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Abstract

The Inter-Satellite Link (ISL) technology plays a vital role in BeiDou Navigation Satellite System (BDS), and it’s a devel-
opmental trend of the future GNSS. However, ISL is insensitive to both the Earth’s rotation and the constellation’s overall
rotation, which has resulted in persistent overall constellation drift issues for autonomous navigation. Due to technical
limitations, the current method for autonomous navigation requires adding ground anchor stations in order to connect the
satellite constellation to Earth’s surface, thereby minimizing the drift of constellation. Nevertheless, this approach is not a
fully autonomous navigation as we expected. This paper proposes an autonomous navigation scheme based on ISL utiliz-
ing a lunar satellite as a spatial anchor point and leveraging lunar gravity to establish an inertial space direction reference
for the satellite constellation. The feasibility and effectiveness of this scheme are validated through theoretical analysis
and simulation experiments. After 120 days of precise orbit determination simulation, the accuracy of result is improved
from 408.56 m to 7.78 m, which shows a 98% improvement for all GNSS orbit by adding a lunar satellite into ISL net.
This improvement is primarily observed in terms of tangent and normal directions, which experience enhancements of
89.6% and 98.6%, respectively. Specifically, we achieve an improvement of approximately 89% in the accuracy of the
inclination angle, around 99% in the right ascension of ascending node, and about 89% in the sum of the argument of
perigee and mean anomaly.

Keywords Inter-satellite link - Autonomous navigation - Precise orbit determination - GNSS - Lunar satellite

Introduction verification of general relativity and related theories(Yang

et al. 2023a). ISL will soon become vital for constructing

The Inter Satellite Link (ISL) technology plays a vital role
in the BeiDou Navigation Satellite System (BDS) provid-
ing global high-precision Position, Navigation, and Timing
(PNT) services(Li et al. 2023; Yang et al. 2023b). The sta-
bility and reliability of Global Navigation Satellite System
(GNSS) services are enhanced by ISL, allowing for precise
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various GNSS systems(Xie et al. 2019).

In addition, ISL technology also plays a crucial role in
achieving autonomous navigation of satellites in special
circumstances. Markley(Markley 1984) proposed that inter-
satellite relative measurements, such as range, angle, and
attitude measurement, which could be utilized to deter-
mine the orbit of two Earth satellites. Psiaki(Psiaki 1999)
researched the orbit determination problem based on rela-
tive position data. He suggested that the inter-satellite mea-
surement of two satellites was equivalent to a single-axis
gravity gradient instrument with a more extended baseline.
The difference in gravity gradient causes a change in rela-
tive motion, which explains the feasibility of determining
the absolute position of the satellite based on relative motion
measurement. Tang et al. (Tang et al. 2017)performed a
centralized autonomous orbit determination experiment by
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utilizing Ka-band ISL data of BDS-3 in conjunction with a
ground anchor station. The radial error between the result
and the 24-hour forecasted orbit was better than 10 cm, and
the three-dimensional position error was better than 1.5 m.

Despite the remarkable advancements in autonomous
navigation through ISL, a significant technical challenge
remains unresolved. The persistent issue of constellation
overall rotation or inaccurate constellation orientation, con-
tinues to pose a formidable obstacle. Research conducted
by Liu and Liu(Liu and Liu 2001) has demonstrated that
the normal equation derived from inter-satellite measure-
ment exhibits rank deficiency within the context of the two-
body problem primarily causing imprecise right ascension
of the ascending node estimation of the satellite, resulting
in an imprecise orientation of its orbit plane. Hill’s doctoral
thesis(Hill 2007) elucidated the underlying causes behind
the pervasive rotational issue encountered by constellations.
He posited that relying solely on ISL data was insufficient
for determining the orbital state of near-Earth satellites due
to the inherent symmetry within Earth’s gravitational field
proximity. Zhang Yan(Zhang 2005) also analyzed this prob-
lem and discovered that ill-conditioned equations of POD
could arise for quantities associated with orbital direction
such as orbital inclination, argument of perigee, and right
ascension of ascending node of the satellite. To address this
issue, several scholars have proposed incorporating ground
anchor stations into their approaches. Tang(Tang et al. 2018)
and others have tested this method and achieved favorable
outcomes. It should be noted that adding ground anchor sta-
tions to ISL does not constitute a fully autonomous naviga-
tion solution.

