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Abstract—Deep space communication systems play a key
role in human endeavors for lunar basing, Mars, and further
cosmic exploration. In pursuit of establishing the Moon as a
deep space Internet portal for future human exploration, a
lunar communication and navigation integrated (CNI) satellite
constellation design is intended into consideration. Based on
Fibonacci lattice virtual observation point model, featuring bet-
ter uniformity and stochasticity, we derive objectives related
to access coverage, power, quadruple coverage, and geometric
dilution of precision (GDOP), together with multiple multi-
objective optimization problems (MOPs) combined with Earth-
Moon difference analysis to explore better utilization of overall
resources in the lunar integrated constellation. The pareto model,
non-dominated sorting genetic algorithm-II (NSGA-II), and the
construction of the constellation system are incorporated into the
solution to pursue a higher guiding value. In particular, inspired
by the lunar frozen orbit (LFO), the hybrid inclination (HyInc)
Walker configuration is proposed with theoretical validation and
simulation evaluation, showing some superiority over traditional
Walker and remains generalizable. Extensive simulation and
comprehensive analysis are performed, including the pareto-
optimal integrated constellations and the revelation of HylInc
Walker’s coverage equalization capability, with the latter being
less studied. The entire constellation design process of this
work is highly migratory and the proposed perspective of the
configuration is enlightening.

Index Terms—Integrated satellite constellation design, lunar
frozen orbit, HyInc Walker, MOP, NSGA-II.

I. INTRODUCTION

UMANITY is entering a new era of lunar exploration

and development, with more and more unmanned probes
and manned spacecrafts scheduled on the Moon [1]]. Following
the Apollo program of the last century, the United States an-
nounced the second Moon landing program, Artemis, in 2017,
and as of October 2023, 29 countries, including Germany,
Canada, Japan, Brazil, efc., have signed the Artemis Accords.
And alongside NASA, on the ESA’s part, more than the Moon-
light initiative [2]], it has also signed a contract with rocket
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maker ArianeGroup and plans to land and build a base on the
Moon by 2025 so as to exploit the lunar resources. In this new
round of space exploration, India [3]] and China [4] are also
proactively involved in propelling, with the latter pioneering
the strategic vision of lunar antarctic exploration and having
successfully completed five lunar exploration missions [J5].
Hence for now, based on the background that aerospace is now
in full swing to promote the current explosive development of
deep space communication worldwide, considering numerous
manned lunar landing programs in the next decade, as well
as the future communication and navigation demands of lunar
bases (such as Artemis Base Camp and ESA Base Camp) and
lunar surface users, the early lunar halo orbit (LHO)-based
relay satellite (SAT) such as Quegiao 1st relay SAT [|6] can no
longer support, and the construction of lunar SAT constellation
(CON) networks has become increasingly necessary. Besides,
considering that CNSA has also commenced the 4th phase
program of lunar exploration and the validation of the Quegiao
Constellation, where the latter aims to compose a circumlunar
integrated CON to support lunar scientific research and surface
users’ demands, and to expand into a lunar-centered deep
space Internet [7]] in the future and grow towards an ambitious
portal for human exploration of Mars and deep space (as
shown in [Fig.TI), it is affirmable that the research of circum-
lunar CON network is of great precursor and foundational.
Being the first and one of the most crucial stages in
CON network construction [8]], the design of CON contributes
directly to the comprehensive construction cost and overall
system performance of the CON network. Presently, regarding
the Earth SAT orbit, in the context of 6G space-air-ground-sea
integrated network [9]], Low Earth Orbit (LEO) SAT [10] are
favored by researchers for their low double-hop propagation
delay, and in spite of frequent handover challenges [11]], they
perform optimally in high-capacity services [12] and time-
sensitive services due to low altitude, with the CON networks
typified by giant low-orbit also being thriving [13]]. In [14], a
mega-CON scheme was proposed to achieve seamless global
connectivity and high-rate backhaul transmission for integrated
SAT ground networks. In [[15]], a high-capacity backhaul data
services was investigated under terrestrial SAT networks and
a LEO-based ultra dense CON [16] solution was proposed to
meet the large backhaul capacity requirements of subscribers
[17]. And based on stochastic geometry and queuing theory,
Wang et al. proposed a multi-layer LEO dense CON scheme
that takes into account traffic dynamics [18]]. Many literatures
also considered various aspects of performance analysis and
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optimization based on the context of mega-CON networks,
such as resource allocation [[19]], backhaul capacity [20]], link
interference [21], coverage [22], latency [23]], etc.

However, while the mega-CON scheme could be a straight-
forward crude solution to the multiple performance require-
ments sought by integrated CON designs, it is extravagant
for the Moon, as mega-CON involves extremely high space
segment coslﬂ [24]]. Considering the launch cost solely, ow-
ing to the 2nd cosmic velocity restraint, the launch cost of
circumlunar orbit SAT is already dozens to hundreds times
higher that of Earth orbit SAT [25]]. Therefore, optimization
and performance squeezing for CON configuration are more
demanding in the lunar CON construction. In [26], the authors
modeled and optimized resource-constrained sparse IoT CON
and designed a quasi-optimal coverage topology. Similarly,
there are some studies on optimizing communication CON
in terms of coverage maximization [27]] or SAT number min-
imization [28]]. While [29] proposed a LEO-based navigation
CON design scheme oriented to dilution of precision (DOP)
metrics, and [30] investigated multi-objective CON design
for GNSS reflectometry mission with evolutionary algorithm
[27]. The work [31] examined the possibility of navigation
augmentation based on LEO communication CONs. The work
[32] investigated the feasibility of weak Earth GNSS signals
for lunar exploration based on the demand of ESA’s lunar navi-
gation program. Different from [32]], considering the limitation
of Earth GNSS signals for lunar navigation in terms of DOP,
the works [33]]-[38]] both focus on the design of lunar-specific
GNSS CONs. Most of researchers, including Murata et al.,
focused on the navigation coverage of lunar South Pole [35],
[36], and specifically, Murata et al. conducted a performance
analysis in the context of the JAXA-planned lunar navigation
CON. While Bhamidipati et al. proposed a lunar navigation
CON scheme using GPS signals for time transfer [37]], [38]].

Nevertheless, existing researches on CON optimization fo-
cused primarily on modeling of single mission requirement
[39], [40], i.e., communication or navigation missions. Few
researches that considered multi-objective optimization prob-
lem (MOP) resorted to choose the simpler but less adaptable
linear weighted model [41]] and e-constraint model [[14] due to
the complexity of the CON design problem, which essentially
still transformed the MOP into single-objective optimization
problem (SOP) for simplified solution at the cost of reduced
guiding significance. To our best knowledge, integrated CON
design efforts in the context of communication and navigation
integrated (CNI) [42]] are relatively lacking [43]]-[46]]. Among
them, the work [43] directly evaluated the navigation perfor-
mance by using only the accessible SAT numbers overhead,
ignoring the optimization of the CON’s geometry. The work
[44] investigated the potential implementation of lunar-specific
communication and navigation services for the landing re-
quirements of the ESA’s future lunar lander, yet only focused
on the lunar South Pole coverage as in the case of [45]], [46].

