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Abstract: Given the great achievements of the Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) mission in providing huge amount of GPS radio occultation (RO)
data for weather forecasting, climate research, and ionosphere monitoring, further Global Navigation
Satellite System (GNSS) RO missions are being followingly planned. Higher spatial and also temporal
sampling rates of RO observations, achievable with higher number of GNSS/receiver satellites
or optimization of the Low Earth Orbit (LEO) constellation, are being studied by high number of
researches. The objective of this study is to design GNSS RO missions which provide multi-GNSS
RO events (ROEs) with the optimal performance over the globe. The navigation signals from GPS,
GLONASS, BDS, Galileo, and QZSS are exploited and two constellation patterns, the 2D-lattice
flower constellation (2D-LFC) and the 3D-lattice flower constellation (3D-LFC), are used to develop
the LEO constellations. To be more specific, two evolutionary algorithms, including the genetic
algorithm (GA) and the particle swarm optimization (PSO) algorithm, are used for searching the
optimal constellation parameters. The fitness function of the evolutionary algorithms takes into
account the spatio-temporal sampling rate. The optimal RO constellations are obtained for which
consisting of 6-12 LEO satellites. The optimality of the LEO constellations is evaluated in terms
of the number of global ROEs observed during 24 h and the coefficient value of variation (COV)
representing the uniformity of the point-to-point distributions of ROEs. It is found that for a certain
number of LEO satellites, the PSO algorithm generally performs better than the GA, and the optimal
2D-LFC generally outperforms the optimal 3D-LFC with respect to the uniformity of the spatial and
temporal distributions of ROEs.

Keywords: GNSS radio occultation; LEO Constellation; evolutionary algorithms; flower constellation

1. Introduction

Satellite constellation design is an essential sector of designing spacecraft missions such as global
navigation, communication, remote sensing, and Earth and space observation. These satellite missions
may consist of multiple spacecrafts which operate simultaneously in order to meet the optimal
performance of the system and reduce the mission costs [1].

The radio occultation (RO) technique was originally used to study the atmosphere and ionosphere
of Mars [2]. The idea of using GPS RO technology to study the Earth’s atmosphere was pioneered by the
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GPS/Meteorology (GPS/MET) experiment launched in 1995 [3,4]. Since then, large amounts of vertical
profiles of atmospheric and ionospheric parameters have been obtained by following satellite missions,
including the CHAllenging Minisatellite Payload (CHAMP) [5], the Constellation Observing System
for Meteorology, Ionosphere and Climate (COSMIC) [6], the Meteorological operational satellite-A
(MetOp-A) [7], MetOp-B [8], and FengYun-3C [9]. For RO missions with single LEO satellite such as
GPS/MET and CHAMP, the number of daily RO events (ROEs) and the corresponding spatial and
temporal resolution of RO data were limited. COSMIC, the first operational GPS RO constellation
with six satellites, has observed 1000-2500 ROEs per day at the early stages of its operation [10,11].
The resultant data contribute significantly to weather forecasting [12], the global climate change [13],
space weather monitoring [6], and ionospheric climate studies [14]. Due to the great success of the
COSMIC mission, the follow-on mission COSMIC-2 is initially designed with six low-inclination-angle
and six high-inclination-angle orbit satellites. Although the launch of six high-inclination-angle orbit
satellites of COSMIC-2 was finally canceled due to budget constraints, it is likely that an alternative
source can be obtained from high latitude constellations provided by commercial companies [15].

On the other hand, the number of navigation satellites whose signal can be used for the RO
observation has increased continuously in recent years. Over the past decade, navigation satellite
systems are being developed and emerging, such as the Chinese BeiDou navigation system (BDS),
Galileo and Japanese Quasi-Zenith Satellite System (QZSS) and will bring unique opportunities and
challenges for the Global Navigation Satellite System (GNSS) RO technique, in addition to the fully
operational GPS and GLONASS. With the increased number of available navigation satellites, the use
of multiple GNSS signals is an opportunity for better sounding of the atmosphere [16]. The new
generation of GNSS RO missions is normally equipped with multi-GNSS RO receivers. Each of the six
COSMIC-2 satellites is equipped with a GNSS RO receiver, which will receive navigation signals from
both GPS and GLONASS [17]. The GNSS occultation sounder (GNOS) instrument onboard FY-3C and
FY-3D satellites can receive signals from Beidou Navigation Satellite System (BDS) and GPS [18,19].
The new instrument, named GNOS-II, onboard FY-3E satellite is capable of tracking GNSS signals
from GPS, BDS, and Galileo [20].

