns and 
consists of (P), which represents the number of LEO orbit 
planes and (S) representing the number of satellites in each 
orbital plane that are placed uniformly and (T) representing 
the total number of satellites. Also, the inclination of each 
orbital plane with (i) is expressed. So in the LEO triplet 
constellation, the number of (P) orbits should be uniformly 
distributed at angle 360°/P and in each orbital plane, the 
angle between two adjacent satellites is equal to 360°/S.

5 � Genetic Algorithm for Triplet LEO 
Constellation Design

Genetic algorithm (GA) is an optimization method based 
on Darwin’s natural and genetic selection. These algorithms 
are different from the traditional optimization techniques 
because they work with parser encoding instead of their 
parameters. This encoding is usually performed as a binary 
string, as was done in this study. The genetic algorithm opti-
mizes and speeds up computation and accuracy of problem 

(23)Ylaunch = YP + Yi + Yh.

(24)Ylaunch =

(
P

P0

)2

+ i2 +

(
h

h0

)2

,

(25)

⎧⎪⎪⎨⎪⎪⎩

Min
T ,P,F,i,h∈S

{−Ysur, T , Ylaunch,P}

Subject to Col(T ,P,F) ≠ 1

F ∈ [0,P − 1]

T ∈ [Nmin,Nmax],
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solving. This method has been used in several researches by 
Matthew L. Marcus, Daniele Mortari and William J. Mason, 
etc., and optimizes the design of the orbit. Further details of 
these researches can be found in references [20–22]. One 
of the most practical ways to solve multi-threaded issues is 
genetic algorithm method [16]. To design a LEO constella-
tion with genetic algorithm, each of the design parameters 
is expressed in terms of the structure of a particular chromo-
some. Based on several individuals, the population size in 
this algorithm is determined that each individual is marked 
by an appropriate value, so that they meet the design require-
ments. As well as those responsible for additional require-
ments a value is assigned at a higher proportion. Therefore, 
the objective function must be defined on the basis of a 
proportional and consistent function, and also the objective 
function must also be determined to guide and control the 
evolutionary process. Utilizing Eq. (25), taking into account 
the weight of different goals and their choices, the consistent 
and fit function is defined as follows:

In the equations mentioned, u expresses the chromosome; 
w1, w2, w3 and w4 determine the weights of different targets 
in the algorithm. The number of satellites in orbital planes 
and the possibility of collision between the satellites of the 
LEO constellation are important conditions and the main 
design constraints. The possibility of a collision between 
satellites in the LEO constellation is extremely dangerous 
and irreversible, and this should be seriously prevented. 
This should be done while the number of satellites in the 
orbital planes significantly increases which increases cost 
and performance, but it must be tolerated as optimal. This 
paper presents a method for managing constraints and solv-
ing their problems and sorting requirements, and designing 
regulations and solving them will save significant amounts 
of time spent on computing. This method of managing con-
straints eliminates the unnecessary functions of the relative 
phase, and doing this by holding additional satellites and 
preventing their entry into orbital planes provides constella-
tion requirements and prevents collisions of satellites. Also, 
this technique divides the probability of collisions of con-
stellations and the probability of collisions of satellites into 
two sets and at two different levels. With this approach, all 
inescapable ways in both sets, which include high risk and 

(26)F(u)Ysur = −w1 × Ysur,

(27)F(u)T = w2 × T ,

(28)F(u)Ylaunch = w3 × Ylaunch,

(29)F(u)P = w4 × P,

(30)F(u)total = F(u)Ysur + F(u)T + F(u)Ylaunch + F(u)
P
,

(31)F(u) = −w1 × Ysur + w2 × T + w3 × Ylaunch + w4 × P.

low percentage risk, all in a collection, are classified and 
managed.