Thus in pursuit of the future vision of space communication
and to address the above issues, in this paper, we aim to inves-

IThe cost of CON consists of space segment, ground segment, and terminal
cost. The space segment cost mainly includes the development cost and launch
cost paid during the construction phase of the CON system.
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Fig. 1. Lunar antarctic base and the future portal vision.

tigate a lunar integrated CON design for multiple objectives
related to access coverage, power, quadruple coverage, and
geometric dilution of precision (GDOP). The following aspects
are considered. First, considering that the commonly used
traditional configurations such as Walkelﬂ [47] and Flower [48]
have made a lot of parameter restrictions for the simplicity and
universality of CON design and deployment, such as uniform
altitude and uniform orbital inclination [49|], which reduce
CON diversity and fail to cope with the lunar integrated CON’s
multiple requirements, the development and analysis of certain
new CON configurations will be considered and advocated.
Second, solving models for MOP with robust adaptability and
modern optimization algorithms will be prioritized for focus
and adopted to ensure the practicability of our model. Third,
apart from the rigorous mathematical analysis, the construction
of the CON simulation system and the associated visualization
of this work is also emphasized. Partial works without focusing
on the construction of CON simulation system [[18]], [50], how-
ever, it can assist in identifying problems that are troublesome
to obtain through mathematical analysis, while also attracting
and advancing researchers interested in the field. Although this
could be more costly in terms of funds, time, and efforts, it
enhances the instructive value of the research. The specific
contributions can be summarized below:

o We explore the pareto-optimal design of lunar CNI CON
in lunar frozen orbit (LFO) space with low latency,
based on the difference analysis of Earth-Moon CON
construction, including user distribution, gravity model,
and channel aspect. This is an important topic oriented
to lunar exploration, and related research work on lunar
integrated CON is relatively lacking.

o We develop three MOPs studies that involved multiple
objectives including access coverage, power, quadruple
coverage, and GDOP, which contribute to a better analysis
and utilization of the CON’s overall resources. And
the entire design process and thoughts have a certain
reference value and are highly migratory, including the
selection of virtual user model, the combination of algo-

The traditional Walker configuration can be divided into two types based
on the equalization rule of right ascension of ascending node (RAAN), namely
Walker Delta and Walker Star, the former being equalized by 360° and the
latter being equalized by 180° and can be equated with Rosetee configuration.



rithm and CON simulation construction.

o We propose the intuitively LFO-inspired hybrid inclina-
tion (HyInc) Walker configuration, developed from the
traditional Walker and remains generalizable. Theoretical
analysis and system simulation are combined to validate
its superiority over traditional Walker on CON per-
formance, including access coverage, power, quadruple
coverage, and GDOP. And the proposed perspective of
the configuration is enlightening.

o Extensive simulation and comprehensive numerical re-
sults are provided for analysis and evaluation, including,
along with the pareto-optimal CONs, the revelation of the
global and local coverage equalization capability of the
proposed configuration, which is less studied.

The rest of this paper is organized as follows. In
[ the considered system model is introduced, followed by the

proposed configuration detailed in The mathemati-
cal derivation related to the lunar CON design and the proposal

of MOPs are given in [Section [TV} [Section [V] is dedicated to

the solution and algorithms. Simulation results are given in
Section [VI} followed by conclusions in [Section [VI]]

II. SYSTEM MODEL
In this section, we propose the global virtual observation
point (VOP) model to represent the virtual lunar surface users,
and following the analysis of the lunar gravity model and the
available orbits, the CON model adopting the proposed Hylnc
Walker configuration is detailed separately in the next section.

A. Global VOP Model of Lunar Surface

To evaluate the performance of CON for global users, the
VOP model of the Moon is generated given the fact that
the actual lunar surface user data is not currently available
on the Moon. An alternative scheme is to deploy uniformly
placed VOPs at certain latitude and longitude intervals, i.e., the
latitude—longitude lattice VOP (LLVOP) model, actual effect
of which is shown in However, this VOP deployment
scheme has a major drawback, which can be clearly found
in the density of regional VOPs increases with in-
creasing latitude. This may cause the subsequent algorithm
to preferentially deploy operations toward larger inclinations
when searching for the optimal coverage CON, bringing about
a VOP latitude weighting issue that should not be introduced
and further reducing the actual reference value of the CON.

Therefore, in order to avoid the phenomenon of denser
points near the poles than at the equator, we no longer restrict
the alternative VOP to be generated only at the intersections of
discrete latitude and longitude lines, but extend it to the entire
lunar sphere. To better present the uniform and stochastic
distribution characteristics [51]], the Fibonacci lattice [52] is
introduced in this work to get the global Fibonacci lattice VOP
(FLVOP) model of the lunar surface, as shown in

The generation of the n!* point in the Fibonacci lattice is
based on (consider a sphere with radius 1) :

zh = (2n—1)/N — 1, (la)
zh = /1 —(21)2- cos(2mne), (1b)
yh = /1 —(21)2 - sin(27ne), (lc)

where N denotes the total number of points and the parameter
¢ is taken to obey the golden ratio under the requirement of Fi-
bonacci lattice, i.e. ¢ = (v/5—1)/2. On this basis, multiply by
the lunar radiu R,,, to obtain the FLVOP model of the lunar
surface, i.e. [Ty Yy 29] = R - [2L yl 2L]. v = [29 yo 29] is
the vector expression of VOP ¢ € V = {1,2,...,V} under
MGS Coordinate System (refer to [section [[I-C)), where V
denotes the set of points constituted by V' VOPs under FLVOP
model. It is observed from comparing and that
the FLVOP model is more consistent with expectations of a
uniform and stochastic distribution.

B. Lunar Gravity Model and Target Orbit

In pursuit of lower propagation time delay, Low Lunar Orbit
(LLO) satellite will be the optimal choice for future lunar
surface research exploration. However, compared to the Earth,
the gravitational field disturbance of the Moon is more promi-
nent and the non-spherical perturbation phenomenmﬂ is more
obvious due to the existence of mascons [[53]] below the lunar
surface which is caused by the asteroid collisions. Numerous
researches on lunar orbiting SATs have shown that, in order
to avoid gravitational perturbations caused by mascons, the
spacecraft can be deployed in LFO with orbital inclinations
1 of 27°,50°,76°,86° [54]], [55]], where the spacecraft can
maintain a long-term stable operation without crashing into
the lunar surface. Alternatively, consider an orbital altitude of
hs above 750km, where the impact is already negligible [56].
Combined with the consideration that lunar SATs are exposed
to more intense three-body perturbation, low altitude LFOs are
prioritized in this work (yet we can set hy > 10km since the
highest point observed by the Lunar Reconnaissance Orbiter
Camera is about 10km), while the exploration of higher-orbit
CON design involving three-body perturbation factors is left
as an extension for future work.

As for the communication channel, combined with the fact
that there are almost no gases in the lunar atmosphere, lunar
SAT signal will not be severely attenuated, and the commu-
nication channel can be considered as an AWGN channel in
a vacuum environment. However, the setting of the minimum
communication elevation 6,,;, also needs to take into account
the existence of numerous craters on the lunar surface.

C. CON Model and Hylnc Walker Configuration

1) Related Parameters of Lunar SAT Orbit: The position of
a SAT is determined by six parameters, including semi-long
axis ag, eccentricity e, inclination 4, longitude of RAAN (2,
perigee angle w, and the anomaly. (2 and ¢ determine the plane
of orbital motion in space, where € is specifically the angle
between the vernal equinox and the RAAN (counterclockwise
as seen from over the North Pole), and 7 is the angle between
the orbital plane and the equatorial plane. w, ag, and e jointly
determine the specific shape of the orbit, where w is the angle
between the RAAN and the perigee (direction of SAT motion),
while as and e are the basic parameters of the ellipse with

3 Astronomy-related parameters in this paper, including the simulation
section, are referenced from the NASA official website if not specified.