Exploration of deep space is crucial for humanity to
discover the secrets of the universe and pursue sustainable
development. The Earth-Moon region represents a sig-
nificant frontier for such exploration. Hill’s analysis(Hill
and Born 2007) has indicated that the gravitational field
in near-Earth space exhibits high symmetry, posing chal-
lenges in accurately orienting satellites with the ISL system.
However, deploying one spacecraft from the ISL network
in Cislunar space could potentially resolve the rotational
issue faced by this constellation. For example, Psiaki(Psiaki
2007) developed a method to estimate the orbits of two sat-
ellites along with corrections to the gravity model of the
central body using relative position measurements and
applied this method on the moon by simulation. Parker and
Anderson(Parker et al. 2012) performed LiAISON between
a lunar halo orbiter and a GEO satellite, and the simulation
results have demonstrated that the absolute positions and
velocities of both satellites can be estimated with relative
measurements only. Zhang and Xu(Zhang and Xu 2015)
developed a virtual lunar exploration scenario to verify
the navigation performance of the Earth-Moon L1,2,4,5
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four-satellite constellations, using satellite-to-satellite range
measurement between the users and Lagrange point naviga-
tion satellites. Huang et al.(Huang et al. 2022) performed
a simulation of orbit determination of L1,2.4,5, DRO, and
MEQO in cislunar space using ISL data, but they didn’t ana-
lyze the performance of resisting the overall constellation
drift.

However, these simulations above are mostly based on
the three-body problem or a simplified perturbation model,
which may lack of substantial practical engineering appli-
cability. Additionally, most simulations are conducted for
spacecraft positioned at Lagrange points. However, ensur-
ing stable spacecraft operation at Lagrange points needs
continuous orbit maneuvers, presenting significant chal-
lenges for Precise Orbit Determination (POD). Conversely,
conventional man-made lunar satellites (LunarSat) do not
encounter comparable difficulties.

This paper aims to assess the feasibility of the navigation
system in the cislunar space, considering the unique chal-
lenges faced by the current BDS and future autonomous
navigation requirements. We try to add a lunar satellite to
the ISL net and use it as a spatial anchor within dynamic
constraints of the lunar gravity field. This integration will
establish directional benchmarks for the navigation satellite
constellation in inertial space, and effectively mitigate over-
all drift during autonomous navigation. Subsequently, we
evaluate the feasibility and effectiveness of this approach
through theoretical analysis and simulation.

Methodology

We first present the basic theory of Precise orbit determi-
nation based on ISL measurements. Then, the theory of
the autonomous navigation based on ISL, which including
the rank deficiency in autonomous navigation, the gravita-
tional asymmetric theory and the feasibility analysis of the
approach by adding a lunar satellite to the ISL net.

Normalized observations for ISL

The ISL of BDS adopts Time Division Multiple Access
(TDMA) technology(Tang et al. 2022). When establish-
ing an ISL between two satellites A and B, they will gen-
erate uplink and downlink observation at specific times ¢
and t2, which can be represented as pap (t1) and ppa (t2),
respectively. To facilitate subsequent data processing, Tang
et al.(Tang et al. 2018) employed the prediction results of
satellite orbit and clock error to normalize the observation
equation for inter-satellite links. As a result, the normal-
ized accuracy of ISL observations can achieve a remarkable
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precision of 1 cm. The normalized observation can be
expressed as:

p (to) 5
A B
= ‘RB (to) - RA (t(])| +c- XDelay +c- XDaIuy (1)
A A
L B + Doy
2
send_| _rcv send | _rcv
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Where X Delay = % and X Delay = Iz_"B  are the

normalized clock error for satellites A and B, respectively.
The observation errors Ap/t5 and ApZ4 correspond to the
uplink and downlink observation, respectively. In the case
of ISL between MEOQO satellites, the normalized observa-
tion accuracy typically reaches up to 1 cm. However, for
ISL between MEO satellites and LunarSat, the normal-
ized observation accuracy usually reaches up to 1 m. The
observing epoch, denoted as ty, which is typically selected
as either ¢ or to.

In this paper, clock error is not considered, and Eq. (1)
can be employed to directly simulate and calculate.

Precise orbit determination

The equation of a satellite moving in the cislunar space can
be expressed as follows:

. r .
f= —GMﬁ +f(r,1,p,t) (2)

Where T and # are the position, velocity, and acceleration
of the satellite’s center of mass respectively. p is the vector
of the satellite perturbation coefficient.