In the proposed genetic algorithm to provide diverse pop-
ulations, we use boundary layer matches, or binary matches. 
Using the binary method, these parameters are selected, 
which are described in the simulation section. Using the 
constraint management method, we select the first binary set 
of chromosomes and from the two chromosomes selected if 
both solutions are applicable in the next step their fit com-
patibility will be compared and will be preserved at more 
important classification levels. The total number of satellites 
is equal to the number of satellites in each orbital plane mul-
tiplied by the total number of orbital planes used. Also, the 
type of chromosome selection and their dependence on the 
number of parameters are shown in Fig. 8. So, for the design 
of the LEO combination constellation, optimized parameters 
are obtained which, in the form of chromosomal shapes, 
form a genetic algorithm which can be defined as follows:

(32)

Chromosome 1 ≤ Chromosome ≤ Chromosome N ,

N = 1, 2, 3,… , T ,

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Chromosome 1 =
��
P1

�
[Num]

�
F1

��
h1
��
i1
�
[T]

�
Chromosome 2 =

��
P2

�
[Num]

�
F2

��
h2
��
i2
�
[T]

�
.

.

.

.

.

.

Chromosome T =
��
PT

�
[Num]

�
FT

��
hT
��
iT
�
[T]

�
.

Fig. 8   Chromosome structure of Constellation
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In Eq (32), Num represents the number of satellites in 
each orbital plane used for each chromosome. In Fig. 9, 
the level “No collision of satellites at the intersection” 
after the optimal binary formation is done; since we have 
two distinct sets, collisions and intersections are not cre-
ated and “change approach” expresses the mutation and 
changes in genetic properties. Figure 9 shows flowchart 
steps proposed using genetic algorithms to obtain optimal 
parameters for solving the triplet LEO constellation design 
problem. Re and m values are constant, but repeated in 
each loop. In previous papers, the design of the genetic 
algorithm with the main parameters of the LEO constella-
tion has not been performed. Also, the number of param-
eter weights is low, which reduces the accuracy of algo-
rithm calculations. In the new algorithm designed in this 
paper, the main parameters of the orbital and LEO constel-
lations and polar constellations are considered. Also, using 
the mathematical expansion in the new algorithm for the 
number of chromosomes selected in each gene, we can 
prevent the collision of satellites and by generalizing the 

selected genes that are derived from the orbital parameters 
and cost, we cover the total area of the region based on 
the regional coverage. The goal is to optimize navigation 
and continuous coverage in low-altitude orbit to reduce the 
delay of sending and receiving data, and reduce the cost 
and number of satellites used by population size param-
eters in the GA processing. The population size is 840 
chromosomes. In the two-point method, the children are 
crossover, with 12 arrays and 4200 generations needed. 
The fit function is also used to optimize the selection of 
both parent and child members. The second child inherits 
80% of the genes of the parent. Also, parents are always 
based on the fitness function replaced. Crossover rate is 
75% and Mutation rate is 0.98%. In mutant operation, 
using a uniform distribution of a chromosome is randomly 
selected and its value will change. Examples of chromo-
some production patterns and their results are shown in 
Fig. 10.

Advantages of new Genetic Algorithm in this article:

Fig. 9   Optimal constellation design process using Genetic Algorithm
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–	 Full regional coverage.
–	 Multi-fold increase of coverage in the equator areas.
–	 Full coverage of polar regions.
–	 Multi-fold increase of polar region coverage.
–	 Decrease of revisit time in polar and equator regions.
–	 Lack of satellites collide in triplet constellation.
–	 Increased reliability of performance and reduce the cost 

of launch and system.

6 � Walker Constellation Design

Classical constellations Walker constellation coverages have 
interesting features and parameters. Homogeneous satellites 
are used to make the pattern of periodic and dynamic cov-
erage tidy and accurate which is uniformly distributed in 
orbit. Also due to the same orbital tendency throughout the 
LEO triplet constellations, full stability and stagnation for 
each satellite and semimajor axis, the presence of distur-
bances and disorders has little effect and the geometric sta-
bility of the LEO triplet constellations pattern is continually 
maintained.

The features of an excellent global coverage are this tri-
plet LEO constellation has three adjacent satellites as good 
candidates. Distributed on an orbital planes uniformly and 
regularly all satellites, we need five major parameters to 
determine a triplet LEO constellation,

The number of satellites used in each orbital planes is 
determined from the following formula:

i ∶ inclination,

F ∶ phasing factor(range from 0 to P − 1),

P ∶ number of orbital planes,

T ∶ number of satellites.

