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ABSTRACT Being Earth’s only natural satellite, the moon is crucial for human space exploration and serves
as a vital base for additional deep space endeavors. Cislunar space represents an extensive domain for expand-
ing human habitation beyond terrestrial land and oceans. The pursuit, building, and advancement of cislunar
space have escalated the need for cislunar navigational capabilities. Currently, GNSS navigation technology
has been well-established for Earth and near-Earth regions and is now being extended to encompass the
cislunar realm. Concurrently, the progress in small satellite technology presents fresh opportunities for the
rapid and effective implementation of small satellite navigation networks. Addressing cislunar navigation
needs, this document suggests creating a navigation system in small space using BDS (BeiDou Navigation
Satellite System) time-transfer technology on a compact satellite platform in earth-moon libration point
orbits. A variety of orbital paths, such as DRO (Distant Retrograde Orbit) and NRHO (Near Rectilinear Halo
Orbit), are employed to form a navigational constellation under the framework of a small satellite platform
operating in earth-moon libration point orbits; BDS timing is utilized to compensate for limited payload
capacity on small satellites as well as limitations in star clock accuracy. This paper presents the design
architecture analysis of such a cislunar space small-satellite navigation system employing BDS time-transfer
technology while systematically studying various multi-orbital characteristics adopted by this system along
with its corresponding navigational features. Furthermore, observability analysis is conducted on these
navigational constellations while evaluating their performance through relevant accuracy indicators across
several constellation design scenarios. This paper confirms the practicality and initial efficacy of the cislunar
space small satellite navigation system, employing BDS for time-transfer, serving as an essential guide for
BDS and GNSS in providing navigational services in cislunar space. An innovative idea and approach for
navigating lunar space and the southern hemisphere’s moon is suggested.

INDEX TERMS Navigation, LNSS, BDS, time-transfer, DRO, NRHO.

I. INTRODUCTION
Being the closest natural celestial body to Earth, the moon
represents humanity’s initial foray into exploring the uni-
verse. Decades after the Apollo program, both the United
States and Russia have initiated plans for lunar return mis-
sions. Correspondingly, China, Europe, Japan, and other
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countries have also implemented lunar exploration programs
while China has proposed establishing a permanent Inter-
national Lunar Research Station (ILRS) [1], [2], [3]. China
will launch the Chang’e-6 [4], [5], [6] and Chang’e-7 [7],
[8], [9], [10] missions to explore the moon. Inevitably, there
will be an influx of probes and human activities in both lunar
and cislunar space in the future. Establishing services for
positioning, navigation, and timing (PNT) [11], [12], [13],
which encompass the moon and its adjacent areas, is vital for
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the successful execution of both manned and robotic lunar
exploration missions. The GNSS provides accurate PNT
services on Earth’s surface and in near-Earth space [14], [15],
[16]. Furthermore, GNSS satellite clocks can be continuously
calibrated through ground-based segments to achieve high
accuracy necessary for navigation purposes.

Compared with traditional GNSS systems though limited
by certain factors unique to SmallSat platforms used in cis-
lunar navigation constellations such as [17], [18], and [19]:
a) small size constraining onboard capacity including
onboard clocks; b) lower stability of onboard clocks due
to cost limitations associated with SmallSat satellites;
c) reduced ability of Earth control stations to monitor
lunar satellites necessitating less frequent orbit maintenance
and clock correction we propose employing high-precision
BDS time transfer techniques on low precision SmallSats
to enhance their clock accuracy thereby improving overall
navigation accuracy within Lunar constellations.

The selection of an appropriate orbit for the construc-
tion of a Lunar Navigation SmallSat System (LNSS) in the
Earth-Moon space is a crucial step [20], [21], [22], [23].
This article explores the utilization of ELFO (Elliptical Lunar
Frozen Orbit), NRHO, and DRO orbits to establish the LNSS.
Firstly, these three orbit types exhibit superior stability com-
pared to other libration point orbits, minimizing the need
for extensive orbital maintenance maneuvers and reducing
reliance on ground support from Earth. The ELFO orbit
offers enhanced stability and proximity to theMoon, enabling
robust navigation signals. However, it may experience pro-
longed periods of invisibility with BDS due to onboard clock
deviation correction requirements. In contrast, both DRO and
NRHO orbits lack significant shielding against BDS inter-
ference; nevertheless, DRO orbits can provide continuous
coverage across mid-to-low latitude regions of the Moon
while NRHO orbits enhance coverage continuity over lunar
polar areas.

The primary objective of establishing the LNSS in this
study is to minimize the number of satellites required for con-
structing a satellite navigation system specifically designed
for the lunar South Pole region. Previous research has demon-
strated that deploying a constellation comprising 24 ELFO
satellites across 2 or 3 orbital planes can effectively estab-
lish a satellite navigation network covering the entire lunar
surface. However, considering the substantial quantity of
these 24 satellites, it is more practical to develop a regional
satellite navigation constellation that aligns with the scientific
objectives of ongoing lunar exploration projects, focusing on
addressing current research priorities in the Moon’s South
Pole region. Subsequently, by increasing the number of LNSS
satellites deployed, we can achieve full coverage for an
all-encompassing satellite navigation system catering to lunar
missions.