The perturbation force acting on the satellite, denoted as
f, is the cumulative effect of various perturbations includ-
ing n-body perturbation, earth’s non-spherical gravity field,
earth’s tidal forces, solar radiation pressure, earth’s radiative
pressure, relativistic effects, and other factors. In the case of
lunar satellites, additional consideration should be given to
the moon’s non-spherical gravity field.

Let X = (r,,p)’, then the state equation and initial
state of the satellite can be expressed as:

Assume a state vector X at an initial epoch is known, and
then the initial state X* at any epoch t can be obtained
through the integration of Eq. (3). The linear expansion of
Eq. (3) leads to:

. .. OF
X+ (X=X 4
X=X+ o= Ix (X =X) 4)

Let A= % |x+ and x = X — X*, then the Eq. (4) can be
expressed as:

% = Ax )
The solution of the Eq. (5) can be written as:

x = W(t, ty)xg (6)

Where the W(t,1))is a state transition matrix. The correc-
tion of the initial state is denoted as Xo" The observations at
epoch t can be expressed as:

y=Hx+¢ (7

Where - and D denote the error and the covariance matrix
of y? respectively. The normal equation for the correction
can be derived by combining Egs. (6) and (7), after employ-
ing the least square method.

TyyT _ Ty p .
{ (\Il(t,to) H'PHY (1, tg).) le\I!(t,to) H'P .y )
P= (O‘éD)

The solvability of the normal Eq. (8) is contingent upon the
invertibility of W(¢, )  H'PHW (t,#,) on the left-hand
side, which implies that B = HW (¢, ¢y) must be a column-
filling rank matrix, which means:

rank (HW (t,t)) = k 9)

Where k denotes the number of parameters to be estimated,
it also equals the number of columns for HW (¢, ¢).

Rank deficiency in autonomous navigation

When two satellites (designated as i and j) establish the
ISL (as depicted below), the observation equation can be
expressed as Eq. (1) (See Fig. 1).

If only the two-body problem is considered, according
to the theory of POD, the matrix B = HW¥ (¢,¢,) can be
expressed as follows(Liu and Liu 2001):

B- <,eu L %)
0q; dq; _ _ (10)
=B, B! B, By B, By B] B! B}, By B} By|

inc inc

Where r; and T'; denotes the position of satellite i and satel-
lite j, respectively. €ij denotes the direction from satellite i to
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Fig. 1 Inter-satellite-link between
satellite 1 and satellite j
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satellite j. q = [ @ e inc  w M | denotes the vector of
orbit elements, it’s also the parameter to be estimated. The
coefficient B corresponds to each orbit element, with the
lower corner indicating the respective orbit element and the
upper corner denoting the corresponding satellite number.

According to the analysis by Liu and Li(Liu and Liu
2001), regardless of whether Satellite i or Satellite j isa LEO
or GEO, the coefficients denoted as B, and Bgz correspond-
ing to the right ascension of the ascending node in Eq. (10)
are always opposite numbers. The inherent limitation ren-
ders it infeasible for the matrix B to satisfy the condition
of column full rank, regardless of the number of observa-
tion epochs available. Consequently, the Eq. (8) becomes
unsolvable, posing a significant challenge in autonomous
navigation.

The gravitational asymmetric

The asymmetry of Earth’s gravitational field, as argued
by Hill and Born(Hill and Born 2007), is identified as the
primary impediment for matrix B to satisfy the condition
of column full rank. The orbital elements are all integral
constants under spherically symmetric gravity, which can
describe the characteristic of satellite motion influenced
by the central body’s gravitational force. When either the
Earth or the Walker constellation rotates around the Earth’s
center, there is no change in force acting on the satellites.
Consequently, both the shape and size of the orbits, as well
as the relative positions between satellites, remain same,
which have negligible impaction on ISL observations. This
leads to an incapable determination of the absolute state of
orbits and making ISL insensitive to absolute positioning in
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inertial space. Despite the inclusion of perturbations such
as Earth’s J2 and solar radiation pressure, their magnitudes
remain insufficient to significantly enhance the observabil-
ity of the equations.

If the central body’s gravitational field is not spherical
symmetry, and the extent of asymmetry significantly impacts
the orbit of satellite, then during the rotation of two satellites
around this central body, there will be a great variation in
the ISL observation, thereby greatly enhancing the observ-
ability of the equations(Hesar et al. 2015). Hill(Hill 2007)
also proposed that introducing a second celestial body to
forming a three-body problem could amplify the asymme-
try of the gravitational field in space and thus augment the
observability of these equations.