(33)T = M∕P.

The S(range from 0 to T − 1) represents the satellite in a 
pattern triplet LEO constellation and U represents a unit of 
the pattern. Also, the �s and �s , respectively, represent the 
RAAN of satellite and latitude geometry arguments,

The important thing is where (S/M) denotes the integer 
division. Previous research has used sophisticated models 
that have high efficiency, but with non-uniform distribu-
tion and non-uniform coverage [17, 18]. We can resort it to 
improve the coverage.

7 � Simulation

7.1 � Triplet LEO Constellations Applying GA

The maximum and minimum angles of inclination used in 
the simulation are, respectively, 10° and 85°, and 2 ≤ P ≤ 5 
and 3 ≤ Num ≤ 8 . Traversal of the possible height range 
for the deployment of satellites is only between 700 and 
1500 km. With 50 km steps to prevent the effect of dragging 
atmosphere in space and as well as the safety of the satellites 
from the effect of Van Allen belt radiation [19]. In a range of 
40°–100° and 2° steps all orbital inclinations can be realized. 
When in different sets of inclination and altitude precession 
rate is reviewed and evaluated, three categories of values 
have been selected with different RAAN and arguments as: 
(1) the inclination is 58° and its altitude is 1450 km, (2) the 
inclination is 58° and its altitude is 1450 km and (3) the 
inclination is 85° and its altitude is 1450 km but with differ-
ent RAAN and arguments.

Altitudes are in quasi retrograde orbit and they also 
meet the precession constraint condition. Minimum and 
maximum population sizes, respectively, are 40 and 105 
races, and the probability of “mutation” and “crossover” 
is, respectively, in sets of 0.2 and 0.8. While w1, w2, w3, 
w4 are 0.5, 0.3, 0.2, 0.1, respectively,. w1, w2, w3 and w4 
are the weights of different topics which according to the 
population size results are obtained, in the steps of the 
genetic algorithm which are retrieved and reproduced 
by the value of the fitness function. Using the constraint 
management technique and the selection of chromosomes 
by binary method in the proposed genetic algorithm to 
obtain an optimized design of triplet LEO constellations. 
Given the users need and demand, the number of satel-
lites required and elevation angle are determined. So let 
us assume that the initial elevation angle is 5°, there are 

(34)T = 360◦∕U,

(35)�s = MU(s∕M),

(36)�s = FU(s∕M) + PU(s∕M).

Fig. 10   Chromosome production patterns and their results
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three constellations named by constellation 1, constella-
tion 2 and constellation 3. Tables 6, 7 and 8 show the 
results of the simulation parameters for optimal design 
of the LEO triplet constellation with different RAAN and 
arguments. The coverage of triplet LEO satellite constel-
lations are shown in Fig. 11. CONSTELLATIONS 1 and 
2 have a coverage power equal threefold or more and in 
some areas of the earth they have a coverage power equal 

fourfold. Nevertheless, Antarctica and the North Pole area 
are not covered. Polar constellations cannot fully cover 
areas near the equator, since CONSTELLATION 3 has 
the power of covering twofold on half of the earth and in 
some other areas, its coverage is three- or onefold. But in 
the Antarctic and northern regions, the power of coverage 
of CONSTELLATION 3 is fourfold, as shown in Fig. 11.

The altitude and inclination angle are optimized with 
respect to precessional rate and argument and RAAN. Fig-
ure 12 shows variations and proportions of orbital preces-
sional rate, and inclination angle and orbital altitudes to 
select the optimum set of parameters.