Better temporal and spatial distribution of ROEs, important components of designing a GNSS
RO system, is a motivation for extensive researches. Mousa et al. [21] used the variable separation
approach to seek the best practical orbital parameters of the LEO satellite for a tropical GPS RO mission,
and the performance of the orbit design is evaluated with the number of ROEs and their longitudinal
and latitudinal distributions. Xu et al. [22] analyzed the impact of LEO orbit parameters on the number
and global distribution of RO events. Moreover, the impacts of the orbit inclination angles of LEO
satellites on the performance of the COSMIC and COSMIC-2 was investigated by Chern et al. [23].
For the first time, Juang et al. [24] used a genetic algorithm (GA) for the optimal design of a walker
constellation composed of 12 satellites in a multi-GNSS RO mission. The fitness function of the GA
applied in Reference [24] is established on the basis of the minimum number of 24 h ROEs over each
4.5° x 4.5° longitude-latitude grid cell and the temporal distribution of the ROEs is not considered.
Lee and Mortari [25] also applied GA to optimize the 2D-lattice flower constellations composed of
12 satellites for a LEO-LEO RO mission, with the purpose of maximizing the odds at which pairs of
satellites can see each other through the atmosphere (active or observation time). Asgarimehr and
Hossainali [26] further used GA to optimize the 2D-lattice flower constellation (2D-LFC) and 3D-lattice
flower constellation (3D-LFC) composed of 6 LEO satellites for GPS RO observations over Asia and
the Pacific region, and the performances of the optimized constellations for RO observation are even
superior to COSMIC over the target region. They devised the fitness function based on the concept of a
Voronoi diagram, which evaluates the spatio-temporal distribution of ROEs. In these previous studies
which use the evolutionary algorithms to optimize the RO constellation [24-26], a GA is generally
applied. While in the design of optimal satellite constellations for different kinds of applications,
another evolutionary algorithm, the particle swarm optimization (PSO) algorithm, is also widely used
and it has been documented that a PSO performs even better than a GA [27,28].
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In this study, the navigation signals from all the five available Global Navigation Satellite Systems
(GNSS) (i.e., GPS, GLONASS, BDS, GALILEO, and QZSS) are fully exploited for the first time and two
constellation patterns, the 2D-LFC and 3D-LFC, are adopted to develop the optimal constellations
composed of 6-12 LEO satellites for GNSS RO observations over the globe. Considering that the
optimization algorithms may result in different performance levels of the eventual constellation [27],
both GA and PSO are applied to search for the optimal configuration of the constellation for GNSS RO
observations. The fitness function of the evolutionary algorithms is established based on the concept
of spatio-temporal point process. Both the spatial and the temporal distributions of ROEs are taken
into consideration evaluating the optimality of the resultant constellation.

In what follows, we outline how this is done. Section 2 describes the principles and the
methods used in the optimization process and the simulations. In Section 3, the optimal constellation
configurations are presented and are evaluated. The comparisons of the methods and results with
related researches are discussed in Section 4, and some conclusions are reached in Section 5.

2. Principles and Methods

For cost consideration, we limited the total number of LEO satellites to less than or equal to 12 [24].
Considering that COSMIC is a six-satellite constellation, the minimum number of LEO satellites is set
at 6. Hence, the optimal constellations are obtained by a varying number of LEO satellites between 6
and 12. The two LEO constellation patterns, the two evolutionary algorithms with their implemented
fitness function, the simulation scenario, and the criteria to evaluate the point-to-point uniformity of
the ROE distributions are presented in this section.

2.1. LEO Constellation Patterns

To design the LEO satellite constellation for a spacecraft mission, two walker constellation patterns,
walker delta and walker star constellation, are generally chosen [29,30]. Two types of lattice flower
constellations, 2D-LFC and 3D-LFC, can also be considered as walker constellations [31,32]. Here the
LEO constellation patterns of 2D-LFC and 3D-LFC are taken into consideration. Considering that the
uniformity and the symmetry of the constellation can be affected by elliptical orbits in 2D-LFC [26],
only circular orbits are considered for optimizations based on this pattern, while 3D-LFC is applied for
constellation pattern of elliptical orbits.

2.1.1. 2D-LFC

A 2D-LEC is defined with three integer parameters and six continuous ones [31]. The three integer
parameters are the number of inertial orbits (Np), the number of satellites per orbit (Ngp) and the
phasing parameter (N¢), which satisfies Nc € [0, No — 1] and governs the phasing distribution of the
satellites in the constellation. The six continuous parameters are the orbit altitude (a), the eccentricity
(e), the inclination (i), the argument of perigee (w), the longitude of the ascending node ({211), and the
initial mean anomaly of the first satellite of the constellation (M;;). In particular, the distribution of the
satellites in a 2D-LFC corresponds to a lattice in space, where the mean anomaly (M) and the right
ascension of the ascending node (Q2) of all the satellites of the constellation are uniformly distributed
in orbits. The constellation configuration for a 2D-LFC is expressed as follows [31]:

AQ;: i—1
ij _
AM;; 1 2”[ ji—1 ] M)

No O
Nc  Nso

wherei = 1,...,Np, ] =1,...,Nso; Nc € [1,No]; AQU = Qij — 9, AMZ-]- = Mi]' — My, among
which €);; and M;; denote the longitude of the ascending node and the mean anomaly of the j-th
satellite on the i-th orbital plane, respectively. A();; and AM;; are calculated with Equation (1), based
on which ();; and M;; can be obtained accordingly with the given ()11 and My;.