4Consequently the deployment of lunar elliptical orbits is subject to greater
perturbations than circular orbits, e.g. elliptical LFO (ELFO). Certainly if left
out of this, LLO may not be optimum from a navigation standpoint.



Fig. 2. LLVOP model. (Range [80°S, 80°N], interval 20°, total 162 VOPs)

the center of the Moon as one of the focal points, and have
e,w = 0 in a circular orbit.

The position of the SAT at a specific moment is determined
by the anomaly. The anomalies are all time-varying parame-
ters, and the departure direction of the angle is the direction of
SAT motion. The true anomaly 74 and the eccentric anomaly
FE 4 are the angles from the perigee to the orbiting SAT and the
auxiliary SAT, respectively, where the auxiliary circular orbit
in which the auxiliary SAT is located has as as its radius
and the orbital velocity is specified as the average angular
velocity w, of the orbiting SAT. Then the mean anomaly M 4
at moment ¢ can be expressed as MX) =W, - (t —tp), where
t, denotes the moment at perigee, and the anomalies satisfy

MP =EP —c. sinEﬁf), (2a)

) _ cosE(t)

CosT,’ = (2b)

l—e- cosEg)
All the above angles range in [0°, 360°], with the exception of
i which takes the value [0°, 90°ﬂ

Consider a CON of size M. In a Cartesian coordinate
system with the Moon as the central celestial body, the vector
VSZ = [z SZ 52 ziZ] is expressed as the three-dimensional
coordinates of SAT .# € M = {1,2,..., M} at moment ¢,
where M denotes the set of SAT. Concretely, the Z-axis of
this coordinate system points to the lunar north pole, the X-
axis points to the intersection of the first meridian plane with
the equator, and the Y -axis lies on the equatorial plane and is
at a 90° angle to the X-axis according to the right-handed
coordinate system. Following the term of WGS coordinate
system, this coordinate system will be called Moon Geodetic
System (MGS) in this paper. Then the position of SAT .Z at
moment ¢ can be calculated by

(t) (t)

cosf2cosT,” —sinQsinT,”’ cost
(V(JZ)T = (hs+Ry) | sin€Qcos 7'( ) 4+ cos Qsin TIE‘) cosi |,
sin 71(4 ) sini
3)
where (-)T denotes the transpose operation. And the SAT off-

nadir angle 3 is given by the following equation:

S = arcsin ( . COS9min) ; “4)

hs + R,

. . . =0
the orbit radius r, satisfies as = r, = ||V z|l2 = Rm + hs
in circular orbit condition, where || ||2 is the Euclidean norm.

SDue to the need for a sizable fraction of the orbiting energy to counteract
the celestial rotation, retrograde orbits, i.e. [90°, 180°], will not be considered.

(V5 —1)/2 = 0.618)

Fig. 3. FLVOP model. (N = 162, ¢ =

Generally, orbit selection in CON construction typically
considers resonant orbit, i.e., the SAT rotation period T
satisfies the following constraint:

T, Z1

2 =len

=12
Tm 22 ?] ~H

(&)

where T, is the rotation period of the Moon and Z™ denotes
the set of positive integers. In the circular orbit case, combined
the Kepler’s 3rd Law, i.e.,

GM,,
472

al _ G(My, + M)

K = =
472

T2 < My,

(6)
where K, G, M,,, and M, are Kepler’s constant, gravitational
constant, mass of Moon, and mass of SAT, respectively, K
can then be given by

R

472 ™ N2

R,z €ZV,j=1,2,
7

where H?! denotes the resonant orbital altitude.

2) Traditional Walker: Traditional Walker is the most com-
mon of most current CON design efforts, which is relatively
simple to design and deploy, manage and maintain, and has
a relatively low long-term system cost. This configuration has
the same height and inclination for each circular orbital plane.
With a fixed hg, the traditional Walker can be represented by
a quadratic parameter set (i/M/O/F), where M is the total
number of SATs, O is the number of orbital planes, and F' is
the phase factor, which as an integer between 0 and (O — 1).
Then by calling the first SAT in the first orbital layer the
reference SAT, the longitude Q- of the RAAN and the initial
mean anomaly Mft" of SAT #, € M, = {1,2,..., M,} in
orbit 0 € O = {1,2,...,0} can be given by and
as shown below:

“ Q%+ (0—1)- 380 i < 90°, Delta,
Q% =900 80 0 ®)
Q0+ (0—1)- 18 i = 90°, Star,
360
M;{‘o:{[Mg+(o—1)-Af]+(///o—1)-MO}—
©)

(MY + (0= 1) Af] + (.
360

—1). 360}

- 360,

where Q° and MY refer to the relevant parameters of the
reference SAT, M, can indicate the number of SATSs in each
layer of the orbit, term [M§ + (0 — 1) - Af] can indicate the



initial mean anomaly of the 1st SAT in orbit o, and |-] is a
round-down operation. The phase difference Af is given by

360
Af = —
! M

which denotes the phase relationship between the SATs of the
same serial number in two adjacent orbital planes.

-F,Fel0,0-1],FeZt, (10)

ITII. THE CONFIGURATION PROPOSAL

As mentioned earlier, the traditional Walker’s trade of
variety for simplicity leads to its widespread use in Earth-
orbiting CON design, but also effectively excludes potential
candidates for superior CON possibilities, thus making it
difficult to directly apply in multi-mission requirements for
LFO CON design. To address it, combining the specificity of
the LFO and the generality of the configuration, we release
the constraints of the traditional Walker in the inclination and
develop the HyInc Walker configuration, which can also be
represented by a quadratic parameter set (I/M/O/F), except
that, unlike the traditional Walker’s uniform inclination, the
parameter I € 1'X9 is a vector consisting of independent i,
of each orbit, i.e.,

l,io € Yo € O, (11)

where I denotes the set of inclination, including all continuous
values in the range [0°,90°], and can be extended to [0°, 180°]
under the consideration of retrograde orbit. For the LFO-based
HyInc Walker, the inclination set is discrete and depends on
the frozen angle, we use I to denote the frozen orbit set, and
the LFO inclination set is I,,, = {27°,50°,76°,86°}. Aiming
to encompass the possibility of both Walker Delta and Walker
Star configurations, i.e., to retain the backward compatibility
with the traditional Walker, the longitude Q/”O,Vo € O in
HylInc Walker configuration is given by

€ [0°,90°],

oo 180 i,
Q% = Q0+ (o-1) - lz— (\_/1 BOD
. (12)
where \/ is the disjunction symbol and the value of term
\/O L;—"J obeys

\O/ Go | _ 0,I without elements of 90°,
M B 1,T contains at least one 90°,

I:[il ig 10

13)

and the following lemma about Hylnc Walker can then be
derived.

Remark 1: In this lemma and the corresponding proof,
symbols that have definition conflicts with the other parts
of the paper are local action symbols within the scope of
this lemma and the proof. In addition, we use 7,7,d,£ to
respectively correspond to Hylnc Walker, traditional Walker,
Walker Delta, and Walker Star configuration.