This article aims to enhance the navigation accuracy of the
LNSS by utilizing the BeiDou Navigation Satellite System
(BDS) for time transfer, based on a SmallSat platform and

Earth-Moon libration point orbits. The LNSS is constructed
using multiple small satellite platforms deployed in differ-
ent Earth-Moon libration point orbits such as DRO, NRHO,
etc., with timing synchronization achieved through BDS to
compensate for limited payload capacity and onboard clock
accuracy of small satellites. 1) Through examining the vis-
ibility of satellites in different LNSS and BDS trajectories,
we determined the ratio of visible time between SmallSats
and several BDS satellites, including measurements such as
the Maximum Continuous Invisible (MCI) duration and the
longest invisibility period. 2) By transferring timing, we aim
to synchronize the onboard clocks of SmallSat satellites with
the same level of time accuracy as that provided by BDS.
3) Furthermore, the research examines how LNSS navigates
across moon surfaces and low lunar orbit (LLO) satellites,
focusing on their navigational precision.

II. METHODOLOGY
This study aims to utilize BDS time transfer for timing by
building a Lunar Navigation SmallSat System to provide
navigation for users on the lunar surface and in near-lunar
orbit (see Figure 1). The BDS constellation is simulated to
provide a time reference, and then the LNSS constellation
is constructed. Each satellite in the LNSS is equipped with
a BDS receiver that points towards Earth to receive and
demodulate the BDS signal, which enhances the accuracy of
the low-precision satellite clock in LNSS and improves its
navigation precision. This study verifies the navigational per-
formance of LNSS in both the lunar surface and near-moon
orbit (LLO) constellations by receiving navigation signals
transmitted by LNSS. It also confirms the feasibility of
enhancing the navigation accuracy of LNSS through BDS
timing. The simulation experiment starts on January 1, 2026,
at 00:00:00.000 UTC and continues for 30 days. Further
details will be provided later in this paper, and the numbers
in brackets in Figure 1 correspond to the equations in this
paper.

FIGURE 1. A framework of the LNSS proposed system.
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A. BDS CONSTELLATION AND TIME TRANSFER FROM BDS
1) BDS CONSTELLATION
To investigate the feasibility of time transfer from BDS to
LNSS, we designed a simulated BDS constellation compris-
ing 30 satellites, including 24 MEOs, 3 IGSOs, and 3 GEOs.
The BDS satellite orbit in this study was constructed by
importing the TLE (Two Line Element) file for establish-
ing the BDS constellation. Utilizing general perturbation
theory, the North American Aerospace Defense Command
(NORAD) generated a set of elements to predict the posi-
tion and velocity of Earth’s spacecraft. The TLE published
by NORAD was employed to determine the space target’s
position. By referencing [24] and querying the NORADID
number of BDS-3 satellite, we downloaded the TLE file
for BDS-3 from reference [25]. When conducting visibil-
ity analysis between Cislunar constellation satellites without
considering antenna orientation effects on signal reception,
geometric visibility is considered as an indicator for con-
nectivity between LNSS and BDS satellites – implying that
LNSS can receive navigation signals transmitted by BDS
satellites. In subsequent research endeavors, further analysis
will be conducted to establish an accurate spatial transmission
attenuation model for signal propagation and assess how
satellite antenna directionality influences navigation signal
reception.

2) TIME TRANSFER FROM BDS
The selection of an onboard clock is crucial for the naviga-
tion satellite system, as its timing stability directly impacts
the precision of ranging provided to lunar users. Among
various options, we illustrate the use of a commercial Chip
Scale Atomic Clock (CSAC) specifically developed for space
applications due to its radiation tolerance and compact size,
weight, and power (SWaP). By incorporating a BDS antenna
on the LNSS satellite, we recei ve and demodulate BDS sig-
nals to obtain time information. This BDS time is then utilized
to synchronize the low-precision space-borne clock in order
to enhance its accuracy and consequently improve the naviga-
tion precision of LNSS. The alternative timing frequencies of
BDS are B3I and B1I [26]. The bandwidth of the B3I signal,
centered around its carrier frequency, is 20.46 MHz, whereas
the bandwidth of the B1I signal, centered at its respective
carrier frequency, measures 4.092 MHz. Due to its wider
signal bandwidth compared to that of B1I, we select B3I
as the primary timing signal, utilizing a carrier frequency of
1561.098 MHz.

TABLE 1. The BDS Service.

We have devised the architecture of LNSS, which
leverages the conventional BDS system to deliver precise
timing correction for onboard clocks. The functionality of
LNSS’s onboard clock is limited, resulting in lower time
accuracy. However, by frequently adjusting them through
ground stations, BDS onboard atomic clocks achieve high
accuracy levels. As illustrated in Figure 1, intermittent uti-
lization of available BDS signals mitigates the necessity
for highly accurate onboard clocks and extensive ground
monitoring infrastructure. By receiving BDS time updates
to synchronize with the relatively less accurate clock of
LNSS within an acceptable error range, we meet the
precision requirements for Earth-Moon space navigation,
specifically achieving navigation accuracy within a range of
100 meters [17], [18], [21], [27].

FIGURE 2. Time transfer from BDS to LNSS (not to scale) [19].

The format navigation message of the BDS B3I
signal [28] contains essential navigation information param-
eters related to timing, including fundamental navigation
information of broadcasting satellites (satellite ephemeris
parameters, satellite autonomous satellite health flag (SatH1)
& satellite health information (Heai), Age of Data Clock
(AODC), Clock Correction Parameters (toc, a0, a1, a2) and
their age and equipment group delay differential), almanac
and BDT offsets from alternative systems, including UTC
and other navigation satellite systems.