Remote Sens. 2019, 11, 571 40f17

In the simulation, circular orbits need to be applied to ensure the uniform and symmetric
distribution of the LEO satellites in the 2D-LFC [31], which means that the eccentricity of all the
satellites are set to be zero. Some constraints are applied on the variation range of the design
parameters for the LEO constellation to avoid unrealistic solutions. The variation ranges of the
constellation parameters for the 2D-LFC are listed in Table 1. Due to the regular pattern of the 2D-LFC,
it is possible that the satellites will collide in circular orbits. Hence, to avoid the collision of satellites
within the 2D-LFC, the constraint on the minimum approach distance between any two satellites is
considered, as explained in Reference [33]. In the optimization process, the fitness value will be set to
the minimum when this constraint is not satisfied.

Table 1. The variation range of the parameters defining 2D-lattice flower constellation (2D-LFC)
composed of N satellites.

Parameter Variation Range
i [1°,100°]
orbit altitude [300 km, 1000 km]
No No € {f(N)"}
Nso Nso = ~g
Nc [11 NO]

* f(N) denotes all the divisors of N.

2.1.2. 3D-LEC

A 3D-LEC is defined by six integer parameters and six continuous ones [32]. Two of the six integer
parameters, Np and Nsp, are of the same meanings as those defined for 2D-LFC, and the other four
integer parameters include the number of unique orbits (with different arguments of perigee) on each
plane (N ) and the three phasing parameters (N, L N%, N(?’j). Each satellite has the same semi-major
axis, eccentricity, and inclination. This results in the most important characteristic of a 3D-LFC, which
is the constellation symmetry. In other words, all the satellites in the elliptical orbits are distributed
uniformly. The expression to obtain the orbital elements of the satellites in a 3D-LFC reads [32]:

No © 0 AQyji i—1
N2 Ny 0 Awjje | =2m| k-1 )
Nt N2 N || AMi ji—1

wherei=1,...,No,j=1,...,Nio, k =1,...,Nw, N} € [1,Np], N3 € [1,Ny], and N € [1,No};
AQjj, Awjjx and AM;j are the values of (3, M and w of the j-th satellite on the k-th orbits of the
i-th orbital plane with respect to the reference satellite, respectively. The variation ranges of the
constellation parameters for the 3D-LFC in the simulation are listed in Table 2.

Table 2. The variation range of the parameters defining 3D-LFC composed of N satellites.

Parameter Variation Range
i [1°,100°]
e [0.01,0.05]
orbit altitude [%, %}
No No € {f(N)"}
N Nw € {g(N)"}
Nso Ngo = NOI\I]\IW
Né 1, No]
Ng (1, Nw]
Nz [1,No]

* f(N) and g(N) denotes the divisors of N which satisfy that f(N) - g(N) is also the divisor of N.
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2.2. An Overview of the Evolutionary Algorithms

When seeking the optimal LEO configuration as a GNSS RO mission, the direct way is the
exhaustive search method. Considering the large size of search space for both 2D-LFC and 3D-LFC,
an exhaustive search is computationally unfeasible. Additionally, when seeking the Geometric Dilution
Of Precision (GDOP)-optimal flower constellations for globe coverage problems, the optimized
constellation configuration found is responsive to the optimization algorithm used, and the solutions
obtained by two evolutionary algorithms, GA and PSO, are generally better than those obtained by an
exhaustive algorithm [27]. Therefore, both of these two evolutionary algorithms are used here to seek
the best constellation parameters for 2D-LFC and 3D-LFC with the optimal GNSS RO performance
over the globe.

2.2.1. Genetic Algorithm (GA)

GA is a robust technique based on natural biological evolution which has proven to be an
efficient method to optimize satellite constellations [34]. With the principle of “survival of the fittest”,
the GA is initialized with a population of candidate individuals. These individuals are represented
by chromosomes that perform selection, crossover, and mutation to form the next generation of the
population. In each generation, the fitness of every chromosome is evaluated with the fitness function,
and the evolution process terminates when a maximum number of generations or a satisfactory fitness
level has been reached. See [35,36] for details.

To deploy GA, 30 individuals, i.e., 30 different constellation configurations of 2D-LFC and
3D-LFC, are created randomly as the initial population. Each individual is represented in the form of
chromosomes with the same length in the GA process. It is essential that the constellation parameters
of the 2D-LFC and 3D-LFC are encoded as chromosomes of a GA represented with a bit string. For the
2D-LEC, the inclination and the semi-major axis are represented with 8 bits, while the number of orbital
planes, the number of satellites in each orbital plane, and the phasing parameter are all encapsulated
by applying 4 bits. For the 3D-LFC, the inclination and the semi-major axis are also represented with
8 bits, while the eccentricity and the phasing parameters are represented with 4 bits. After the initial
population is determined, different operations of GA, such as selection, crossover, and mutation,
are carried out to obtain the best constellation configuration. Thus, each individual is evaluated
with the fitness function, and two individuals are chosen as the parents producing the offspring with
the roulette wheel approach. The fitness function used in this simulation is defined in Section 2.3.
The elitist selection strategy is applied to guarantee the solution quality obtained by the GA process.
Particularly, the one-point crossover approach and the mutation processes are applied to generate
next generations of population. In order to avoid a premature convergence of GA, which leads to the
convergence of the solution to a local maximum, the value of the one-point crossover probability and
mutation probability is set as 0.85 and 0.2, respectively [26,34]. The GA process is terminated when the
process is iterated for 100 generations. The optimal constellation configuration found is the solution
for the GA optimization process.