The gravitational asymmetry coefficient a is employed
by Hill to quantitatively measure the extent of gravitational
asymmetry within the Earth-Moon system. Specifically,
it represents the ratio between the magnitude of a space-
craft’s third-body acceleration and the cumulative sum of
all accelerations. The gravitational asymmetry coefficient a
is expressed as follows:

_ |a3rd (CL’, Y, Z)|

a (Iv Y, Z) —n
> fas (.. (b

Where a;(x, y, z) denotes the satellite’s acceleration affected
by perturbation force i(i=1-- - n), and as,q(z,y, z) denotes
the acceleration affected by the gravitational force of the 3rd
body. In cislunar space, the Moon is treated as a 3rd body
when the satellite is close to the Earth due to Earth’s stron-
ger gravitational force; conversely, the Earth is treated as a
3rd body when the satellite is closing to the Moon. Figure 2
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shows the gravitational asymmetry coefficient o in the X-Y
plane of the Earth-Moon rotating system.

The proximity of Earth’s gravity and lunar gravity are
represented by the darker color in Fig. 2. The a value of the
three-body gravitational field in this region directly influ-
ences the feasibility and accuracy of autonomous navigation
when satellites establish ISL with other orbits. The data has
been segmented at Y =0 to conduct a more comprehensive
analysis of the evolving asymmetry trend, as depicting in
the Fig. 3.

According to Fig. 3, the asymmetry coefficient between
the Earth and the Moon exhibits a trend of initially increase
and then decrease. The current engineering tasks for lunar
exploration are primarily conducted near the Moon. For
example, the Chang’e-1 mission operated at a height of
only 200 km in a circular orbit(Chen et al. 2011), while
the Chang’e-2 mission maintained an orbit altitude of just
100 km(Chen et al. 2012). Within these regions near the
Moon, particularly within a distance of 6000 km from its
surface, all asymmetry coefficients have been calculated

to be less than 5%. But the possibility of the satellites in
this region for inter-satellite autonomous navigation is still
exist, when there is a satellite being close to the Earth while
another being close to the Moon, the overall gravitational
field asymmetry extent within this system becomes signifi-
cantly pronounced. Certainly, it should be noted that solely
considering gravitational asymmetry does not provide a
comprehensive understanding of the issue. Nevertheless,
the research conducted on inter-satellite autonomous navi-
gation based on this scenario is not too much.

Building upon previous research by Liu and Liu(Liu and
Liu 2001), this paper further substantiates the viability of
autonomous navigation based on ISL under such unique
circumstances.

The feasibility analysis of a special scenario
At a given epoch ¢, the position vector of the Moon relative

to Earth is denoted as I, and its velocity vector is v, The
position and velocity vectors of Earth’s satellite i relative
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to Earth in the Earth-centered inertial system(ECI) are rep-
resented by r; and v; respectively, with t}}eir orbital ele-
ments being q; = [ a; ; inc;  w; M; | . Additionally,
a Moon’s satellite i has a sufficiently low altitude and negli-
gible influence from Earth’s gravity, its position and veloc-
ity vectors in the lunar inertial system can be denoted as T
and V; respectively, while its orbital elements relative to the
Moon are referred to as q; = [aj ej inc; Q; w; M; ]T,
Also, we simulate an ISL scenario between the Earth satel-
lite i and Moon satellite j, as shown in the Fig. 4.

The deduction results presented by Liu and Li(Liu and
Liu 2001) showed that the partial derivative of the satellite
position vector for the right ascension of ascending node )
could be expressed as follows:

oIy _ ( _or o T
{5 (mwa o) (12)
=0y = 0)

Also, B, and B_{Z in Eq. (10) can be expressed as:

i e . 0N

BQ__ €ij 85; (13)
Bl —e,: - or;
0= €ij 30

Where €i; denotes the direction vector from the position of
satellite i to the position of satellite j. Assuming the effects
of relativity are neglected, and basing on the known position
and velocity of the moon, €i; in the expression (13) can be
written as below when the J2000.0 Earth-centered inertial
coordinate system is adopted as the reference frame.

Earth
Fig.4 Inter-satellite-link between Earth-satellite j and Moon-satellite j
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After combining (12), (13) and (14):
Bsiz ,: _LL,, ) <xiy7' — ZjYi — Tm¥Yj + x‘iym) (15)
B = L%] iy — Ty — Tl + TiYm)

The relationship between B, and Bé no longer exhibits
opposition, and the columns associated with the matrix B in
the Eq. (10) are now characterized by linear independence,
thereby the solvability conditions for autonomous naviga-
tion based on ISL are established.