• SatH1 & Heai. The availability of the satellite is judged
by extracting the SatH1 and Heai in the ephemeris. If not
available, the time information of the satellite is removed.
SatH1 (the autonomous satellite health flag) occupies 1 bit.
‘‘0’’ indicates that the broadcasting satellite is healthy and
‘‘1’’ indicates it is not. Heai (the satellite health information)
requires 9 bits. The 9th bit indicates the health status of the
satellite clock, while the 6th bit indicates the status of the B3I
signal. Heai (i= 1∼30) corresponds to the health information
of satellites with IDs ranging from 1 to 30.
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• AODC. Using the clock data age, the satellites whose
clock difference data age is too long are eliminated. AODC is
the extrapolation time interval of the clock error parameter.

It represents the difference between the reference time of
the clock error parameter and the time of the last observation
when the clock error parameter was calculated. This parame-
ter is updated at the start of each hour in BDT. If AODC<25,
it indicates the age of the satellite clock correction parameters
in hours. Considering the accuracy, we choose BDS satellites
with AODC < 25 for timing.

• Clock Correction Parameters (toc, a0, a1, a2). Updates
are typically made hourly and at the commencement of BDT
hours. toc, defined as integral points, represents the bench-
mark time for clock parameters in seconds.

• The equipment group delay differential. The inclusion
of the B3I equipment group delay in the a0 clock correction
parameter eliminates the necessity for additional adjustments
for users of the single-frequency B3I.

FIGURE 3. The appropriate processing flow of BDS timing signal.

Through the method in Fig.2, we can obtain BDS time sig-
nal that meets the timing requirements. Through calculation,
the time information in the BDS signal can be obtained, and
the time correction of the small satellite navigation constella-
tion on the earth-moon orbit can be performed to improve the
limited accuracy of the star clock. The BDS time computation
is as follows [28]:

The user is able to compute BDT at time of signal trans-
mission as:

t = tsv − 1tsv (1)

In (1), t is BDT in seconds during signal transmission; tsv is
the actual phase time of the satellite’s ranging code in seconds

at the moment of signal transmission; 1tsv is the deviation of
the satellite’s ranging code phase time in seconds, as defined
by the equation:

1tsv = a0 + a1(t − toc) + a2(t − toc)2 + 1tr (2)

In (2), regardless of its sensitivity, t can be substituted with
tsv. 1tr serves as the adjustment factor for the BDS satellite’s
relativistic impact, characterized by

1tr = F · e ·
√
A · sinEk (3)

In (3), e is the eccentricity of the BDS satellite’s orbit,
as indicated by the broadcasting satellite’s ephemeris; A is
the square root of the BDS satellite’s semi-major axis, also
shown in the satellite’s ephemeris; Ek is eccentric anomaly
in the BDS satellite’s orbit, also shown in the satellite’s
ephemeris; F = −2µ1/2/C2

; µ = 3.986004418 ×

1014 m3/s2 , is the geocentric gravitational constant values;
C = 2.99792458 × 108 m/s, is the speed of light.

B. LNSS
Given that the initiatives for the lunar PNT constellation are
in their initial design stage, the design of a LNSS necessitates
finalizing numerous crucial design considerations, encom-
passing earth-moon navigation orbits and onboard clock.

1) EARTH-MOON NAVIGATION ORBITS
A variety of lunar trajectories have been explored before,
such as the NRHO, DRO, and ELFO. NRHOs, characterized
by their pronounced elliptical orbits, maintain almost steady
visibility of the Earth and the moon’s poles. The DRO orbit
is relatively stable and can provide continuous coverage of
the moon, making it well-suited for navigation satellites.
Specifically, ELFOs are a unique type of frozen orbits known
for their superior lunar pole coverage. Orbits in a frozen
state preserve stable orbital characteristics over prolonged
durations, eliminating the need for station maintenance.

2) CRTBP AND LIBRATION POINTS ORBITS
The restricted three-body problem is the fundamental
aerospace dynamics problem for investigating libration
points in celestial mechanics. Within the Earth-Moon system,
the spacecraft’s behavior is largely shaped by the gravita-
tional pull from both the Earth and Moon, leading to the
Three-Body Problem (TBP). Due to its inherent complexity,
accurate solution of the three-body problem is challenging
and often simplified as a Circular Restricted Three-Body
Problem (CRTBP). A libration point refers to a location
where a small celestial body experiences gravitational equi-
librium between two larger celestial bodies. At this point, the
small object remains nearly still in relation to the two main
objects. Within the Earth-Moon system, investigating the
restricted three-body problem in celestial mechanics yields
five distinct solutions. In 1767, Swiss mathematician Euler
calculated the first three collinear libration points L1, L2,
and L3 lying along an axis connecting both main bodies.
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In 1772, French mathematician Lagrange proved that there
are two additional triangular points L4 and L5 located within
an equilateral triangle formed by both main bodies.

In CRTBP, the equation of motion of the satellite in the
syzygy frame is

ẍ − 2ẏ =
∂U
∂x

, ÿ− 2ẋ =
∂U
∂y

, z̈ =
∂U
∂z

(4)

In (4), (x, y, z) is the position of the satellite, (ẋ, ẏ, ż) is
the velocity, (ẍ, ÿ, z̈) is the acceleration, U is the equivalent
potential energy with value of

U =
1
2
(x2 + y2) +

1 − µ

d1
+

µ

d2
+

1
2
µ(1 − µ) (5)

In (5), d1 = [(x + µ)2 + y2 + z2]1/2 and d2 = [(1 − x −

µ)2+y2+z2]1/2 are the distances between the spacecraft and
the two major celestial bodies, respectively.

µ =
M2

M1 +M2
, 1 − µ =

M1

M1 +M2
(6)

In (6),M1 andM2 are themasses of the Earth and theMoon,
respectively. The distances of the principal objectsM1 andM2
to the origin of the syzygy frame are µ and 1-µ, respectively.