2.2.2. Particle Swarm Optimization (PSO) Algorithm

Similar to a GA, PSO is initialized with a population of random solutions. However, unlike GA,
the PSO algorithm mimics the social behavior of bird flocks searching for food, when they try to take
advantage of sharing information of food position, which affects the whole swarm behavior. Each bird
is regarded as an initial particle which represents a possible solution in the search space, and these
particles are simultaneously flying through the search space. In particular, each particle is associated
with a position vector, which represents the solution of the problem, and a velocity vector, which
determines the position updated in the next iteration. See Reference [37] for details.
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In the simulation with a PSO algorithm, each particle keeps tracking the best position of its own
—
and the whole swarm according to the fitness value. The updated velocity V;(t + 1) of the ith particle
in the t 4 1th iteration can be expressed as follows [37]:

— — — — —

Vi(t + 1) = w‘Z(t) +an (Pbesti - Xi(t)) + C272(Gbest - Xi(t)) 3)

— —

where X;(t) and V;(t) denote the position and velocity of the ith particle in the tth iteration; w is the

inertia weight which controls the scope of the search space; ¢; and ¢, respectively, denote how the

individual and the social factor influence the velocity of the particle; r; and r, represent the random
-

=
numbers uniformly distributed in [0,1] at each iteration; Pp.g;; and Gy, is the best position of the ith
particle and that of the whole swarm. The updated position of the ith particle in the ¢ + 1th iteration

can be described by as follows:
—

— —
Xi(t+1) = Xi(t) + Vi(t + 1) )
When deploying the PSO algorithm in this study, a particle corresponds to a constellation
configuration. The detailed simulation procedure is as following: First of all, the initial swarm
composed of 30 particles, i.e., 30 different constellation configurations of 2D-LFC and 3D-LFC,
is generated randomly. Hence, the initial positions and velocities of these constellations in the first
iteration are generated randomly. In the following iteration, each constellation configuration (particle)
is evaluated with the fitness function. In particular, the fitness function adopted by a PSO algorithm
is the same as that used by a GA, defined in Section 2.3. The position and velocity of each particle
will be updated using Equations (3) and (4), according to its best position and that of the swarm
which are found so far. Besides, the inertia weight w = 0.9, the individual factor c¢; = 1.5 and the social
factor cp = 1.5 are applied [27,37]. In Reference [27], to ensure the fairness for the comparison between
the two algorithms, the termination condition for both of them are set as 60 iterations. In this paper,
the termination condition for the two evolutionary algorithms are both set as 100 iterations. The PSO
process is iterated 100 times for each particle and the optimal constellation configuration found is the
solution of this algorithm.

2.3. Fitness Function

As mentioned in Section 2.2, the fitness function plays a key role in evolutionary algorithms.
The fitness function, which evaluates the degree of the optimization in the temporal and spatial
distribution of ROEs, is established based on the concept of a spatio-temporal point pattern [38,39].
This concept can be described as follows: For a given spatio-temporal region S x T, where S is a given
region and T is a given time interval, the events of a spatio-temporal point process form a countable
set of points, X = {(s;, t;) : i =1,2,...}, where s; € S is the location of a point and t; € T corresponds
to the time information of the point. The spatio-temporal pattern of a random location (s, ¢) in this
region can be evaluated by the intensity of this location, which is as follows [39]:

E[Y(ds x dt)]

A t) = Ll
(50, o) |dsx1g\lao |ds x dt|

©)

where A(sg, to) is the intensity of the location (so, t); ds x dt denotes a small volume around this
location, and Y (ds x dt) denotes the number of points in the small volume. The intensity of a location
can be regarded as the average number of points per unit volume around this location. Theoretically,
if for every location (so, tp);, (i =1,2,3,...... ) in a given spatio-temporal region, A (s, tp); keeps the
same, then the spatial-temporal sampling in this region is called homogeneous. While in practice,
when evaluating the point distribution pattern in a given spatio-temporal region, the region is usually
gridded both in time and space dimensions and if A(sy, ty) keeps the same for all the grid points or
Y (ds x dt) keeps the same for all the grids, the spatio-temporal point pattern would be homogeneous.
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It can be seen that theoretically, a small spatio-temporal grid is preferred because the smaller
the grid is, the more homogeneous the spatio-temporal point pattern would be achieved when the
values of Y for all the grids are the same. But when applying this concept in the optimal design of LEO
constellation for GNSS RO, it should be taken into consideration that the total number of 24 h ROEs is
limited and the value of Y for all the grids should be larger than or equal to 1. Hence, we define the
spatio-temporal grid as 10° x 10° x 3 h, and Equation (6) provides the fitness function used in the two
evolutionary algorithms:

Nyor>Yo

fitness function =
Niotal

(6)

where Ny, denotes the total number of spatio-temporal grids and Ny, = 5,184; Yror denotes the
number of the simulated ROEs in a certain grid; Y denotes the expected mean number of ROEs of
each grid, which is calculated from the total number of simulated 24 h ROEs over the globe and the
value of Nyy,; and Ny, >y, denotes the number of grids with Yror > Yp. For a certain number of
LEO satellites, the constellation configuration which corresponds to the maximum value of the fitness
function is the optimal one. The higher the value of the fitness function, the better the GNSS RO
observation performance of the LEO constellation.

