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PERFORMANCE ANALYSIS OF RADIOMETRIC AUTONOMOUS NAVIGATION FOR LUNAR
SATELLITE NETWORK TOPOLOGIES

Erdem Turan}, Stefano Sperettdand Eberhard Gillf

This study provides a performance analysis of radiometric autonomous navigation for the lunar satellite
network topologies formed by three spacecraft at various orbits. This work is built on the Linked Autonomous
Interplanetary Satellite Orbit Navigation (LIAISON) method and uses mesh (distributed) and centralized
(star) network topologies. The optimal interlink network topologies and Distributed Satellite Systems (DSS)
geometry have been investigated based on the Circular-Restricted Three-Body problem (CRTBP) and the
Extended Kalman Filter (EKF) for state estimation. The network topologies consisted of all the possible
combinations of 16 spacecraft at various L;/Ly Halo, Lyapunov, and Lunar orbits. It has been shown
that the autonomous navigation system provided better state estimation results for the mesh topology than
for the centralized topology. Overall, the lunar satellite network topologies consisting of orbits with large
inter-satellite link distances and short orbital periods would benefit most from the radiometric autonomous

navigation.

keywords: autonomy, navigation, topology, mesh, centralized,

1. Introduction

During the past years, small satellites have ob-
tained great attention, also for lunar missions. One
of the reasons are the advances in satellite technol-
ogy resulting into a reduction in size and cost of the
satellites. In addition, increasing piggyback oppor-
tunities will provide more frequent launch opportu-
nities to the lunar vicinity. These missions form al-
most 40% of all the planned deep space small satel-
lite missions [1] proposed by universities, space agen-
cies, and others [2H6]. In these missions, the pro-
posed orbit determination (OD) approach is, in gen-
eral, ground-based radiometric tracking. However,
this approach could be expensive while small satel-
lite developments aim at low-cost. Autonomous OD,
on the other hand, could provide a cost reduction,
increased performance, and/or increased reliability.
There are also missions that could not be possible
without autonomy such as rendezvous missions.

Up to now, different autonomous orbit determi-
nation methods have been studied and implemented.

One of them, Linked Autonomous Interplanetary Satel-

lite Orbit Navigation (LiAISON) [7H9], uses solely
inter-satellite observations to estimate the absolute
states of the involved satellites when at least one of
them has an orbit with a unique size, shape, and
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orientation. Until now, studies have presented the
capabilities of LIAISON in lunar and deep space mis-
sions [7}9-14].

Distributed Satellite Systems (DSS), such as for-
mations or constellations, on the other hand, provide
opportunities to achieve mission goals working with
multiple spacecraft (S/C). Considering small satellite
missions involving DSS in the lunar vicinity, one-hop
link configuration via a mother-craft are the baseline
communications approach to transfer payload data to
the ground. This centralized or star topology is thus
the preferred configuration for communication. How-
ever, additional links between the different daughter-
craft could be beneficial for missions involving mul-
tiple S/C. The mesh or distributed topology pro-
vides interactions between all S/C, and its perfor-
mance thus is not dependent on the centralized node
(mother-craft). These topologies could benefit from
the LIAISON OD method using the existing commu-
nication links between them. In case the OD process
is performed for more than two S/C in the DSS, there
are topics that have not yet been theoretically investi-
gated such as optimal interlink network topology and
DSS geometry. This study aims at providing a per-
formance analysis for radiometric autonomous navi-
gation for lunar satellite network topologies formed
by three S/C at various orbits taking advantage of
the best orbital geometries. This might ease the geo-
metrical problems of the ground-based navigation in
the Earth-Moon system. It is expected that a mesh
(distributed) topology would provide better overall
OD performance than a star (centralized) topology,
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due to an additional links providing extra informa-
tion to the navigation filter. However, a study needs
to be performed on how much improvement could
actually be obtained. In addition, OD performance
would vary even in the same relative geometry be-
tween S/C due to selected mother-craft (centralized
node) configuration in the star topology. It is cru-
cial to decide which S/C in the star topology would
collect the observations and perform on-board navi-
gation. This research aims to also provide decision
support for the problem.