JC = 2U − ẋ2 − ẏ2 − ż2 (7)

In (7), JC is the Jacobi integration constant that character-
izes the energy of the spacecraft, with a larger JC indicating
less energy.

The process of differential correction is employed to adjust
a set of initial conditions in order to meet specific criteria.
For instance, in targeting problems, differential correction is
utilized when a desired final position is specified or when
modifying the initial conditions to accommodate variations in
system attributes. The effectiveness of differential correction
relies on the utilization of the state transition matrix (STM),
which facilitates mapping from the initial condition to the
final state at a given time. To commence describing the STM
(State Transfer Matrix), it is necessary to define a state vector
in (8).

X = [ x y z ẋ ẏ ż ] (8)

The STM is in (9) then,

8(t, t0) =
∂X(t)
∂X(t0)

=

[
8rr 8rv
8vr 8vv

]
(9)

• NRHO. NRHO is a recurring trajectory within the halo
orbit family, centered around the L1/L2 point in a tripartite
system. Typically, this orbit is markedly elliptical within
the circle-constrained three-body problem (CR3BP) at the
Earth-Moon L2 point, representing a unique instance of the
halo orbit around L1/L2 in the Earth-Moon system. NRHOs
exhibit advantageous dynamic and geometric characteristics,
ensuring near-steady visibility from Earth and uninterrupted
surveillance of the Moon’s Antarctic area. This feature sim-
plifies the management of the orbit from Earth and allows
for surveillance of the Moon’s south pole. As a result, it is

presently considered a viable orbital choice for upcoming
crewed deep space stations. Consequently, it is currently
regarded as a potential orbital option for future manned deep
space stations. Various aspects related to NRHO orbits have
been investigated, including Earth-NRHO transfers, station
keeping techniques, and ground station visibility conditions.
Reference [17] explored different sizes of NRHOs to avoid
eclipses and verified their feasibility for Earth-Moon round-
trip activities. Reference [27] designed an NRHO trajectory
for lunar soft landing purposes while reference [29] analyzed
its feasibility for orbital transfer to reach lunar surfaces.
Furthermore, reference [30] analyzed the moon’s visible
states and its surroundings, including rough assessments of
user receivers’ performance while using NRHO orbits as
navigational groups.

• DRO. Within the CRTBP model, the Distant Retrograde
Orbit (DRO) group is part of a unique symmetric planar
family. With rising amplitudes, Earth’s impact intensifies,
leading to a greater divergence of the DRO’s shape from a
circular trajectory. If DROs are near the Moon, the Earth’s
impact diminishes, leading them to move in retrograde
circular trajectories around the Moon within a dual-body
framework. Consequently, fewer orbit control maneuvers are
required due to this behavior. The planar DROs lie within
the Moon’s orbital plane and provide extensive coverage of
its surface except for polar regions. The citation [31] indi-
cates that DRO orbits provide more stability than Collinear
Libration Point (CLP) orbits, making them better suited
for navigational use. For encompassing lunar polar areas,
Reference [32] implemented a minor adjustment in out-
of-plane amplitude for planar DROs. Additionally, Refer-
ence [33] proposed a high-precision dynamic model with
a simple structure specifically designed for deep space
navigation and communication applications.

3) ELFO
Frozen orbits, marked by steady average eccentricity, mean
inclination, andmean argument of perigee, arewidely utilized
in various space applications [34]. The gravitational field’s
north-south imbalance results in satellites circling the Earth
and Moon moving in motion. A frozen orbit is a stable orbit
that maintains constant eccentricity and perigee amplitude.
When fixing the semi-major axis and inclination of an orbit,
there exist infinitely many orbits with only one frozen orbit.
The complex gravitational field of the Moon results in dis-
tinct characteristics for lunar satellite orbits compared to
those around Earth [35]. Lunar satellites do not experience
atmospheric drag or decay in their orbits due to the absence
of atmosphere on the Moon; hence, there is no decrease in
semi-major axis or concern about orbital lifetime as observed
with Earth satellites. Generally speaking, for probes circling
the Moon, primary disturbances arise from both its grav-
itational field (the main body) and third bodies (such as
Earth). For lower altitude orbiter missions, moon-induced
gravity field disturbances significantly impact eccentricity
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and perigee amplitude. Lunar satellites operating at lower
altitudes may eventually descend onto the lunar surface after
a certain period of time. Given its importance in navigation
applications, numerous studies have designed lunar navi-
gation constellations based on frozen orbits. In particular,
Elliptical Lunar Frozen Orbit (ELFO) refers to a specific
type of frozen orbit that offers broader coverage over lunar
poles [36]. The frozen orbit refers to a long-term stable
orbit with minimal orbital maintenance, maintaining almost
constant orbital parameters. According to Reference [37],
the moderate altitude frozen orbit exhibits slight oscillation
in eccentricity near its initial value, while the inclination
remains nearly constant, making it stable and suitable for nav-
igation purposes. Reference [38] suggests that freezing orbits
can enable 20 satellites to form highly efficient lunar GNSS
constellations; however, this approach is not ideal for high
latitudes. Optimal navigation performance is achieved when
the inclination is approximately 40 degrees. In consideration
of two different configurations of the ELFO constellation
discussed in Reference [26], both configurations have an
inclination of 63◦, with one focusing on the Antarctic region
and the other on the Moon’s Arctic region.