2.4. Simulation Scenario

When the signal sent by a GNSS satellite passes through the atmosphere, the signal trajectory is
bent due to the refraction of the atmosphere before it is received by the GNSS RO receiver onboard
a LEO satellite. This phenomenon is considered a GNSS RO event. In the simulation of GNSS
ROEs, two requirements should be met for the occurrence of a ROE. One is that the tangent point
heights of the signal paths is between 0 and 80 km, and the other one is that the ray, connecting
the GNSS satellite and the LEO satellite, is in the field of view of the antenna. What needs to be
mentioned is that the receiver onboard each LEO satellite is here assumed with the sufficient number
of channels to track all the intercepted GNSS signals and the channels will not interfere with each
other. The multi-GNSS signals from GPS, GLONASS, Galileo, BDS, and QZSS are used as the sources
for GNSS RO observations. Considering that Galileo, BDS, and QZSS have not yet reached their
full planned constellation, to ensure the consistency in the simulation work, the full operational five
GNSS constellations are all simulated based on their nominal constellation configurations [40—44].
In particular, the third generation of BDS is used. The configuration parameters for the five nominal
GNSS constellations are listed in Table 3.

Table 3. The configurations for the five nominal Global Navigation Satellite System (GNSS)

constellations.
System GPS GLONASS Galileo BDS QZSS
Orbit MEO MEO MEO MEO IGSO GEO Qzo0 GEO
Number of satellites 24 24 24 24 3 3 3 1

Walker Walker Walker

Constellation pattern 6 planes (24/3/1) * (4/3/1)  (24/3/1) / / / /
Inclination [deg] 56 64.8 56 55 55 0 43 0
Altitude (km) 20,180 19,100 23,220 21,528 35,786 35,786 35,786 35,786

* t/p/f where t denotes the total number of satellites, p is the number of equally spaced planes, and f is the relative
spacing between satellites in adjacent planes.

Figure 1 shows the distribution of the 24 h ROEs observed by COSMIC with five navigation
satellite systems, including GPS, GLONASS, Galileo, BDS, and QZSS simulated based on their nominal
constellation configurations. It should be mentioned that although COSMIC can only process the
signals from GPS in practice, the number of ROEs can be expected to increase almost fourfold and
better spatial and temporal distributions of ROEs will be acquired if the RO payload of COSMIC could
track the signals from all the five navigation satellite systems. For the simulation of ROEs shown in
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Figure 1a, the real COSMIC orbits are applied. While for the simulation of ROEs shown in Figure 1b,
the COSMIC orbits are simulated based on the initial satellite positions of the real orbits, using the
Simplified General Perturbations Satellite Orbit Model 4 (SGP4) orbit propagator [45]. The number of
the 24 h ROEs obtained based on the real and the simulated orbits is 10,317 and 10,340, respectively,
with the relative difference of only 0.2%. It can be seen from Figure 1 that the distributions of the
simulated 24 h ROEs in the two subfigures are very similar. Furthermore, the fitness value is 0.51968
and 0.51080 when the real and the simulated COSMIC orbits are used, respectively and the two values
are very close to each other. These comparisons verify the effectiveness of the orbit simulation in
this study.

Latitude(deg)

PR S : —
-180° -150° -120° -90° -60" -30° O 30" 60° 90" 120° 150" 180"
Longitude(deg)

(a)

Latitude(deq)

gp b
—180° ~150° ~120° 80"

-60° -30° 0 30° 60" 90" 120" 150" 180"
Longitude(deg)}

(b)

Figure 1. The simulated 24 h Global Navigation Satellite System (GNSS) radio occultation events
(ROEs), observed by COSMIC using the real orbits (a) and the simulated orbits (b).

In the simulations conducted in this study, for a certain type of LEO constellation, it is assumed
that the number of LEO satellites varies from 6 to 12. For a certain number of satellites and a certain
constellation pattern, the flow chart to reach the optimal constellation configuration is presented in
Figure 2. From this figure, it can be seen that the optimal constellation configuration which corresponds
to the maximum value of the fitness function shown by Equation (6) is found with a GA and PSO,
respectively, and the final optimal constellation configuration is the one with the highest fitness
value resulted from the two optimal algorithms. It must be noted that, to ensure the fairness of the
comparison between the two algorithms, the same termination condition (maximum iteration of
100 times), is set for both of the two evolutionary algorithms.
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Generate 30 constellations
randomly
h 4 k.
Set the 30 constellations as Set the 30 constellations as
an initial population an initial swarm
\ 4 Set the fitness function Y
Constellation optimization to get the optimal Constellation optimization
using GA performance over the using PSO algorithm
globe
l No
Maximum Yes Maximum
iteration? iteration?

A

Compare the fitness of the
two optimal solutions

h

The final optimal
constellation configuration

A

End

Figure 2. The optimization algorithm flowchart of the LEO constellation with certain number of
satellites and certain constellation pattern.