Lemma 1: In terms of CON performance, consider the stan-
dard MOP min ¥(X) = [¢1(X) ¥2(X) -+ ¢, (X)], where n
is the number of objective functions 1), X = [x] @a -+ Xy,] is
the decision vector, and m is the number of decision variables.
The optimal solution F,; = {¥} of Hylnc Walker is certainly
better than or equal to F} = {W¥¥} of traditional Walker for
the same CON size M. F, and F} can be respectively given
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Fig. 4. Traditional Walker, ¢ = 76°, (12,4,4); LFO-based HyInc Walker.

by [eq. @4)] and [eq. (@3] as shown in [2 | where
P = \I’(X*) and .7-'5,]-'5 are given byand eq 1!

Proof: See

Therein, P* denotes the set of pareto optimal solutlons
and consists of all pareto optimal points X*, where X* is
expressed as not dominated (but can be weakly dominated)
by any point X in the decision space, i.e. #X : X < X*, the
symbol < denotes domination in the standard minimization
proble In addition, easily we have X < X* = X <X X*,
where the symbol < denotes weak dominance, and claim that
X and X* are weakly dominated by each other under the
condition that ¢; (X*) = v;(X),Vj € {1,2,...,n} is satisfied.
Therefore, to state Lemma 1 in terms of decision space, 73;]‘
of HyInc Walker configuration is said to be definitely weakly
dominating P} in an overall senseﬂ And it is important to
clarify that the proposed Hylnc Walker configuration is a
configuration-level hybrid rather than a configuration-upper
level permutation hybrid, a well illustrated example of which
is shown in the CON plane diagram of

IV. HYINC WALKER-BASED LUNAR CNI CONSTELLATION
MOP FORMULATION

In this section, we derive the relevant objective functions in
the CNI constellation design, including coverage and available
power in terms of communication and effective quadruple
coverage and navigation positioning precision in terms of
navigation. A HyInc Walker-based lunar CNI constellation
MOP is then formulated.

A. Constellation Coverage Range Analysis

The coverage range indicates the performance of CON
in terms of the number of services, which is numerically
equivalent to the average coverage time proportion Cy, (simply
called access coverage in the simulation section) of all VOPs.
Consider an observation of total duration 7', and denote by

the binary variable [’19 ' Whether the communication link
between VOP o and SAT ./ is available at moment ¢ € 7 =

{1,2,...,T}, where T denotes the set of time slots, then the

following lemma about bg)//[ can be derived.

6In the minimization optimization problem, we use the notation < to denote
domination [57], while in the maximization optimization problem, we use the
notation > to denote domination. This rule is followed throughout this paper.

7In general, the concepts of dominance and weak dominance are applied to
comparisons between decision variables. The application here to comparisons
between sets of decision variables is intended to show that any element in
P must be weakly dominated by one or more elements in P7.



Lemma 2: Under circular orbit conditions, the availability
of the communication link can be derived by comparing the
maximum acceptable line-of-sight (LOS) component, which
can be given by

L,
0,

< do,.all5™,
2 ma (14)

> [ldo.ally
2

t
o~

4
dy) ‘

where dg)ﬂ = (t) (t) denotes the vector of VOP 9

directed to the SAT /// at moment t in the MGS coordinate
system and thus ||d19_ ' #||2 denotes the distance between VOP
1 and the SAT .#. The maximum acceptable distance of the
LOS component ||dy,_»||5'** is given by

do,ll§™ = VO3 + 13+ 2Ry

where constant C,,, = R, - sin(Opmin )-

Proof: See u
Then the double-hop propagation delay A7y of VOP ¢

should satisfy

2
ATg SQATmaX: E\/C%+h§+2Rmhs_Cm7 (16)

where ATp,.x denotes the maximum single-hop time delay and
c is the speed of light.

Therefore, whether the VOP ¢ is covered by CON at
moment ¢ can be obtained by

M
(t)
\/ by
M=1

where \/ is the disjunction symbol. Then the coverage time
proportion Cy of VOP ¥ can be calculated by

T
=3 8 =1 2oV ).

t=1 t=1

b)) = (17)

(18)

and Cy can be finally obtained by

T
A (t
CV_VZcﬂ VTZ ;(/ylbﬁ%)]. (19)

v=1 =
B. Constellation Communication Quality Analysis
Better communication quality means higher user satisfaction
and is essential for time-sensitive services. For modeling the
lunar SAT channel without an effective atmosphere, only
the free space absorption attenuation PL(/t/}ﬂ9 needs to be
considered as follows:

(t) 2 2|14 |
PL , 4ldB] = —101g | A% o/ | (47) Hd%’ﬂHZ , (20)

where the wavelength A 9 = ¢/f.z 9. f.n.0 is the downlink
frequency. Use GG_4 and Gy to denote the antenna gairﬂ of
SAT .# and VOP 4, respectively. Then the LOS downlink
signal power received at the receivers of VOP ¢ from the
SAT .# at moment t can be given by

Pr(!) ,[dBm] = Pt 4[dBm] + PL') ,[dB] +101g (G4 Gy),

2y

81If not obviously stated, the units used for power and gain in this paper
default to the standard unit of Watt.

where Pt , denotes the antenna transmission power of the
SAT .# . Considering the application of inter-SAT links and
SAT diversity technology, more accessible SATs means better
communication tolerance performance. Then focus on the set
M = {1,2,.., M} of available SATs above VOP ¥ at
moment ¢, which can be calculated by

M
t (t
Mlg) = Z [’19,)‘//17

denoting the maximum number of available SATs, we can
obtain the available power of VOP ¢ at moment ¢ by

(22)

M
P = S P (///1;”,19) , (23)
AP =1
where Pr®) (., (0 ) = Pr(t) , which is a transformation

intended for a clearer v1suahzat10n of the formula. Then the
time average available power of VOP 1} can be obtained by

1< P& | A
— @) _ = (®) ()
=22 P =23 | > PO (o)
t=1 t=1 | 4=1

(24)
and combined average total power Py, can be finally given by

1

vaﬁ Zpﬁl,ﬁlevl_{19|Pﬂ>OV19€V} (25)

1911

where V; C V, V; = |V4], and we state ¥ is a registered VOP
on the communication service.

C. Constellation Effective Quadruple Overlap Analysis

The basis of navigation is positioning. Considering the
existence of a clock difference dt between the lunar surface
receiver’s clock and the on-board clock of the SAT .#, then
based on the trilateration measurement principle we expect
ngt) = Z.A/fzﬂ bf;)% > 4 and can calculate the specific
position of VOP ¥ by

\/(331 —29)°+ (1 —yo)” + (21 — 20)° = duo,
\/(962 —29)? + (g2 —y9)” + (22 — 29)° = dao,
\/(SUM9 - —y0)? + (2m1, — 20)° = dty 0,
(26)

where d s 9 = Cu — I't. (x denotes the pseudo-range
between the SAT .# and the receiver in the vacuum back-
ground, and I't = c¢ - §t (i.e. the clock difference Jt is
involved in via the parameter d) denotes the light
speed distance error term caused by the clock difference. SAT
position [y Y.z #.«] and pseudo-range ¢ 5 = ¢ (trec — %)
can be calculated via the ephemeris broadcast from each SAT,
and ground segment can attribute to lunar base and inter-
satellite link, where ¢;% denotes the moment when the SAT .#
transmits the signal under the on-board clock, and %... denotes
the moment when the signal is received by the receiver.

xﬁ)z + (yM19



TABLE 1
DOP RATINGS OF LUNAR NAVIGATION CON

DOP(GPS)| Error Value DOP DOP— ! Rating
<1 < 6m <2 > 0.5 Ideal
1-4 6 — 24m 2—-8 0.125 - 0.5 Excellent
4—6 24 — 36m 8 —12 0.083—0.125 Good
6—8 36 — 48m 12 - 16 0.063—0.083 | Moderate
8 — 20 48 — 120m 16 — 40 0.025—0.063 Fair
20 — 50 120 — 300m | 40 — 100 0.01 — 0.025 Poor
> 50 > 300m > 100 < 0.01 Useless

Better Geometry (3D & 2D)

Worse Geometry (3D & 2D)

25 Receiver 4_\
C -y
-
J
ﬁ‘:‘l" a{‘&" Error Range  SAT1 SAT2

Fig. 5. Illustration of the importance of SAT geometric distribution.