Inclination angles are chosen based on more coverage 
at different altitudes, which means that in the genetic algo-
rithm, the best angle of inclination for each orbital height 
is chosen to provide better coverage. Also, the number of 
orbital planes in the genetic algorithm cycle is chosen so 
that the cover belt (cover street) is completely formed. Tri-
plet LEO constellation with three adjacent satellites can 
cover stably and permanently the entire earth. In Fig. 13, 
based on the height function for circular orbits, the num-
ber of satellites required is shown. The number of satellites 
required depends on the overlapping coverage, constellation 
configuration settings and the size of the area around the 
nadir satellite coverage in which areas of complete regional 
coverage are not created. Disorder of the coverage is due to 
poor resolution and low radial target velocity. When we use 
a smaller number of satellites, the areas to be covered are 
in a latitude zone. It is also shown in Fig. 13 the regional 
coverage of the horizon range dependence and function of 
satellite elevation; it means that as the satellite’s elevation 
increases, the regional coverage of the horizon rises.

In Fig. 13, the overall result is expressed for different 
altitudes, but the altitude required for the LEO triple con-
stellation is 700–1500 km. This means that the number of 
satellites used is reduced. In contrast, they can use other 
satellites to cover a small area at a lower altitude, but this is 
not a global cover and only a non-uniformly regional cover-
age. Because at a lower altitude the speed of the satellites is 
higher, there is less time for Earth observation. Then there 
is less time to process and the resolution is weaker.

7.2 � Triplet LEO Constellation Walker Consists 
of Polar Constellations Applying GA

CONSTELLATION 1, CONSTELLATION 2 (LEO Con-
stellation) and CONSTELLATION 3 (Polar Constellation) 
are formed and combined as a triplet LEO constellation with 
GA. After examining and analyzing the covering power the 
triplet LEO constellation, the optimal area around equator 
is selected as the initial point of complete coverage. Fig-
ure 14 shows the coverage power of triplet LEO constella-
tion. Figure 15 shows the global coverage performance of 

Table 6   LEO constellation 1

Show Value

i (∘) 58
h (km) 1450
P 3
F 0
T 18

P αs Ωs

Plan1 5 85
Plan2 20 100
Plan3 35 115

Table 7   LEO constellation 2

Show Value

i (∘) 58
h (km) 1450
P 3
F 0
T 18

P αs Ωs

Plan1 5 150
Plan2 20 165
Plan3 35 180

Table 8   LEO constellation 3

Show Value

i (∘) 85
h (km) 1450
P 3
F 0
T 18

P αs Ωs

Plan1 5 30
Plan2 25 40
Plan3 45 50
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triplet LEO constellations in longitude. The fivefold pro-
vides global coverage for communication, as most areas are 
fivefold covered; some areas such as China and Russia have 

a power coverage of five- to sixfolds which greatly improves 
navigational capabilities. However, the power coverage in 
equator areas is threefolds.

Table 9 show the results of triplet LEO constellation 
for global coverage in longitude before using GA and after 
using GA. The result also shows that it provides coverage for 
the whole earth with the most optimal cost. Also, the time 
required for calculations is less than 1 day. Table 10 shows 
the results of regional coverage samples in Russian and Chi-
nese regions. Figure 16 shows comparison of different cover-
ages implemented using and without using proposed genetic 
algorithm. Table 9 shows the strength of global coverage in 
longitude from the equator to the South Pole and the North.

According to the simulation results and its use in orbital 
determination and revisit time, the diference in simula-
tion results for revisit time, the expression is that the triple 
constellation designed with GA is optimal. Figure 17 also 
shows the simulation results of the LEO triplet constellation 
revisit time. Considering the effects of the proposed model 
of the GA and the triplet constellation method, the revisit 
time is reduced, which improves the quality of navigation 
performance.

To achieve continuous and belt coverage of triplet LEO 
constellations, we can design and use three or more satel-
lites adjacent to one orbit. But the optimal design takes place 
when adjacent satellites on an orbit do not overlap in the 
coverage of the area. For this reason, we can obtain the opti-
mal coverage with the least number of satellites according 
to specifications �s and �s for each satellite. The optimized 
mode has minimum overlap, and the minimum gap between 
two satellites. Figure 18 shows the variation in overlapping 
error rate of adjacent satellites. The curves shows that per-
formance of three adjacent satellites that provide the most 
optimal coverage for triplet LEO constellations. Each of the 
adjacent satellites on the orbit has different �s and Ωs, as 
shown in Tables 6, 7 and 8.