2.5. The Criteria to Evaluate the Performance of the ROE Distributions

Providing ROEs with a temporally and spatially uniform distribution is the critical issue for the
design of LEO constellations in a GNSS RO mission. The performance of the temporal and spatial
distribution of the ROEs is evaluated by the fitness function. Since the fitness function evaluates
the optimality of the distribution of ROEs based on the spatial-temporal grids, it is not able to
provide any insight into the point-to-point uniformity of ROEs in each grid and over the globe.
Therefore, the uniformity in the spatial and temporal distribution of ROEs observed by the optimal
LEO constellations are further assessed with the coefficient of variation (COV), which is defined to
represent the uniformity degree of the point distribution [46] and is expressed as follows [47]:

1
M 2

(i (= 7) )

COV =

<[~

Vi (8)

2|
[~

M
i=1
where M denotes the total number of ROEs, i denotes the ith ROE, 1; is the minimal distance between
the ith ROE and its nearest neighbor and 7 is the mean of all the values of v;(i = 1,2,...... M).

The smaller the COV, the smaller the variation of the minimal distance to its nearest neighbor, and the



Remote Sens. 2019, 11, 571 10 of 17

more uniform distribution of the points. A low value of COV corresponds to an ROE distribution close
to a regular grid, so an optimized GNSS RO mission should be characterized by a low value of COV.

3. Results

3.1. Comparison of Evolutionary Algorithms

The optimal configurations for 2D-LFC or 3D-LFC composed of n(n = 6,7,8,...... 12) satellites
are obtained separately based on the two different evolutionary algorithms, and the corresponding
fitness values are compared in Figure 3. The higher the fitness value, the better the GNSS RO
performance of the LEO constellation. As mentioned in Section 2.4, the same fitness function and
number of iterations are applied in the two algorithms, which ensures the fairness of the comparison
between them. In Figure 3, the comparison between the blue columns and the red columns shows
that for the 2D-LFC pattern, the PSO algorithm always performs better than the GA over a varying
number of LEO satellites between 6 and 12. The comparison between the green columns and the yellow
columns shows that for the 3D-LFC pattern, a PSO algorithm also generally performs better than a GA
except when n = 11 and n = 12. So, for the LEO constellations composed of n(n = 6,7,8,...... 12)
satellites, the final optimal 2D-LFCs and 3D-LFCs are generally (although not necessarily) the solutions
of a PSO algorithm.

0.8 HGA,2D-LFC lPSO,2D-LFC[[JGA,3D-LFC [JPSO,3D-LFC

0.7 I
0.6 = [
0.5~

0.4~

Fitness value

0.3

0.2

0.1

I
6 7 8 9 10 1" 12

Number of satellites

0

Figure 3. Fitness values of the optimal configurations for 2D-lattice flower constellation (2D-LFC) and
3D-LFC composed of 6-12 satellites based on Genetic Algorithm (GA) and Particle Swarm Optimization
(PSO) algorithms.

3.2. The Optimal Constellations

It is shown in Figure 3 that the constellation with the best result depends on the optimization
algorithm. Regarding the dependency on the algorithm, the two methods are considered and the
better solution achieved by either of them, which corresponds to the highest fitness value, is selected.
Tables 4 and 5 presents the parameters defining the final optimal 2D-LFCs and 3D-LFCs composed of
nn==6,78...... 12) satellites, respectively. It is shown that, regardless of the constellation pattern
and number of satellites, the inclination angles of the optimized constellations are generally high,
which is important for obtaining a uniform temporal and spatial distribution over the globe. It is
also shown that the altitudes of the satellites in both 2D-LFCs and 3D-LFCs are generally lower than
650 km. Moreover, the fitness values of the final optimized constellations are generally higher than
0.6, which means that the numbers of 10° x 10° x 3 h spatio-temporal grids with ROEs more than the
expected, are generally larger than 3000.
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Table 4. The parameters of the optimal 2D-LFC configurations.

Nsat Orbit Altitude i(°) No Nso Nc Fitness Value
(km)
6 415.471 90.398 3 2 1 0.68692
7 477.085 87.532 7 1 4 0.74325
8 500.825 97.762 8 1 3 0.59105
9 491.636 90.274 3 3 1 0.67593
10 430.506 90.462 5 2 2 0.74518
11 483.447 90.488 11 1 1 0.61188
12 467.620 90.697 3 4 1 0.67438

Table 5. The parameters of the optimal 3D-LFC configurations.

Orbit Altitude

Nsat (km) i(°) e No Nw Nso NcI N2 Nc3 Fitness Value
6 520.038 89.617  0.01 3 1 2 3 1 2 0.68191
7 505.997 88.544 0.01 7 1 1 2 1 2 0.73264
8 529.264 99.078  0.01 8 1 1 3 1 2 0.59394
9 633.961 89.317 0.02 3 1 3 1 1 2 0.66609
10 572.877 92.260 0.01 5 2 1 1 2 2 0.72608
11 532.137 89.130 0.02 11 1 1 1 1 1 0.60108
12 537.006 89.130 0.01 3 1 4 1 1 1 0.66744

Figure 4 presents the numbers of the 24 h GNSS ROEs observed by the final optimal LEO
constellations with 2D-LFC and 3D-LFC patterns composed of n(n = 6,7,8, ...... 12) satellites. It can
be seen that for a certain number of LEO satellites, the numbers of ROEs observed by the optimal
configurations of 2D-LFC and 3D-LFC are very close to each other, while the number of the ROEs
observed by the optimized 2D-LFC is slightly larger than those observed by the optimized 3D-LFC.