Then, whether the VOP 4 is effectively quadruple-covered
by CON at moment ¢ can be obtained by

w ot (M 6l <4)or (DY >gDT),
B =i M 60 >4y and (gD < D7)
J M=1 9,4 = 9 = )
(27
where GDy denotes the GDOP [58]] of VOP 1), representing
a significant metric to describe the positioning precision in
navigation, and GD" is an upper threshold. The optimization
of geometric distribution can directly affect the performance
of navigation, as shown in Then the proportion of
effectively quadruple-covered time of VOP 9} can be obtained:

1 = (0
t

=72 By,
t=1

(28)

and the average proportion Qy, (simply called quadruple
coverage in the simulation section) can be finally given by

1 1
szvggﬁ:ﬁ

14 T

> )

t=1

(29)
=1

D. Constellation Dilution of Precision (DOP) Analysis

Considering the ENU coordinate system on the Moon, the
positioning error [e. &, &, er:] can be calculated based
on the coordinate transformation [¢. &, &, ers]T = CT .
[ex €y €2 ert]T, where [e, €, €, ery]|T is the positioning error
in MGS coordinate system and the transformation matrix is

—sin~y° cos° 0 0
o a O __inAlainA©C a
cT — suwa 0057O sz §1nf(yj cgsva 0 (30)
cosy*cosy cosy?sinvy siny®* 0
0 0 0 1

where v° and ® are the receiver’s longitude and latitude. The
relationship between [e. €, &,, €r¢] and the measurement error
€, is given by [39]:

(€29)

[55 En Eu 5Ft}T = (GTG)ilGTEp,

and G is the geometric matrix, —Gy equals to

cos 07 sin g cos 01 cos aq sinf; -1
cos 05 sin g cos 05 cos ap sinf, -1
b
cosOp, sinap, cosbu, cosan, sinfy, —1
(32)

where 6 and « denote elevation and azimuth angle respectively.
g, = [—€1,, — €2, — eyt reflects the total error
excluding the clock difference. Based on the background of
the lunar CON, we can model its measurement error with the
following two assumptions [60]], which are justified and useful
for the simplification and derivation of the positioning error
covariance matrix.

Assumption 1: Lunar SAT’s measurement error obey a nor-
mal distribution with E(e,) (ﬂ V(e,) = o2, where E(-) and
V(-) denote expectation and variance operator, respectively.

Assumption 2: Measurement errors between lunar SATs are
uncorrelated. The ionospheric model in GPS may cause errors
to be highly correlated, whereas it’s reasonable on the Moon.

Remark 2: Since no atmospheric influence and basically
no multipath phenomenon exists due to the buildings or other
factors, we only need to consider the standard deviation related
to the control section ocs (3m in GPS), i.e. CT%S = g2
(5.916m =~ 6m in GPS). The DOP ratings of lunar navigation
CON referenced from GPS [61]] are shown in

Lemma 3: Lunar VOP’s positioning error covariance matrix

oo (02 42 52 52 ) — 42 S
Diag (0Z,0;,04,01;) = 0°W, where Diag™ (-) denotes
a non-necessarily imposed diagonal matrix, 02,02,02,02,

is each positioning error component’s variance and W =
Diag_(wu,wgg,wgg,w44) = (GTG)_1 is the weight co-
efficient matrix.

Proof: See u
Then the GDOP of VOP 1) at moment ¢ can be given by

gD — \/w(t)

and the time average value GDy can be calculated by

o2,- 13 [yvD)

thus combined average GDOP QD{;. can be obtained by

0 +wl) + w0l = /TIWY), (33)

(34)

Vs
1
GDy £ - > gDy, 02 € Vo = {93BY =1,v0 € V},
2
’192:1

(35)
where Vo C V, V5 = | Vs, and we state 2 is a registered VOP
on the navigation service.

E. Problem Formulation

Based on the above analysis and considering the joint
optimization of communication performance and navigation

9For system-level analysis with accuracy several orders of magnitude
lower (e.g. meters/decimeters), this is reasonable. Certainly for precise orbit
determination (e.g. at few centimeters level), non-zero mean considerations
are more realistic and important for research with small systematic errors.

10Tn the simulation section, the description “combined average geometric
precision” is relevant. In conclusion, this metric provides an overall reflection
of the CON network’s performance in terms of navigation service quality.
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Fig. 6. A detailed flow illustration of the whole solution. (Assuming the pareto front maximum level is 5)

performance, the MOP for Hylnc Walker-based lunar
CNI constellation is formulated as follows:

(PO s B e (Cv.Pv,Qv,~GDy),  (6a)
st. 10 < hy <750, hg = HZ 21,20 € Z7, (36b)
0° <i, <90%i, €I =iy iy --- io], (36¢)
M,=M/O € Z*, (36d)
Fe{01,..,0—-1}, (36e)

0° < Q% MY < 360°, (36f)

Qo obeys MZ”” obeysleq. (9L (36g)

and it should be noted that given the experimental complexity,
will be eliminated from the simulation research of
this work, i.e., hs will be directly given as some HZ!, since
this is not the focus of this work.

V. SOLUTION AND ALGORITHMS
In this section, we first start with the modeling of two
sub-MOPs and discuss the simplification of based on
their analysis. Then, we present the pareto fraction-involved
non-dominated sorting genetic algorithm-II (NSGA-II) and
its application process in combination with CON simulation
system in this lunar CNI CON design.

A. Modeling of Sub-MOPs and Simplification of (P0)
Before solving setting ® to denote CON parameters,
ie. ® =[hs I M O F Q° MS], we consider two sub-MOPs:

(P1) - max Cy, Py, st o BOESE]  G7)
(P2) : max Oy, ~GDy, s.t. [ (BOLIHBEH]

where |(P1)| is the HyInc Walker-based lunar communication
CON MOP and is the HyInc Walker-based lunar navi-
gation CON MOP. The significance of this approach includes,
on the one hand, a more comprehensive analysis and available
conclusions for each objective in terms of communication
and navigation, including the validation of the performance
improvement by applying the proposed configuration, and on
the other hand, a simplification of by using a “product-
ratio model” for the specificity of MOP in this paper, based

(38)

on a theoretical comparison of the solution phenomenon with
the linear weighted model tradeoff.