As the Earth-Moon navigation system’s reference satellite,
LNSS maintains the accuracy of its onboard clock by
synchronizing with the visible arc of BDS and provides
navigation services for lunar surface and near-lunar space.
To investigate LNSS’s navigation performance, it is essen-
tial to establish an effective simulation framework. In this
study, we assume an omnidirectional antenna for transmit-
ting navigation signals from LNSS. Subsequently, factors
such as half-cone size, transmission power, and signal
propagation attenuation are taken into account. The LNSS
constellation comprises various satellite orbit types intro-
duced in Section II-A (including DRO, NRHO, and ELFO).
For our simulation case, we set up an Earth-Moon rotat-
ing frame, where the barycenter between Earth and Moon
served as the coordinate starting point. The X-axis coin-
cides with the instantaneous Earth-Moon position vector,
whereas the Z-axis is in sync with the instantaneous angular
momentum vector of the Moon’s orbit around Earth; com-
pleting this orthogonal system is the Y-axis. We employed
a high-precision orbit propagator (HPOP) to numerically
calculate these satellites’ orbits within the Earth-Moon orbit
considering precise force models for Earth, Sun, and Moon;
thereby generating and propagating accurate position and
velocity solutions for satellites in the Earth-Moon orbit.

After initial attempts, constellations with configurations
such as D2N3, D2N4, D3N2, D3N3, and D4N2 exhibit inad-
equate satellite coverage in the southern hemisphere of the
Moon and fail to meet navigation performance requirements.
The region covered by the D3N4 configuration only satisfies
conditions within the range of the Moon South Pole region
but exhibits weaker coverage in the mid-latitude area of
the Southern Hemisphere. By minimizing additional ELFO
satellites while ensuring sufficient coverage, it is possible
to achieve satisfactory navigation design requirements for

the southern hemisphere of the moon. To this end, we have
selected 6 and 8 ELFO satellites with 2 symmetrical orbital
planes to form constellations of D3N4E6 and D3N4E8 for
comparative analysis.

The established configurations of LNSS constellations are
presented in Table 2, while their navigation performance is
compared and analyzed in the experimental results discussed
in Section III.

TABLE 2. Satellite orbit selection of LNSS constellation.

4) SATELLITE CLOCK IN SMALLSAT PLATFORM
For future lunar-orbiting satellites, the payload capacity of
the small satellite platform imposes limitations on the perfor-
mance of the onboard clock. Our study focuses on simulating
a star clock for small satellite platforms using a compact and
low-power Microchip Atomic Clock (MAC). The detailed
parameters of this clock are presented in Table 3. To accu-
rately model clock errors in shortterm data fitting, we employ
a widely-used quadratic polynomial model.

σclk = b0 + b1(t − t0) + b2(t − t0)2 + 1tδ (10)

TABLE 3. The onboard clock characteristics and parameters.

In (10): σclk is the clock difference at time t. At the refer-
ence time of the atomic clock t0, b0 is the clock error, b1 is
the clock speed, b2 is the clock drift, and 1tδ is the random
error.

The update of the LNSS onboard clock relies on the com-
munication between the LNSS satellite and BDS satellite.
When there is intervisibility between the LNSS and BDS
satellites, it is deemed feasible to utilize BDS time trans-
fer for updating the low-precision satellite clock of LNSS.
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However, continuous updates are not necessary in all cases
when visibility exists.

C. LNSS LUNAR SURFACE AND LLO
We investigate the navigation performance of LNSS by
considering lunar surface and LLO satellites as illustrative
examples. For the lunar surface, we partition it into grids
based on 1◦

× 1◦ latitude and longitude intervals, focusing
on analyzing the coverage of each grid point in terms of the
number of LNSS satellites, as well as evaluating the DOP
and navigation accuracy at each grid point. Furthermore,
a LLO satellite is chosen to represent user satellite within the
LNSS constellation for assessing its navigation performance.
The orbital parameters for this LLO satellite are presented
in table 4. By examining various LLO orbits, we determine
that receiving LNSS navigation signals is feasible whenever
a visible connection with a LNSS satellite exists. In our
subsequent research endeavors, we will consider factors such
as antenna direction and signal half cone angle.

TABLE 4. Orbital parameters of LLO.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. VALIDATION METRICS
To fulfill the accuracy requirements for Earth-Moon space
navigation, it is essential to update the LNSS onboard clock
with BDS time within a reasonable timeframe in order to
enhance its clock accuracy. The optimal solution should strike
a balance between maximizing satellite visibility, minimizing
maximum continuous invisibility, and maintaining UERE
(User Equivalent Ranging Error) and DOP accuracy require-
ments reasonably. To facilitate comparative studies in this
research, we established these four criteria for validation:

• Satellite visibility. Satellite visibility is the percent-
age of time in which the number of BDS satellites visible
exceeds the predetermined threshold throughout the exper-
iment. Satellite visibility satisfies two conditions: a) the
minimum requirement for estimating clock bias and drift is
met by ensuring that at least one BDS satellite is visible for a
certain percentage of time; b) to include satellite position and
velocity, satellite clock deviation and drift, it is necessary to
ensure that at least four BDS satellites are visible for a certain
percentage of time.

• Maximum Continuous Invisible (MCI). MCI is the max-
imum continuous duration for which LNSS satellites and
BDS satellites lose visibility. During MCI, the satellites of
LNSS and BDS are not visible and cannot transfer timing.
The satellite clock of LNSS will have a cumulative error that
affects navigation accuracy.