In the following sections, at first, autonomous ra-
diometric navigation is presented and then, network
topologies are discussed. Orbit determination models
are introduced including dynamical, measurement,
and estimation models. After that, the navigation
simulation setup and results are presented. Finally,
conclusions are drawn.

2. Autonomous Radiometric Navigation

This study investigates the LIAISON OD perfor-
mances for the network topologies at the lunar vicin-
ity. Autonomous OD requires absolute state estima-
tion without using any ground-based measurement.
Basically, in this application, satellite-to-satellite ob-
servations must provide the absolute position and ve-
locity estimation and these states must be observ-
able from the available measurements. In the two-
body problem, inter-satellite measurements do not
provide the estimation for the absolute orientation
of the orbital planes and only the relative orienta-
tion can be observed. However, in an asymmetrical
gravity field, it is possible to achieve full states esti-
mation via satellite-to-satellite tracking. The LiAl-
SON method uses only inter-satellite measurements
to estimate the absolute S/C states if one of the S/C
has an orbit with unique size, shape, and orienta-
tion. The LiAISON performance depends on vari-
ous factors, such as observation type, accuracy, preci-
sion, frequency, the relative geometry between satel-
lites, and others. In general, LIAISON would provide
better OD performance for two-S/C configurations if
satellites have high elliptical non-coplanar orbits with
large separation, and short-periodic orbits [7,8,11})15].
Range observations provide better state estimations
than the range-rate for such application [7}/14]. Sys-
tematic biases affect the performance specifically [7].
LiAISON would still provide acceptable state estima-
tion for missions with high inter-satellite measure-
ment errors (in the order of 100m 1o ranging error)
at the lunar vicinity [14].
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Fig. 1: Representation of centralized and mesh net-
work topologies for the three S/C case

3. Network Topologies

There are different communication topologies for
S/C formations including star (centralized), mesh (dis-
tributed), or hierarchical (hybrid) topology. Star or

centralized topologies have a chief S/C node and deputies

in the formation. The communication link is only
between the chief and deputies while in the mesh or
distributed topology, the communication link is be-
tween all nodes. The hierarchical or hybrid topology,
on the other hand, has multiple layers and consists
of two or more star networks. Because this study
focused on the three S/C case only, the hierarchical
topology has not been investigated. A schematic rep-
resentation of centralized and mesh topologies can be
seen in Figure

The centralized topology, as compared to the mesh
one, has a simpler design. However, the network re-
lies on the performance of the mother-craft (central
node) and any failure on the central node may in-
fluence the mission significantly [16]. On the other
hand, the mesh topology has the advantage of di-
rect interactions between all S/C and the network is
not affected by communication failures as much as
the centralized one. However, complexity increases
as the number of S/C in the topology increases (con-
sidering for N spacecraft, N — 1 versus N(N —1)/2
connections in the centralized and mesh topologies,
respectively).

4. Orbit Determination Models

This section presents the orbit determination mod-
els and the performance analysis methods used in
this paper. The dynamical, measurement and esti-
mation models and the observability aspects will be
presented in the following subsections.
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4.1 Dynamical Model

In this study, the dynamical model is formulated as
Circular Restricted Three-body Problem (CRTBP).
This assumes that there are two massive bodies, Earth
(Py, with mass m;) and Moon (P, with mass ma),
moving under their mutual gravitational force in a
circular orbit around each other with a radius r15. A
third body of mass ms with ms < m; and m3 < mao,
cannot impact the motion of primary bodies, P; and
P5. A co-moving reference frame is also used with its
origin at the barycenter of the two bodies, the pos-
itive z-axis pointing from the barycenter to P», the
positive y-axis to the P, velocity vector, and the z-
axis being perpendicular to the orbital plane. The
equations of motion for the CRTBP are [7]:

. . T+ z+p—1
F=2gta— (1-p) gt TR
1 )
NGRS 2]
r3 r3
p—1 n
= - = 3
Ca -5 3

where

ro= (o p)? 42+ 2

ra=y/(a+p— 12+ g2+ 22

For the Earth-Moon system, the gravitational param-
eter p is 0.01215, the normalized time t* 4.343 days,
and the normalized length [* 384 747.96 km, respec-
tively.