Specifically, we consider the product (Cy -Py) and the ratio
(Qy/GDy) as a combined measurement of CON’s communi-
cation performance and navigation performance, respectively.
Compared to linear weighted model, it avoids the problem
of comparing and combining magnitudes. And considering
DOP~! (as shown in as an accuracy factor as well, we
can easily know that both (Cy - Py,) and (Qy,/GDy) contain
significant physical meanings. Therefore, MOP can be
simplified to as shown below:

(P3) : max Cy - Py, Qv /Dy,  s.t. [oq. BOLIHEGL (39)

B. Pareto Fraction-involved NSGA-II for CON Design

As mentioned earlier, in order to enhance the applicability
and reference significance of the integrated CON designed for
the Moon, the construction of the CON simulation system,
the pareto model [[62], [|63]] and the application of NSGA-II
[57] are all considered for the solution of [(PT)} [[P2)]and [[P3)}
where NSGA-II has been a widely popular and efficient multi-
objective genetic algorithm [30]. Then each ® becomes a ge-
netic individual, and hs,I = [iy i2 -+ io], M,0,F,Q° M§
is individual trait. To better accommodate the CON diversity
during the selection operation, additionally, we consider pareto
fraction-involveﬂ NSGA-II and integrate the representation:

NSGA-II = (M, P, D,F,=,91,92, £y, ¢, X,Q,%), (40)

where 91 is the CON population size, B3, respectively
denote the parent and offspring CON population, F is the
CON evaluation function vector, = denotes the CON fast non-
dominated sorting process, 1 is the pareto fraction, %) denotes
the crowded comparison process, £g) denotes the binary
tournament selection operatoﬂ based on crowded comparison,

Original NSGA-II achieves elite maintenance by complete merging of
parent-offspring, however, this may tend to fall into a highly correlated local
optimum with the parent prematurely. While pareto fraction limits the number
of individuals involved in merging at the parent-optimal nondominant level.

2The binary tournament selection operator randomly selects two indi-
viduals (put-back sampling) and compares the fitness values (i.e. rank) for
merit retention, and keeps cycling until the number of retention reaches the
population size 1.



Algorithm 1: Constellation Fast Nondominated Sort =

Algorithm 2: 91-involved NSGA-II (Main Loop)

Input: All constellation individual ® € S,
®=[h, IMOF Q" MY], F.
1 Initialization: Pareto front counter | = 1;
2 for each constellation individual ® € Sg do
'Dq) = (Z), "Dq>| = 0;
for other constellation individual ® € Sg do
if ® - ©(« F) then
| D* =D*u{e}
else if © -~ &(«— F) then
| |Pa| = |Da| +1;

if |Ds| = 0 then
10 | R(®) =1, Sy = Sj U {®};

®w N & v e W

o

11 while [*" pareto front Sl # 0 do

12 Temporary set Semp = @ for next pareto front;

13 for each constellation individual ® € SilR do

14 for each constellation individual ® € D® do
15 |D@)| = |D@‘ — ].;

16 if |De| = 0 then

17 L R(O) =1+ 1, Stemp = Stemp U {OF;

18 L l:l“rlaség:stemp;
Output: D?|Dg|,V® € Ss, Sk, VL.

¢ is the genetic codeword rule, X, are the recombination
and variation operators, T denotes the termination condition
of a genetic operation. One termination condition is to let ¥
denote the current generation and let %, decide when to
terminate.

1) Evaluation Function ¥ and CON Simulation System:
For the maximization problem, CON evaluation function F =
[§1 2] can be obtained directly by converting the objective
function f°P(®), as shown in feq. (42)| where Cf is a
suitably small positive integer and the value of the objective
function f°PJ(®) is demanded to be obtained by the CON
simulation system.

2) CON Fast Nondominated Sorting Approach Z: Combined
with [footnote|6] in|(P1)}[(P2)|and|(P3)| we state that CON &4
dominates ®o, i.e. ®1 = Po, when both F1(®1) > F1(P2)
and F2(®1) > F2(P2) hold. Then the fitness (or rank) R(P)
of ® which is equal to its nondomination level can be obtained
through where Sg is the set of all CONs, D®
and Dg denote the sets constituted by the CONs dominated
by, and dominating CON @ in Sg, respectively, while S&; is
the set of CON individuals corresponding to the [ level of
the pareto front. “(+<— F)” in line 5 and line 7 of the algorithm
indicates that the process requires the cooperation of the CON
simulation system.

3) Pareto Fraction N-involved Elitist-Preserving Approach:
The actual individuals that get to participate in the merge in
the optimal pareto set of the parent will be limited to (91-901).

4) Crowded Comparison Y)-based Binary Tournament Se-
lection Operator £q): The crowding distance &(®') of CON
®! € S, of the I'" layer pareto front is given by
S(®) can describe the density of solutions around CON ®
in pareto function space, and its larger size means lower

Input: F, 21, 9-processed initial parent constellation
population 37, first offspring population 9.
1 Initialization: Current generation ¥ = 2;
2 while current generation ‘T < %« do
3 Yz = m571 U®Dg_1, Sil){ = Z(Vx),VI;
4 ‘133 = @, = 1;
5 | while [PB<z| + [Sk| < M do
6 L Calculate &(®!),V®' € Sk, based on
7 SOTt(S;.lR,ng), mg:mgusl ,I=1+1;
8 | Sort(Sk, =), Px = Px USK[1 : (M — [Bsl));
o | Spr =Sq[l: (MM, P =P — (Syy — Sy );
oo | Pe 2O 5 Tog41

Output: S;{ in generation ¥ ..

TABLE 11
MAIN PARAMETERS FOR SIMULATION

Parameter Value
Gravity model, Gravitational paramter (km?/s?) GL0660B, 4902.8
Lunar radius Ry, (km), Orbital altitude hs (km) 1737.40, 500

Propagator, Duration (day), Time step (sec) TwoBody,27.32,60

Minimum elevation angle 6,y 15°
Transmission power Pt_s, (W) 10
Antenna gain G_y, Gy (dB) 30,30
Downlink frequency f. 4 9 (GHz) 30
Precision upper threshold GD T 100
Population size 91, Pareto fraction 91 50, 0.3
Maximum generation Tmax 100
Reference satellite parameters QO, M% 0°, 0°

density and the front tends to be uniformly dispersed, which

is conducive to diversity preservation. n°P¥ in |eq. (43)| refers

to the number of objective functions, ®1{., ®L; ,, denote the
nearest left and right neighbors in the I*" layer pareto front to
CON &, respectively. Then based on [eq. (43)} the crowded

comparison operator g can be defined:

P, =9 ‘1)27 if 9%(<I>1) < 9%((1)2) or

RB) = R(B) & S(®1) > &),

belonging to a parameterless niching operator (partial order).
And £y is the binary tournament selection based on -y.

Genetic code rule €, recombination operator X and mutation
operator £ are the same as in the traditional genetic algorithm
(GA). is a detailed flow illustration of the whole solution
and the pseudo code of main loop is shown in
where the set marked with a minus sign denotes the remaining
set after the relevant elements are eliminated.

VI. SIMULATION RESULT

In this section, we conduct a series of simulations consid-
ering the FLVOP model and the CON model presented in
[section [II] and [section and the detailed results are then
presented and fully analyzed, including the performance of
the proposed configuration. The main parameters, including
the algorithm parameters [27] and the antenna parameters with
reference to the existing LEO CON [64], are listed in
where some other parameters of the reference SAT are
reasonable settings owing to the global FLVOP model and
hs = H},s — A < 5ms.