It is imperative to note that Eq. (15) remains valid exclu-
sively when satellite i and satellite j adhere to predetermined
Keplerian orbits, influenced by the gravitational forces
exerted by their respective central celestial bodies. In other
words, once the position and velocity of the moon are deter-
mined, it can serve as an inertial reference for satellite i and
satellite j based on its gravitational force.

Based on the aforementioned theory, we propose deploy-
ing a spacecraft in the cislunar space that can be captured
by lunar gravity and connected to the GNSS constellation in
near-Earth space through ISL. This approach can leverage
the gravitational influence of the Moon on this spacecraft to
provide a directional reference for the GNSS constellation
during autonomous navigation periods.

In this paper, simulation analysis will be conducted to
evaluate autonomous navigation based on ISL under this
scenario. Considering the significance of ISL, we will focus
on analyzing the correction performance of orbit elements
for GNSS constellations.

Settings for simulation and precise orbit
determination

(1) Constellation type: We employ a Walker constellation
of 24 MEO satellites to represent the GNSS constellation,
which is distributed across 3 orbital planes with PRN rang-
ing from GO1 to G24. Additionally, a satellite named Lunar-
Sat is deployed near the moon with a PRN G25. The orbital
information of 24 GNSS satellites and LunarSat is listed in
the tables below (See Table 1 and 2).

(2) Initial epoch: 2020-06-05T00:00:00 (GPST).

(4) Number of arcs: 60. Length of each arc: 3 days. Over-
lap between adjacent arcs: 1 day.

(3) Simulation duration: 120 days.

(4) Number of arcs: 60. Length of each arc: 3 days. Over-
lap between adjacent arcs: 1 day.

(5) Settings for observation, orbit integral, and POD:
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Table 1 Information of orbital plane of GNSS satellites

Number Semi-major axis Orbital Period Eccentricity Inclination Node PRN

1 27900.0 km 12.88h 0.000001 55° 120° 1~8

2 240° 9~16
3 0° 17~24

Table 2 Orbital elements of LunarSat in the Lunar inertial system

Value
Semi-major axis 6007.7 km
Orbital Period 11.6 h
Eccentricity 0.149
Inclination 24°

Table 3 Settings for ISL simulation, orbital integration, and POD

Reference frame, perturbation  Description

force, simulation parameters,

and solving strategy

Reference System J2000.0

Precession/Nutation Model IAU 2006/TAU 2000R06(Petit and
Luzum 2010)

Lunar Rotation Model IAU 1980(Davies et al. 1980)

Earth rotation parameters EOP from I[ERS

Earth gravity EIGEN-GLO04C(70*70)(Forste et
al. 2008)

Moon gravity GRGM900c(4*4)(Lemoine et al.
2014)

N body DE405

Solar radiation pressure GNSS: ECOM5(Guo 2014)

LunarSat: Spherical Model

General Relativity IERS Conventions 2010(Petit and
Earth Tides Luzum 2010)
IERS Conventions 2010(Petit and
Luzum 2010)

GNSS-GNSS: 1 cm;
GNSS-LunarSat: 1 m

300's
45 degrees

Ranging accuracy in
simulation

Data sampling interval

Radius: of ISL payload’s point-
ing range

Parameter estimation methods
Outlier Elimination Method
Integrator

least squares batch processing
3 _criterion
Cowell integrator

GNSS: orbit elements and 5
parameters of ECOMS for each arc
LunarSat: orbit elements and a
solar pressure factor for each arc

Estimated parameters

Based on previous project experience, we set a ranging
accuracy of 1 cm between GNSS satellites and 1 m between
GNSS satellites and LunarSat. Considering the requirement
for reciprocal pointing in establishing inter-satellite com-
munication links, we limit the radius of the ISL payload’s
pointing range to 45 degrees.

We adopt the J2000.0 inertial coordinate system as our
reference frame and utilize the precession/nutation mod-
els recommended by the IERS Conventions 2010 during
the simulation and POD. As this simulation primarily vali-
dates the effectiveness of the LunarSat in mitigating GNSS

constellation drift, without considering the error caused
by long-term prediction of Earth Orientation Parameters
(EOP). Instead, we directly adopt the EOP product released
by IERS.