30,000
I2D-LFC [l3D-LFC
25,000
0
4 20,000
o
14
o 15,000
o
o
Z 10,000

5,000

6 7 8 9 10 1 12
Number of Satellites

Figure 4. The numbers of ROEs observed in one day by the final optimal LEO constellations with
2D-LFC and 3D-LFC patterns composed of 6-12 satellites.

Figure 4 also shows that the more LEO satellites, the more GNSS ROEs will be observed. With 12
LEO satellites, the number of 24 h GNSS ROEs observed by the optimized LEO constellations increases
up to almost 25,000.

The spatial and temporal distributions of the ROEs observed by all the final optimized LEO
constellations can be presented visually. Here, as representatives, the spatial distributions of the ROEs
in 3 h intervals for one day, observed by the final optimized 2D-LFCs composed of 6 and 12 LEO
satellites, are shown in Figure 5. It can be seen that as the number of satellites increases, the number
of ROEs observed in each three hours increases accordingly. Independently from the number of
satellites, the distributions of the ROEs observed by the optimized configurations within each 3 h are
homogeneous over the globe.
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21-24h

18-21h

15-18h

12-15h

9-12h

6-9h

3-6h

0-3h

(a) Nsat=6 (b) Nsat=12

Figure 5. The distribution of ROEs observed within each three hours of one day by the final optimal
LEO constellations with 2D-LFC pattern composed of 6 (a) and 12 satellites (b).

3.3. Performance Evaluation of the Optimal Constellations

As mentioned in Section 2.5, a uniform point-to-point distribution should be characterized by
a low COV value. Hence, after the optimal constellations are obtained based on the evolutionary
algorithms, their performances for GNSS RO observation over the globe are further evaluated using
the COV. For each optimal constellation, the COV value corresponding to the ROE distribution within
each 3 h is calculated. Therefore, there are 8§ COV values for one day. The mean and standard deviation
of the 8 COV values are also reported in Table 6. For a certain number of satellites, the optimal
configurations for the two LEO constellation patterns are compared according to the means and
standard deviations listed in this table. The smaller the mean and standard deviation, the better the
performance of the LEO constellation.
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Table 6. The mean and the standard deviations of the COV values for 3 h-distributions of radio
occultation events (ROEs) during one day for the optimal 2D-LFCs and 3D-LFCs composed of
6-12 satellites.

. 2D-LFC 3D-LFC
No. of Satellites
Mean Std Mean Std
6 0.54143 0.015 0.56178 0.032
7 0.53720 0.012 0.54028 0.017
8 0.54756 0.012 0.55244 0.010
9 0.54228 0.014 0.53344 0.014
10 0.53065 0.011 0.54203 0.019
11 0.54780 0.012 0.53644 0.018
12 0.54112 0.014 0.54328 0.015

According to Table 6, as the number of satellites varies between 6 and 12, all the optimized
2D-LFCs and 3D-LFCs provide mean COV values for 3 h-distributions of ROEs lower than 0.6 and
most of the standard deviations of the COV values are lower than 0.02. This indicates that both the
optimal 2D-LFC and 3D-LFC configurations are of proper point-to-point ROE distributions in each 3 h,
and the temporal variation of the observation uniformity is generally small.

Table 6 also shows that, among the seven choices for the number of LEO satellites
(n=6,7,8,...... 12), the COV mean values of the optimal 2D-LFCs are lower than those of the
optimal 3D-LFCs with (n = 6,7,8,10,12). For the other two constellations, the COV mean values
provided by 3D-LECs are slightly higher. This indicates that the optimized 2D-LFCs generally result in
slightly more uniform point-to-point distributions of 3 h-ROEs compared to the optimized 3D-LFCs.
As the number of LEO satellites varies between 6 and 12, the standard deviations of the COV values
for the optimal 2D-LFCs are mostly lower than the corresponding optimal 3D-LFCs, which shows that
the temporal variations of the ROEs distribution from 2D-LFCs are mostly smaller than those from the
optimized 3D-LFCs.

3.4. Comparison with the COSMIC Constellation

The performance of the optimal 2D-LFC and 3D-LFC configurations composed of six satellites are
further compared with the existing RO mission, COSMIC. Table 7 presents the detailed information
about the number of 24 h simulated ROEs, the corresponding fitness values, and the mean 3 h-COVs of
the two optimized LEO constellations as well as COSMIC. It can be seen that both of the two optimized
configurations can observe more ROEs than COSMIC, and the number of ROEs observed by the
optimal 2D-LFC is the largest among the three constellations. The fitness values of the two optimal
constellations are both larger than that of COSMIC, while the mean 3 h-COV values of the two optimal
constellations are both lower. This indicates that the spatial and temporal distributions of the ROEs
observed by the two optimal configurations are more uniform than the ROEs observed by COSMIC.
In particular, it should be noted that the performance of the optimized 2D-LFC is the best among the
three LEO constellations.