Due to the latency time of sending and receiving data 
in satellite communications, in the constellation design, we 
should use more satellites to reduce the amount of com-
munication time. In triplet LEO constellation designed, the 

Fig. 11   Coverage of triplet LEO satellite constellation

Fig. 12   Orbital precessional rate vs inclination angle and orbital alti-
tudes to select the optimum set of parameters

Fig. 13   Height of satellites versus the number of satellites required to 
cover the entire earth and horizon range

Fig. 14   The coverage of triplet LEO constellation
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amount of communication time through three adjacent sat-
ellites has been minimized. Figure 19 shows the curves of 
delay time in triplet constellation of GEO and LEO.

Figure 20 shows the optimization results of cost reduc-
tion using proposed genetic algorithm in the simulation of 
triplet constellations. Cost is a function of the number of 
launched satellites. The curve of hybrid constellations shows 

Fig. 15   The coverage of triplet LEO constellation in longitude

Table 9   Coverage of triplet LEO constellation by the GA in Longi-
tude

Longitude (deg) Triplet constellation 
using GA fold 5(%)

Triplet constellation 
without GA fold 5(%)

− 90 30.91 27.40
− 80 29.42 26.22
− 70 28.14 24.15
− 60 25.21 21.60
− 50 22.34 19.01
− 40 24.54 21.15
− 30 27.65 23.89
− 20 28.94 25.29
− 10 29.81 26.14
0 29.99 27.78
+ 10 29.81 26.14
+ 20 28.94 25.29
+ 30 27.65 23.89
+ 40 24.54 21.15
+ 50 22.34 19.01
+ 60 25.21 21.60
+ 70 28.14 24.15
+ 80 29.42 26.22
+ 90 30.91 27.40

Table 10   Coverage of triplet LEO constellation by the GA

Coverage area Fold2 (%) Fold2 (%) Fold2 (%) Gap (min)

Russia 96.53 40.01 20.04 2.81
China 97.02 44.21 25.07 2.74
Average 96.77 42.11 22.55 2.77

Fig. 16   Comparison of regional coverage in different constellations 
given the effect of the GA in design

Fig. 17   Comparison for triplet LEO constellation

Fig. 18   Comparison of regional coverage in different constellations
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that triplet constellation has optimum coverage with optimal 
costs and in more efficient and economical way.

8 � Conclusion

A triplet LEO constellation with three adjacent satellites 
in orbit comes with three satellites adjacent in each orbit 
with GA for enhancing communication and strengthening 
navigation as proposed in this paper. It takes an integra-
tive consideration of various kinds of factors in each stage 
of process, effective elements at each step of the project, 
such as global land cover, costs and reliability of launch and 
control, fuel and energy costs, collisions or failures of satel-
lites, creating a very smart and strong telecommunication 
network using complex and complex transactions which lead 
to the design of a triplet LEO constellation system. In the 

analysis, many factors are considered, including complexity, 
payload, LEO orbital height, number of satellites, etc., to 
factors such as user and customer satisfaction, and optimal 
sound quality, etc. Since the beginning of the project, it has 
been stressed that the transactions of engineering systems 
for telecommunication formalities are to be observed in the 
LEO triplet constellation architecture. Multi-purpose opti-
mization design based on the region in the constellation 
of regional bills with three satellites adjacent in each orbit 
is considered. A functional genetic algorithm is presented 
which is obtained under the influence of constraint controls. 
This is an applied genetic algorithm for finding optimized 
solutions, in which the altitudes and inclinations, functions 
of triplet LEO constellations with three satellites adjacent 
and precession have been taken into consideration. With pro-
posed GA, the compatibility and interoperability between 
normal constellations and triplet LEO constellations can be 
improved. GA can be also used in MEO constellations and 
it can be generalized to other constellation design issues in 
terms of reliability and cost, such as GPS constellations and 
iridium, etc.
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