We employ the JGM70*70 Earth gravity field model for
GNSS satellites and incorporate the ECOM-5 to model the
solar radiation pressure. Regarding LunarSat, we apply the
GRGM900c(4*4) model for non-spherical lunar gravity
while considering only one solar radiation pressure coeffi-
cient for each arc. Additionally, general relativity effects and
Earth tidal perturbations are incorporated using models rec-
ommended by the IERS conventions 2010 for each satellite.
In terms of parameter estimation, a least squares batch pro-
cessing method is employed for POD. For each GNSS satel-
lite, initial epoch orbital elements are estimated for each arc
segment along with solving for the five parameters of the
ECOM model. Similarly, in the case of LunarSat, its orbital
elements are estimated while also solving for solar radiation
pressure coefficients in each arc segment. Other settings are
listed in the table below (See Table 3).

(6) Establishment of ISL: We establish ISL for 24
GNSS satellites, adhering to the ISL of BDS shown in the
Fig. 5(G12 is used as an example in this figure)(Xie 2020).
Every GNSS satellite establishes ISLs with two adjacent
satellites in the same plane, and also with two neighboring
satellites in different planes. Meanwhile, to obtain as much
observation as possible, considering the requirement for
reciprocal pointing in establishing inter-satellite communi-
cation links, we allow the links to be established as long
as two satellites within the antenna pointing range of each
other (We assume that the ISL antenna pointing is always in
the same direction with the vector extending from the cen-
tral body to its respective position). In this scenario, every
GNSS satellite can acquire a maximum of four ISL obser-
vations in an epoch, and one observation from the GNSS-
LunarSat ISL (See Fig. 6).

(7) Description of Experiment Plan:

To validate the efficacy of ISL between GNSS and Lunar-
Sat in POD, this study has devised two sets of simulation
experiments for comparative analysis. The specific details
are presented in the table provided (See Table 4).

@ Springer
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Fig.5 Phase Diagram of the GNSS Constellation and its establishment
process of ISL

Table 4 Description of two sets of simulation experiments

Name Description

Plan A S ISLs are established by only
(GNSS only) GNSS satellites.

Plan B SL ISLs are established by
(GNSS + LunarSat) GNSS satellites, and also

between GNSS and LunarSat.

Result and analysis
Status of observations

We collect a total of 1,393,702 observations during the 120-
day simulation period. Among them, the proportion of vis-
ible epochs between GNSS and LunarSat is determined to
be 16.37% of the total epochs. There is a total of 11,302
GNSS-LunarSat observations, accounting for 0.81% of all
observations. Furthermore, as illustrated in Fig. 7 (a) and
(b), LunarSat consistently receives observational data while
positions in the region between Earth and the Moon, with its
track of sub-satellite points evenly distributed on the lunar-
facing side.

@ Springer

Earth

Fig.6 Establishment process of ISL between GNSS and LunarSat

Analysis of GNSS results

The residuals’ root mean square (RMS) is a crucial metric
for assessing the precision of POD. We have counted the
residuals’ RMS of the ISLs between GNSS satellites for all
59 arcs in this simulation, as shown in the Fig. 8.

The autonomous navigation network solution based on
the ISL of GNSS satellites demonstrates an average resid-
ual RMS of 1.22 cm (S scheme), while the combined ISL
of GNSS and LunarSat demonstrate an average RMS of
1.42 cm (SL scheme), as shown in the Fig. 8.

The difference in the mean-RMS between S and SL
schemes is not statistically significant, with both values
closely aligned with the observation errors specified in the
simulation. Considering the establishment method of ISL
previously described, this implies that the relative positions
among GNSS satellites are effectively maintained under
both schemes, which indicates few changes in the size and
shape of the GNSS constellation.

However, after comparing with the simulated orbit (truth
values), we found a huge difference in the accuracy of the
POD results between S and SL schemes, as shown in the
Fig. 9, even though their residual RMSs are very simi-
lar. The average RMS of the POD result of S schemes is
408.56 m compared to 7.78 m for the SL scheme, and there
is a 98% improvement in the accuracy of the SL scheme.

The SL scheme demonstrates superior accuracy primarily
in the tangential (T) and normal (N) directions of the orbit,
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Fig. 7 The ISL observation status
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while there are few differences between the S scheme and
SL scheme in terms of radial(R) accuracy, with both better
than 5 cm, as shown in the Fig. 10; Table 5. This indicates
that ISL possesses the capability to accurately determine the
size and shape of orbits, even in the absence of LunarSat’s
integration into the ISL net.