Table 7. The comparison of the performances of the optimized six-satellite 2D-LFC, 3D-LFC with

COSMIC.
COSMIC 2D-LFC 3D-LFC
No. of 24 h ROEs 10,340 12,386 12,250
Fitness value 0.51080 0.68692 0.68191

Mean 3 h- COV 0.62081 0.54143 0.56178
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4. Discussion

As introduced in Section 2.3, the fitness function used in the evolutionary algorithms is based on
the concept of a spatio-temporal point pattern. In Equation (6), N, represents the total number of
10° x 10° x 3 h spatio-temporal grids over the globe for one day, hence, the degree of the optimization
both in the spatial and temporal ROEs distribution is taken into consideration by this fitness function.
Searching for the optimal 12 satellite walker constellation for GNSS RO observation with a GA
algorithm, Juang et al. [24] used a fitness function similar to Equation (6), while the spatio-temporal
grids of 4.5° x 4.5° x 24 h were used and there was no evaluation of the temporal distribution of ROEs
during one day. Furthermore, here in Equation (6), Yy, the expected mean number of ROEs of each
spatio-temporal grid, was calculated based on the total number of simulated 24 h ROEs over the globe
and the number of spatio-temporal grids, while this parameter was just simplified to be equal to 4 in
the study by Juang et al. [24].

Both Juang et al. [24] and Asgarimehr et al. [26] used a GA to search for the optimal LEO
constellation configuration for GNSS RO performance over the target region. Considering that the
optimized constellation configuration sought depends on the optimization algorithm used, it stands to
reason to use more than one evolutionary algorithm in the optimization process only if the comparison
between the algorithms is fair [27]. Hence, both a GA and PSO were applied in our study. To ensure
the fairness of the comparison between the two algorithms, the evolutionary processes were iterated
the same number of times (100 generations) in each algorithm. It was found that regardless of the
constellation pattern, the PSO algorithm generally (although not necessary) performed better than
a GA, which means that the spatial and temporal distributions of ROEs, observed by the optimal
constellations obtained by the PSO algorithm, are generally better compared to those derived by GA.

As to the comparison between the two constellation patterns, Asgarimehr et al. [26] found that
for a LEO constellation composed of six satellites, the daily number of GPS ROEs, which occur
over the Asia and Pacific region observed by the optimized 2D-LFC, is larger than those observed
by the optimized 3D-LFC. Our study further confirms that for a LEO constellation composed of
nn=6,7,8,...... 12) satellites, the optimized 2D-LFCs generally could observe more GNSS ROEs
over the globe compared with the optimized 3D-LFCs. In Reference [26], the altitudes of the circular
orbits in the optimized 2D-LFC are lower than those of the elliptical orbits in the optimized 3D-LFC.
In our study, the comparison between Tables 4 and 5 also revealed that, for a LEO constellation
composed of n(n =6,7,8,...... 12) satellites, with the whole globe as the target region of GNSS RO
observation, all the circular orbits in the optimized 2D-LFC were lower in height than the elliptical
orbits of the optimized 3D-LFC. Juang et al. [24] found that high inclinations of LEO satellites are
beneficial for a sufficient global coverage of the ROEs. All the optimal 2D-LFCs and 3D-LFCs were of
high inclinations in our study, which are shown by Tables 4 and 5.

The comparisons of the COV mean values and its standard deviation between the two different
constellation patterns show that, as the number of LEO satellites varies between 6 and 12, the GNSS
ROEs observed by the optimized 2D-LFCs were generally more homogeneous in space and time
compared to the optimized 3D-LFCs. The comparison of the optimized 6 satellite 2D-LFC and 3D-LFC
with COSMIC further approved the superiority of the optimized 2D-LFC performance.

5. Conclusions

Exploiting the navigation signals from the GPS, GLONASS, BDS, Galileo, and QZSS, the present
work focused on the search for a 2D-LFC and 3D-LFC composed of 6-12 satellites, which could provide
optimal spatial and temporal distributions of GNSS ROEs over the globe. Two evolutionary algorithms
were applied with a fitness function based on the concept of spatio-temporal point pattern. The better
solution obtained by either of them, which corresponded to the highest fitness value, was selected.
The space-filling performance of the final optimal LEO constellations were further evaluated using
COVs of the distribution of ROEs.
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The results showed that with the use of multi-GNSS signals, the optimized constellation
configurations provided a sufficient number of ROEs with proper temporal and spatial distributions.
For a certain number of LEO satellites, a PSO algorithm generally performed better than a GA.
The optimal 2D-LFC generally resulted in higher fitness values compared to the optimal 3D-LFC.
In other words, 2D-LFC observed more uniform ROE distributions in time and space. This is further
confirmed by the comparisons of the mean and standard deviations values of the 3 h-COV for one day.

In our future work, the 2D necklace flower constellation, which accelerates the generation
of constellations in the optimization process with more control in the design, will be taken into
consideration and the proposed fitness function for the evolutionary algorithms will be further
improved in the design of LEO constellations for GNSS RO mission.
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