• Multiple coverage. Multiple coverage represents the
number of LNSS navigation satellite signals available at any
given point on the lunar surface and LLO orbit. A higher
value of Multiple coverage indicates a greater availability of
navigation satellites at that time. The indicators of GDOP are
not well-suited for measuring the navigation performance in
specific orbits within the unique dynamic environment of the
Lunar Navigation System. Therefore, we utilizemultiple cov-
erage and UERE as two metrics to analyze the performance
of navigation constellations. GDOP is highly suitable for
characterizing geometric positioning accuracy in traditional
surround orbit type constellations. However, when using
fewer satellites to achieve an equivalent function compared to
traditional surround orbit constellations, the calculated value
of GDOPmetric becomes excessively large; nevertheless, this
does not imply suboptimal navigation accuracy.

• UERE. the UERE metric is used to assess the accuracy
of LNSS satellite’s navigational signals for users on the
lunar surface and near-lunar space. As mentioned earlier in
Section III-C, the lunar UERE depends on the RMS error in
clock bias. In this study, we propose a lunar UERE metric
specifically tailored to characterize the ranging accuracy of
LNSS signals in these unique environments. Unlike Earth’s
atmosphere, both atmospheric delay and ionospheric delay
can be disregarded on the moon’s surface and near-moon
space. Furthermore, due to the absence of tall buildings and
relatively flat water bodies, multipath effects can also be
neglected. Therefore, we calculate LNSS’s UERE using four
key error components as follows:

σUERE,CLNSS =

√
σ 2
clk + σ 2

gd + σ 2
eph + σ 2

rec (11)

In (11), σclk is the LNSS clock error, σgd is the differential
group delay caused by the LNSS signal structure, σeph is the
broadcast ephemeris, and σrec is the receiver noise caused by
the lunar user receiver.

B. SATELLITE VISIBILITY AND MCI ANALYSIS
1. The number of visible BDS satellites on the three types
of orbits considered in our case study during the simulation
experiment time is illustrated in Figs. 3a-3d.

2. Based on Tab.5, it can be observed that the satellites in
NRHO and DRO orbits are visible to the BDS constellation
throughout the entire duration of the experiment, satisfying
both experimental conditions of at least one and at least four
satellite visibility without any MCI time interval.

TABLE 5. Comparison analysis across different orbit types.
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3. The conclusion regarding NRHO is reasonable as these
satellites operate at a high altitude between 4500 km and
700,000 km from the Moon’s surface, resulting in less
occultation from both Earth and Moon.

4. Similarly, DRO orbit exhibits similar orbital characteris-
tics away from the moon. Therefore, NRHO and DRO orbits
are highly suitable for constructing LNSS navigation systems
utilizing BDS for time transfer.

5. However, EFLO orbit shows that with at least one satel-
lite visibility with BDS satellites, there exists a Max MCI of
3043.7s which accounts for 99.50% of total visibility dura-
tion; when communicating with at least four BDS satellites,
there exists a Max MCI of 3402.2s which represents 99.39%
of total visibility duration.

6. Although ELFO orbit has relatively high altitude posi-
tion, it still experiences block-age by the moon hindering
reception of BDS signals required to maintain LNSS’s
satellite clock synchronization.

7. According to analysis results obtained from satellite
visibility and MCI evaluation outcomes, it can be concluded
that LNSS and BDS remain almost continuously visible.
Therefore, it is feasible to utilize high precision satellite
clocks provided by BDS for time synchronization services
within LNSS.

C. IMPROVEMENT OF THE ACCURACY OF STAR CLOCK
AFTER TIMING
Using the satellite clock in Section III-C as an example,
we validate the efficacy of BDS timing by comparing the
navigation accuracy of LNSS before and after implementing
BDS timing. Our focus is on an LNSS satellite fitted with a
BDS receiver and an integrated clock, ensuring stable timing
over a short period. The intermittent availability of BDS
signals is utilized to update the LNSS satellite clock, while
the lunar UERE metric in Section 4.1 is developed to define
the accuracy of transmitted navigational signals. To maintain
accurate LNSS star clocks, our clock propagation model
performs time updates every Tpred second. The transmit power
and antenna gain model for L1 C/A signal from earth-GPS
satellites can be found in Reference [39]. Additionally,
Reference [40] proposes a transmitting antenna model for
BDS signals in earth-moon space which we adopt to establish
the LNSS receiver antenna model. In order to maximize
visibility of BDS signals on the LNSS satellite, we sim-
ulate a space-borne Earth-BDS receiver with an antenna
pointing towards Earth based on research findings [41] that
demonstrate receiving and usability conditions for BDS in
earth-moon space. For simulation simplicity, it is assumed
that the BDS satellite is visible from the perspective of LNSS.
Finally, we introduce simulated clock bias and drift into real
distance and distance rate between BDS and LNSS satellites
to simulate received measurements on the LNSS satellite.

In our current study, we investigated the impact of the
onboard clock’s LNSS clock error component σclk on vari-
ous Earth-Moon orbits and analyzed how different satellite

clock orbits affect the overall moon UERE before and after
BDS timing. Additionally, we examined the influence of
observation update rate on lunar UERE when BDS signal is
available, with a sampling period denoted as Tpred seconds.
Notably, larger values of Tpred result in less frequent BDS
measurement updates, enabling longer standby periods for
energy conservation purposes.

In order to characterize the UERE on the lunar surface
and near-moon space, the group delay and receiver noise
error magnitudes we utilize are identical to those employed
in the BDS, namely σgd = 0.20 m and σrec = 0.15 m.
Considering that China Lunar Navigation Support System
(LNSS) imposes stricter requirements on ground monitoring
infrastructure compared to BDS in future scenarios, we con-
duct a case study by scaling up the error component of
broadcast ephemeris for lunar UERE to σeph = 3 m. The
value of σclk is calculated according to Formula (10). This
value is one order of magnitude higher than that of BDS.
To meet the accuracy requirements for LNSS satellite clocks,
we design a timing filter with Tpred parameter representing
the update time interval set at Tpred = 60 s. Fig.4 shows a
simulation experiment lasting for 600 seconds, where BDS
timing with an interval of 60 seconds can essentially satisfy
the error accuracy demands.