The T and N directions primarily provide information
about the position and orientation of a satellite in an iner-
tial system. As a result, the result of scheme S exhibits a
noticeable overall rotation of the constellation. However,

with the inclusion of LunarSat in ISL, situated within
lunar orbit, there has been a significant enhancement in the
orbital accuracy of each GNSS satellite along both the T
and N directions by 89.6% and 98.6%, respectively, and this
improvement signifies a suppression of overall constellation
rotation.

We have also noticed some periodic significant errors
under the SL scheme, with magnitudes approaching those
of the S scheme. We propose that LunarSat’s observations
play a pivotal role in contributing to this phenomenon, thus
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Fig. 9 The 3D-RMS of each GNSS satellite under scheme S and SL
compared with the simulated orbit (truth values)

necessitating further analysis and discussion in the subse-
quent section.

Based on the research by Liu and Liu(Liu and Liu 2001),
it is advisable to analyze the inhibitory effect of the SL
scheme on constellation rotation by analyzing orbital ele-
ments. Taking G02, G12, and G22 as examples, we com-
plete the analysis of the orbital element that depicts orbital
orientation (inclination angle, right ascension of ascending
node, argument of perigee, and mean anomaly), as shown in
the Fig. 11; Table 6.

As shown in Fig. 11, all the orbital parameters that can
describe the orbital orientation have a huge estimation error
under the S scheme, with an average RMS of 0.363 degrees
for the inclination angle, 4.221 degrees for the right ascen-
sion of ascending node, and 0.361 degrees for the sum of
the argument of perigee and mean anomaly. The error in the
right ascension of the ascending node is significantly larger
than that of other orbital elements, and due to the linear

@ Springer

correlation among the coefficients of the aforementioned
equations, the error does not exhibit a clear temporal evo-
lution either. Despite employing relatively comprehensive
dynamic modeling for POD, we are still unable to rectify
the ill-conditioned nature of these equations, resulting in an
inaccurate estimation of the right ascension of the ascending
node in scheme S.

In the SL scheme, LunarSat, as a lunar satellite, is subject
to the gravitational constraints of the moon. Consequently,
it serves as a spatial anchor point guiding the autonomous
navigation of the GNSS constellation in ISL. The inclusion
of LunarSat has resulted in a significant enhancement in the
accuracy of all orbital parameter determinations. Notably,
there has been an approximate 89% improvement in the
inclination angle, around 99% improvement in the right
ascension of the ascending node, and approximately 89%
improvement in the sum of the argument of perigee and
mean anomaly.

The fact that the ISL observation of GNSS-LunarSat
only constitutes 0.81% of all observations. Nobatly, such a
minute amount of observational data can yield such a sub-
stantial enhancement in accuracy, thereby indicating the
profound impact of employing LunarSat as a spatial anchor
point on suppressing the overall drift within the autonomous
navigation based on ISL.

Analysis of LunarSat results

In the analysis above, we have found consistent periodic
significant errors in the SL scheme. We have postulated that
this phenomenon could be attributed to certain limitations in
the observation data of LunarSat, such as the lack of obser-
vation during some specific epochs. Consequently, we have
analyzed the observation number and the orbit estimation
accuracy of LunarSat, as shown in the Fig. 12.

Compared to GNSS satellites, LunarSat exhibits signifi-
cantly lower orbit determination accuracy with an average
3D-RMS of 79.04 m. This discrepancy can be attributed
to both its substantial ranging error and pool observation
geometry, as well as the limited availability of observational
data. Particularly in Fig. 12 (a), most arcs are fewer than
200 observations, and some even approach to zero. As the
number of observations decreases, the orbit determination
accuracy of LunarSat rapidly deteriorates to a magnitude on
the order of hundreds of meters. Consequently, this decrease
in precision also affects GNSS satellites as it introduces
uncertainties in parameters related to estimating their orbit
orientation and eventually leads to noticeable drift within
the GNSS constellation.

The limited number of observations is attributed to the
substantial distance between MEO and LunarSat, which
presents challenges in aligning the antenna and results in
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Fig. 10 The POD result error of G02, G12, and G22 in R, T, and N
direction of each epoch under scheme S and SL compared with the
simulated orbit (truth values). (a)-(¢) The error of G02 in the R, T, and

Table5 The RMS of G02, G12, and G22 in R, T, and N direction under
scheme S and SL compared with the simulated orbit (truth values)

PRN Scheme R-RMS / m T-RMS /m N-RMS /m
G02 S 0.010 65.133 404.448
SL 0.006 4.259 6.154
GI12 S 0.018 48.587 405.472
SL 0.007 4.656 5.975
G22 S 0.016 33.028 406.395
SL 0.004 6.641 4.933

a relatively low probability of successful communication.
Moreover, this simulation only utilizes one lunar satellite
and also impose constraints on establishing ISL conditions.
Consequently, when the orbital plane of LunarSat is perpen-
dicular to the earth-moon direction, it becomes difficult for
LunarSat to establish contact with GNSS satellites, thereby
reducing the number of relevant observations.