Tmax
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Fig. 7. The pareto space behavior of MOP (P1) under traditional Walker. (“2 x 5” means two orbits with 5 SATSs per orbit, same elsewhere)

A. Pareto Space Analysis under traditional Walekr CON
[Fig. T7] and [Fig. [8] show the pareto space comprehensive
situation of MOP [(P1)] and under Walker CON model,
respectively. Jointly b) and [Fig. Bfa), a clear and
realistic conclusion is that an increase in CON size always
enhances the performance of CON in various aspects. For
communication CONs, by combining the parameter space
and function space shown in [Fig.[/(a) and [Fig.7[b), several
conclusions can be summarized. First, at fixed scale cost,
access coverage can be improved by increasing ¢, where F'
aids in selecting specific CONs that cover as few overlapping
areas as possible in CON operation, but this comes at the
cost of user average total power. And from [Fig. [/c), it
can be noticed that the zero-inclination CONs have the best
average total power performance, benefiting from the fact
that they serve fewer users due to more serious coverage
overlaps. Second, it can also be noticed from [Fig. [7(c) that
CONSs with high latitude inclinations are all poor solutions.
This suggests that the continued increase in ¢ leads to more
overlapping regions, reducing the utilization of the CONs in
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Fig. 8. The pareto space behavior of MOP (P2) under traditional Walker.

terms of coverage resources (embodied in the missing second
half of the line segment in [Fig.[/(d), yet without trading off a
satisfactory enhancement in the quality of communication. It
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can be deduced that the improvement in average total power
that can be obtained by further increasing ¢ has slowed down,
which is exactly consistent with [Fig. [7(e). Third, despite the
degradation of average total power, a guiding conclusion can
be drawn by combining [Fig-T/(b) and [Fig.[7(c), i.e., for CONs
pursuing optimal average total power, slightly compromising
the average total power of individual users earns an access
coverage improvement of nearly 20%. Exhibiting this in the
physical space, a slight increase in ¢ can cover more users
with almost no degradation of the average total power, which
allows for a better utilization of the CON resources.

As for the navigation CONs, it can be seen from [Fig.[8fa)
that a slight cut in the number of services for navigation
CONs pursuing the number of services can bring up to 50%
improvement in GDOP to the remaining users. In addition,
comparing [Fig. T7(b) and [Fig. [B[a), as expected, due to the
higher cost of scale required for low orbit CONs for quadruple
coverage, the size of a navigation CON needs to be multifold
compared with that of a communication CON in order to
achieve the same number of services, which can also be
analyzed from the growth trend of the first left-hand column
of bar in [Fig. [/(f) and [Fig. [B|b).

[Fig T7[f) and [Fig.[8[(b) enable to analysis of the relationship
between each performance metric and CON size in SOPs. For
communication CONs pursuing optimal access coverage, CON
size requirement is not large, and the coverage enhancement
brought about by the growth in size is no longer significant
afterward. For communication CONs that optimize quality
or overall communication performance, the performance met-
rics are almost linearly related to CON size. For navigation
CONs aiming for the optimal number of coverage, CON size
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requirements are much larger due to the challenges of low
orbital altitude and quadruple coverage. It can be found that
during the growth from “5 x 3” to “9 x 37, the decrease of
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Fig. 12. Access coverage versus constellation hierarchy.

GDOP tends to slow down, but the growth of the quadruple
coverage performance becomes more obvious, yet it still has
not exceeded 20% (in [Fig. [B(a)). Thus, combining altitude
to optimize navigation performance can be considered if cost
is limited. For the navigation CON pursuing optimal overall
navigation performance, the situation is the same as above.

B. Validation of Enhancements of the Hylnc Walker

and [Fig. ]TT] show a comprehensive com-
parison of the configurations of MOP |(P1)| [(P2)] and [(P3)]

respectively, and the results are both fully displayed. I’ only
needs to be regarded as an auxiliary factor in the optimization
process, and the notation “(20°,1)” indicates ¢ = 20°, F' = 1.
Combining [Fig.Pfa) and [Fig:[T0(a), it can be found that in the
process of exchanging CON service quality for CON service
quantity, the pareto-optimal solution under the Hylnc Walker
fits the traditional Walker in terms of inclination distribution.
On the basis of this fit, since the communication CON
targeting C, will pursue the reduction of overlapping area,
its inclination distribution gradually tends to be mid-latitude
and decentralized, while the navigation CON targeting Qy
needs to ensure enough overlapping area, thus its inclination
distribution tends to be more low-latitude and centralized. As
for the LFO-based Hylnc Walker, due to the destruction of the
candidate inclination by orbit frozen, [Fig.P[b) and [Fig.[T0[b)
show that the pareto optimum is forced to the original HyInc
Walker’s sub-optimum, which is associated with the Hylnc

Walker’s optimum observed in [Fig.[9(a),(b) and [Fig.[T0[a)(b).

Fig. 13. Quadruple coverage versus constellation hierarchy.

Combined, and show that the
performance with Hylnc Walker applied is all superior to
that of the traditional Walker, i.e., the phenomenon of weak
domination in the overall sense can be observed in all of them
from the function space, which is fully consistent with
Considering the deployable CONSs, i.e. the frozen orbital
space scenario, it can be analyzed from [Fig. P[d), [Fig.[T0d),
and [Fig.[TT|(d) to know that the diversity of the pareto-optimal
CONs of the traditional Walker is severely destroyed by the
phenomenon of mascons, where involves the pareto
CONs parameters. Therefore, for an integrated CONs design
for the Moon, the optionality and flexibility of the traditional
Walker solution appear much poorer, and the Hylnc Walker
configuration is the more preferred candidate.

In addition, for[Fig.[TT} the pareto space designed of the CNI
CON, from [Fig.[TT|a) and [Fig-[TT(b) we find that the pareto-
optimal solutions in Hylnc Walker all have similar inclination
distributions and tend to be uniformly distributed, whereas for
the case of no freezing inclination constraints, all the pareto-
optimal solutions are clustered around an inclination of 10°,
which is in good agreement with traditional Walker.

C. Coverage Equalization Capabilities of the Hylnc Walker

In order to explore the ability of the Hylnc Walker con-
figuration to balance global uniform coverage and localized
coverage enhancement in frozen orbital space, we targeted
the future hotspot region of the Moon, i.e. the Antarctic
base region [1]-[6], as a region requiring localized cover-



Fig. 14. Traditional Walker trajectory. ((P1), LFOI1, hierarchy: 6 x 3)

age enhancement. Specifically, we set up five VOPs near
the Antarctic of the Moon, including (90°S,0°), (75°S,0°),
(75°S,90°E), (75°S,180°), and (75°S, 90°W).

[Fig.]T2] and [Fig.[T3| respectively show the specifics of access
cover and quadruple cover for different CON hierarchies
(Cy Max and Q) Max), with the data on the right side of
the figures showing the specific parameters for the Hylnc
Walker configuration. With the increase in size, the coverage
is increasing, but the growth rate is subsequently slowed
down by saturation. In the traditional Walker configuration,
LFO27° and LFO50° barely cover the Antarctic region, while
LFO76° has better overall coverage, which is as balanced as
possible between FLVOPs and the Antarctic region. On the
other hand, based on LFO76°, due to the saturated coverage
of the polar regions, LFO86° on the contrary weakens the
uniform coverage, which in turn reduces the overall coverage.