D. CASE ANALYSIS FOR MOON
In order to assess the navigation performance of LNSS on the
lunar surface, an analysis was conducted on the satellite nav-
igation signal multi-coverage range across the entire moon,
and the navigation accuracy of LNSS for the entire moon
was evaluated. For simulation purposes, considering compu-
tational constraints, a grid size of 1◦

× 1◦ based on latitude
and longitude stepswas employed to represent the entire lunar
region, with a simulation time step set at 300 seconds. The
experimental duration was set at 30 days.

TABLE 6. Simulation settings of case analysis for moon.

• Multiple coverage analysis. As depicted in Figure 5,
during the 30-day simulation experiment, LNSS effectively
covered the southern hemisphere of the moon. However,
in certain areas north of 15◦S, the multiple coverage achieved
by D3N4 is limited to only 3.98, whereas both D3N4E6 and
D3N4E8 can achieve a coverage of 5 or more. In regions
south of 30◦S, their coverage extends to 8 and 10 respec-
tively. This discrepancy arises due to longer stay times
at the South Pole for satellites in southbound NRHO and
ELFO orbits, resulting in increased navigation service time.
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FIGURE 4. BDS satellite visibility across different orbit types.

FIGURE 5. Using BDS for clock timing of LNSS.

The performance of LNSS in providing coverage within the
lunar Arctic region is suboptimal. To establish a naviga-
tion constellation with complete lunar coverage, it may be
necessary to consider incorporating satellites in north-bound
NRHO orbits to enhance multiple coverage within this Arctic
region.

• Navigation Accuracy. In the simulation, the range uncer-
tainty of the satellite sensor of the LNSS is set to 5m, and
the range uncertainty of the lunar surface receiver is also

set to 5m. The navigation accuracy of the LNSS for lunar
missions is illustrated in Figure 6. Specifically, in areas south
of 30◦S on the Moon, the navigation accuracy reaches below
40 meters. While D3N4 alone can meet these requirements
within this specific area, considering future exploration mis-
sions expanding across the southern hemisphere of the Moon
necessitates extending activity coverage to encompass its
entirety and incorporating ELFO orbiting satellites into the
constellation. Notably, there is no significant difference in
navigation accuracy between D3N4E6 and D3N4E8 con-
stellations; however, adhering to a principle that minimizes
satellite numbers makes using D3N4E6 more advantageous.

According to the aforementioned analysis, during a 30-day
simulation experiment, D3N4 achieved a minimum of
four-time coverage and complete navigation signal cover-
age (100%) in the lunar region located south of 30◦S. Both
D3N4E6 and D3N4E8 of LNSS also attained at least four-
time coverage, with respective capabilities reaching eight
and ten in areas south of 30◦S. The navigation accuracy of
D3N4 generally satisfies the requirements for lunar surface
navigation south of 30◦S, while there is no significant differ-
ence in navigation accuracy between D3N4E6 and D3N4E8;
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FIGURE 6. Multiple coverage of LNSS to moon.

both can essentially meet the demands for southern hemi-
sphere lunar surface navigation. However, certain regions on
the lunar surface still exhibit relatively low navigation accu-
racy due to limited satellite availability from LNSS during
specific periods. This situation can be improved by increasing
the number of northbound NRHO satellites.

E. CASE ANALYSIS FOR LLO
In this study, we employ a Low Lunar Orbit (LLO) satellite
as the user to evaluate the navigation performance of Cooper-
ative Lunar Navigation Satellite System (LNSS) in proximity
to lunar space range. Through simulation experiments, which
are detailed in Table 7, we comprehensively analyze the nav-
igation capabilities of LLO utilizing LNSS for both coverage
and accuracy.

•Multiple coverage analysis. The real-time coverage effect
of three configurations of the LNSS navigation signal on
the LLO orbit is depicted in Figure 7 within a span of
30 days. While D3N4 demonstrates satisfactory performance
south of 30◦S, it falls short in achieving quadruple cover-
age across numerous orbital segments north of this latitude.
By incorporating ELFO orbit satellites into the constellation,

TABLE 7. Simulation settings of case analysis for LLO.

FIGURE 7. Analysis of navigation accuracy for moon.

multiple coverage capabilities can be enhanced for navigation
satellites operating in middle and low latitudes on the Moon.
Both D3N4E6 and D3N4E8 fulfill the requirement for multi-
ple coverage; however, D3N4E6 offers economic advantages
with fewer satellites. In regions south of 60◦S on the lunar
surface as well as in low orbit spaces within the southern
hemisphere involved in lunar exploration expansionmissions,
activation of LLO satellite payload plays a crucial role in
observing these areas. The navigation signal coverage range
provided by the D3N4E6 configuration LNSS exceeds ten,
thereby meeting all requirements.