We need to note that this simulation is based on the exist-
ing ISL technology for GNSS, with easier establishment of
communication links during implementation. A forthcom-
ing technical consideration emerges: how to optimize the

N direction of each epoch; (d)-(f) The error of G12 in the R, T, and N
direction of each epoch; (g)-(i) The error of G22 in R, T, and N direc-
tion of each epoch

observation scheme to maximize GNSS-LunarSat’s obser-
vation accuracy while minimizing costs.

Conclusion

In essence, ISL can’t establish a stable connection with iner-
tial space, both at the observation and dynamic modeling
levels, the primary cause of the overall drift in the autono-
mous navigation. Consequently, while accurate estimation
of the size and shape of the constellation can be achieved
within the network solution of autonomous navigation, there
is a significant error in estimating orbit orientation param-
eters. This paper proposes an inter-satellite link networking
method that incorporates space anchor satellites utilizing
lunar gravity as a directional benchmark to enhance the
solution ability of orbit parameters across the entire GNSS
constellation. The feasibility of this approach in mitigating
constellation drift is verified through theoretical analysis
and simulation experiments, and the following useful con-
clusions are obtained:
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Fig. 11 The orbital elements estimation error(for only inclination
angle, right ascension of ascending node, and the sum of the argument
of perigee and mean anomaly) of G02, G12, and G22 of each epoch

Table 6 The RMS of orbital elements (for only inclination angle, right
ascension of ascending node, and the sum of the argument of perigee
and mean anomaly) of G02, G12, and G22 under scheme S and SL
compared with the simulated orbit (truth values)

PRN Scheme RMS / degree
Inc Node Perigee+M
G02 S 0.218 4.222 0.463
SL 0.045 0.045 0.031
G12 S 0.392 4.216 0.329
SL 0.043 0.046 0.035
G22 S 0.440 4.225 0.264
SL 0.027 0.044 0.048
1. According to the proposed approach, the inclusion

of LunarSat, a lunar satellite, in the ISL significantly
enhances the accuracy of autonomous navigation net-
work solutions by over 97%. This improvement is
primarily observed in both the orbit T direction and
N direction with an impressive increase of 89.6% and
98.6%, respectively.

The autonomous navigation based on the ISL of
GNSS + LunarSat leverages the moon’s gravity to

@ Springer

under scheme S and SL compared with the simulated orbit (truth val-
ues). (a)-(¢) The error of GO2 of each epoch; (d)-(f) The error of G12
of each epoch; (g)-(i) The error of G22 of each epoch

establish a spatial reference for the entire constella-
tion. Through the analysis of the orbital elements of
GNSS satellites, we find that this approach significantly
enhances orbit orientation estimation accuracy. Spe-
cifically, we achieve an improvement of approximately
89% in the accuracy of the inclination angle, around
99% in the right ascension of ascending node, and about
89% in the sum of the argument of perigee and the mean
anomaly.

The limited number of inter-satellite measurements of
GNSS-LunarSat remains a primary constraint on the
accuracy of results obtained through this method. In
such cases, establishing a persistent connection between
GNSS and LunarSat proves challenging, leading to an
inherent overall drift phenomenon within the constel-
lation when observations are scarce. Consequently, it
becomes imperative to explore more efficient observa-
tion methods that can maximize data collection while
ensuring high-precision measurements.
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Fig. 12 The POD result error of LunarSat of each epoch compared
with the simulated orbit (truth values). (a) The blue line indicates the
3D-RMS of LunarSat of each epoch, while the orange line indicates
the number of GNSS-LunarSat ISL observations; (b) The error of
LunarSat in R, T, and N direction of each epoch

Meanwhile, the simulation in this paper primarily relies on
the ground server for calculations using the batch process-
ing method. However, due to limitations in the computing
capacity and storage space of the onboard processor, this
study mainly focuses on validating the feasibility and effec-
tiveness of the proposed approach.
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