While in the adoption of Hylnc Walker configuration, the
overall coverage (which is the primary target of interest
and focus) is improved, and as CON size, especially the
number of orbits, increases, the Hylnc Walker configuration
has more CON diversity and more potential space to per-
form, and its improvement effect before coverage saturation
is also more significant. Specifically, for access coverage at
the “8 x 3” hierarchy, compared to the 85.6% overall coverage
of LFO76°, the Hylnc Walker configuration reaches 92.7%, an
improvement of 8.3%, where uniform coverage is enhanced by
11.9% at the cost of a 9.4% reduction in local coverage. For
quadruple coverage at the “14 x5 hierarchy, the HyInc Walker
configuration is 63.1%, an 11% improvement compared to the
56.8% overall coverage of LFO76°, where uniform coverage
is enhanced by 16.9% at the cost of a 6.4% reduction in local
coverage.

The above shows that the HyInc Walker configuration has a
superior coverage equalization capability. Combined with the
CON trajectory diagrams in [Fig. [T4] and [Fig. [T3} the adaptive
inclination and non-uniform distribution characteristics of the
HyInc Walker configuration can be seen intuitively, which
allows it to better optimize the utilization of CON resources.

VII. CONCLUSION
In this paper, we have explored pareto-optimal CNI CON
design with low latency in LFO space based on the difference
analysis of Earth-Moon CON construction. We have generated
the global FLVOP model with Fibonnaci lattice, featuring
better uniformity and stochasticity compared to LLVOP. Based
on derivation of multiple objectives including access coverage,

Fig. 15. Hylnc Walker trajectory. ((P1), hierarchy: 6 x 3)

power, quadruple coverage, and GDOP, three MOPs have been
proposed for better analysis and utilization of CON’s overall
resources. For higher practical reference value, pareto model,
NSGA-II, and the construction of CON simulation system
have been incorporated for the solution formation. Moreover,
LFO-inspired Hylnc Walker configuration has been proposed
to pursue a more optimal realistic deployable integrated CON,
offering superiority over traditional Walker while balancing
generalizability, which has been theoretically validated and
simulatively evaluated. Extensive simulation and comprehen-
sive pareto-optimal CON analysis have been performed, such
as altitude-dominated perspective of navigation performance,
and the revelation of Hylnc Walker’s superiority in multiple
scenarios including coverage equalization capability.

While excluding self-correction, inclination drift limitation
can be considered to further study more practical CNI CON
and applications of the proposed configuration, and more algo-
rithms applications and comparisons could be supplementary.
As a follow-up, more features revelation (e.g., navigation alti-
tude dominance mechanism, performance uncertainty range,
and design rule extraction) and application studies for the
proposed configuration have been organized as an interesting
extension work, especially in lunar Antarctic.
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APPENDIX
APPENDIX A: PROOF OF LEMMA 1
With fixed h,, consider the I'" € £ = {1,2,...,L} CON
hierarchy after factorization of M, the RAAN equalization
rule of Hylnc Walker represented by degenerates to
the corresponding rule of Walker Delta, i.e.,

o] .

180 1

Mo 0 o
“?7 9] —I—(O—l)'—~ 2 — \/\‘_J

o=1 (48)
ﬁ)QO—f—(o—l)-%:Qgﬂ(’,

and the corresponding degradation process to Walker Star is
as follows:

o .
180 )
Qo — 0 4 (0—1). B0 5 \/{_
! 0 omy L90 (49)
x 180
—2>QO+(0—1)F:QEJ/{O7



Fr={®(X;) | X; € P}, where P} ={X} | #X,, : ¢; (X)) <5 (X5),Vj € {1,2,...,n} and )y (X,)
< (Xp),Fke{l,2,...,n}}L, X, =[IM O Fl,I =iy iy -
Fif={%; | ¥ € Ff UF} and [p¥ : ¢; < (¥7);,V5 € {1,2,...,n} and ¢ < (¥7);, Tk € {1,2,...,n}]}.

Fy ={¥ (X3) | X; € P;}, where P = {X5 | X5 : 9, (Xs) <, (X3),V5 € {1,2,...,n}

and ¥ (X5) < ¢y (X5), 3k € {1,2,.

Fe={® (X}) | X{ePt}, where Pf = {X{ | #Xe : v (Xe) <y (X),Vie{1,2,...,n}

and ¢y, (Xe) <oy (X)), Ik e{1,2,...,n}}, X,

io] v € [0°,90°] Yo O = {1,2,....0}. P

45)

3L Xs=[i M O F|i € [0°,90°). (46)
)

=" 1m0 F.

where X; and X, denote the false and true events in respectively based on [Assumption I|and [Assumption 2| where

[(T3])] respectively. Setting the decision spaces under HylInc
Walker and Walker Delta configurations as 7 = {X,}
and ¥ = {Xs} respectively, easily found 7 O Py =
{X;}, 2 2 P; = {Xj}, then based on the degenerate process

X, =[IMOF] =% [i MOF|] =X, where 9

H

denotes the event that iol, Vo € O equals to each other, we
can have # 2 2. And based on it is known that
the union of the set of points #H;,j € {1,2,...,h} formed
by the points in the decision space ¢ weakly dominated
by each optimal point X7 .j € {1,2,..,h} in P; =
{X3, ;n,...,X,’:m} is equal to . Ultimately we have
Ui My = Ui (X, 1 X5, = X, VX, € A} = A 2
2 2 Pj, meaning that P weakly dominates P§ in an overall
sense and F, is better than or equal to Fy.

Similarly setting the decision space . = {X¢} under the
Walker Star configuration, then we have . 2 P = {X}} and
can obtain JZ O .¥ based on the degenerate process X, =

IM O F) % [M O F] =X¢, where 2, denotes the event

that i, = 90°,2V0 € O and we can have o7 D .7, followed
as Ul My = Ul {X, | X5, = X, VX, € #} = D
7 D Pg, ie., 73;; weakly dominates Pg in an overall sense
and F is better than or equal to F.

This valid for every hierarchy [ € £ = {1,2,...,L} and
thus also for CON size M.

APPENDIX B: PROOF OF LEMMA 2

Given 7y = |[v%llz = R + hy = [VPl2 + hs,
the SAT .# is beyond the scope of the minimum

elevation angle of VOP 1 When ||d§9t)/”||c2)utscope N

||d59t)j[||i2“_“°pe, thus by the triangular cosine relationship

(Ivl)? = guvs>ua2 + (11a$ 4l12)% = 2(v§]l2 -
[d g lls - cos(G + 0) we have [do]5™ =

—2||voll, sinwmm)i\/[zuvmu sin(0min))* =4[ (Ivoll2)* = (Iv.al1,)?]
2

Ry [si0 (Bunin)| £/ B2, [s10 (6] + B2 + 2R
\/C,Qn + h2 4+ 2R, hs — C,,. This completes the proof.

APPENDIX C: PROOF OF LEMMA 3

We can have E(e,) = [0 0 0] = Opnx1 and a
covariance relation as follows:
2 . .
Clerpesn) =47 ' 77 vijemm, 0

0,1 =7,

sin(Omin) >0

C(+) denotes the covariance operator. Therefore, the covariance
matrix V¢, of €, can be obtained by

Ve, =E((e, ~E(e)) (6, ~ ()" ) =E (e,67)

V(e1,p) Cler,pe2,p) Cle1,pem,p)

_ | Cle2per)  Viez) Clez,0em,p)
Clemperp) Clempea,p) Vienm,p) ]
(5D

i.e. Vo, = 0”Eyy, where Ey is the M x M unit matrix. Then
the positioning error covariance matrix can be derived by

C([ee en u ere]) = E ([ee €n €u ere)” - [€c €n €u ert])
= (G'G)'o? = Diag™ (07,07, 0%, 0F,).
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