• Navigation Accuracy. In this test, both the range uncer-
tainty of LNSS satellite transmitter and LLO satellite receiver
are set to 5m. The measurable flight segments of LLO with
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FIGURE 8. Multiple coverage of LNSS for LLO.

navigation accuracy above 100 meters account for 98.9%.
Fig.8 shows the navigation accuracy of three constellations
of LNSS for LLO orbit satellites. For D3N4, the navigation
accuracy in south of 30◦S meets the requirements, but due
to limited number of LNSS satellites, some orbital segments
in areas north cannot be navigated. However, after adding
ELFO satellites, this situation has improved significantly. The
navigation accuracy performance of D3N4E6 and D3N4E8 is
similar with most LLO orbit segments having a navigation
accuracy exceeding 100 meters in some orbital segments
north of 60◦N and within 100 meters for most other orbital
segments including those that account for over 98% measur-
able flight segment meeting design requirements.

According to the aforementioned analysis, the LNSS
employing the D3N4 configuration can offer satellite navi-
gation support for the orbital segment located south of 30◦S
of the LLO satellite. Furthermore, by utilizing the LNSS with
a D3N4E6 configuration, navigation accuracy support up to
100 meters can be achieved for the orbital segment situated
south of 60◦N of the LLO satellite.

IV. DISCUSSION
The current study demonstrates that the utilization of LNSS
with Time-Transfer from BDS could serve as a viable and

FIGURE 9. Analysis of navigation accuracy for LLO.

cost-effective approach for Moon Navigation in the Southern
Hemisphere. This method has successfully achieved naviga-
tion near the Moon South Pole with a reduced number of
satellites. LNSS fulfills the design requirements for providing
multiple coverage and ensuring Navigation Accuracy in the
southern hemisphere of the moon, thereby effectively sup-
porting future lunar exploration missions.

The experiments conducted in our study have specifically
chosen DRO, NRHO, and ELFO satellite orbits for LNSS.
Within the LNSS framework, satellites positioned in DRO
and NRHO orbits ensure consistent visibility with BDS,
thereby guaranteeing high-precision time transfer. Although
satellites located in ELFO orbit may encounter occasional
lunar obstructions, their overall visibility remains above 99%.
The integration of the D3N4 configuration with DRO and
NRHO effectively fulfills the requirements for lunar regions
below 15◦S. For surface operations on the Moon, a mini-
mum of four overlapping coverage areas are achieved with
navigation accuracy within 100 meters. Similarly, for LLO
orbit segments situated above the lunar south of 15◦S, mul-
tiple coverage and navigation accuracy align with design
specifications. However, it should be noted that the D3N4
configuration does not adequately cater to lunar regions
north of 15◦S. In anticipation of potential future exploration
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missions extending beyond the South Pole region of the
Moon, we have introduced ELFOs into our constellation
to enhance satellite coverage across the southern hemi-
sphere northward from 15◦S. As a result, our newly pro-
posed D3N4E6 configuration successfully meets all design
requirements.

In our experimental simulation, we assume that the LNSS
satellite can effectively receive BDS satellite signals for
precise timing transfer. Additionally, the LNSS satellite is
capable of transmitting navigation signals to facilitate recep-
tion by lunar surface users and LLO satellite users. To ensure
higher accuracy in near real effect results, an accurate spatial
transmission attenuation model for signal propagation will
be employed. Currently, only omnidirectional antennas are
being considered; however, future work should focus on
assessing how antenna directionality influences navigation
signal reception by considering factors such as antenna
direction and signal half cone angle.

In this paper, our focus lies in establishing a regional
satellite navigation constellation design specifically tailored
for the southern hemisphere of the Moon, with the primary
objective being to prioritize exploration of the South Pole
region. However, it should be noted that this particular con-
stellation design may not be optimal for ensuring efficient
navigation performance in the northern hemisphere of the
Moon. The coverage provided by LNSS within the lunar
Arctic region is currently suboptimal; therefore, to achieve
complete lunar coverage and enhance multiple coverage
within this Arctic region, it may be necessary to consider
incorporating satellites in north-bound NRHO orbits.
Additionally, further research is required to optimize the
phase between various orbital planes and satellites within
the constellation configuration, thereby making it more
reasonable.

V. CONCLUSION
This paper designs and examines the LNSS architecture that
utilizes BDS time transfer. It conducts a comprehensive anal-
ysis of the diverse orbit traits and navigational attributes.
An analysis is conducted on the visibility of various satellite
orbit types and their maximum continuous invisibility to
BDS. Furthermore, a detailed examination is carried out on
the design of LNSS using BDS time transfer to utilize BDS
time transfer to enhance navigation precision in the lunar sur-
face and low lunar space. This paper confirms the practicality
and initial efficacy of LNSS employing BDS as time transfer,
providing valuable insights for BDS and GNSS in delivering
navigational services in lunar space. The D3N4 configuration
effectively meets the requirements of lunar areas below 15◦S.
At least four-time coverage can be achieved on the lunar
surface and in the LLO orbital segment above the southern
moon, with a navigation accuracy of within 100 meters.
Considering that future exploration missions may extend
beyond the lunar south pole. The D3N4 does not fully meet
the needs of lunar areas north of 15◦S, with a multiple cov-
erage range limited to 3.98. We have introduced ELFO into

the constellation to enhance satellite coverage from north
areas of 15◦S in the southern hemisphere. Both D3N4E6
and D3N4E8 can achieve a coverage range of 5 or greater.
Notably, there is no significant difference in navigation accu-
racy between D3N4E6 and D3N4E8 constellations; however,
adhering to the principle of minimizing the number of satel-
lites makes using D3N4E6 more advantageous. A novel idea
and approach towards lunar space navigation are proposed.
The subsequent steps involve simulating earth-moon com-
munication for BDS signals with enhanced realism, refining
the configuration of the LNSS constellation, as well as focus-
ing on supporting navigation performance for specific areas
during future lunar exploration missions.
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