4.2 Measurement Model

In this study, inter-satellite observables are col-
lected via two-way radiometric measurements. The

pseudorange has been used in the measurement model.

Regarding the estimated states, parameters are a 18-
dimensional position and velocity vector representing
all three S/C dynamical states.

X:(I‘l,V1>r2;V2>r3=V3)T [4}

where subscript represents the S/C number.

The measurement model consists of the geometric
distance between S/C, overall clock error, bias, and
other error sources. The geometric range is given as
follows:

1
Rzic(u—tl)—i—Ap [5]

By ignoring the light-time correction, and by assum-
ing the speed of light is greater than the S/C relative
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velocity, ¢ > v, the geometric range can be modeled
as:

R=/(x1 —22)2+ (y1 — y2)2 + (21 — 22)%  [6]

where x;,y; and z; represents the position compo-
nents of S/C, i = 1,2, 3, states and the pseudorange
observations can be modeled as:

p= R+ C(¢t4 - ¢t1) +c (Atz + Arz) +c Atrx + Pnoise
[7]
p=+/(r1 —12) - (r1 — 2) + Pias + Puoise 8]

where 1, and v, are the clock states at ¢4 and ¢;
respectively. The transponder transmit and receive
line delays are A;, and A,., respectively and Ay,
is the line delay on the S/C transponding the rang-
ing signal. All these terms are combined as ppis and
Pnoise representing the un-modelled statistical error
sources. In case inter-satellite tracking is done based
on a conventional Pseudo-Noise (PN) ranging method
and considering a non-coherent transponder with a
PN square wave shaped ranging signal, and a chip
tracking loop, the following one-way ranging error
(1) would be observed [17]:

C BL
8fre \| (Prc/No)

[9]

Oppny =

where f,. the frequency of the ranging clock compo-
nent, By, one-sided loop noise bandwidth, Prc power
of the ranging clock component, and Ny one-side noise
power spectral density.

4.3 FEstimation Model

This study uses the Extended Kalman Filter (EKF)
as an estimation model. Given the initial state Xg
and state covariance Py at the initial time, the EKF
processes the inter-satellite range observations at mea-
surement, epochs. The EKF consists of a prediction
and a correction step:

X =f(X,t), X(tp_1)=Xp_1 [10]

Py =®(ty, tr1)Pr1®” (tr, ts—1) + Q

where ®(t,tx_1) is the state transition matrix
from t;_1 to tr and Q is the process noise matrix.
The correction step is:

[11]

K, = P,H[H,P,H! + W, ! [12]
X = Xp + Ki[yr — He Xy [13]
P, = [I - K,H, P, [14]
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where X is the state estimate, K is the Kalman
gain, H is the measurement sensitivity, P is the error
covariance estimate, and W is the state noise com-
pensation matrix.

4.4 Observability

The observability analysis is used to relate OD
performance and the relative geometry between S/C.
It is also used for other aspects such as observation
data, accuracy, frequency, etc. The degree of the sys-
tem observability is evaluated via the observability
Gramian as follows:

N =" ®(ty, to) "HL H® (14, to)
1

1

(15]
In this study, two metrics are used for the observabil-
ity assessment (by means of a Singular Value Decom-
position (SVD)): the condition number, which is the
ratio of the largest singular value to the smallest one,
and unobservability index, which is the reciprocal of
the smallest local singular value.

4.5 Performances Evaluation

In addition to the observability assessment, an-
other performance analysis approach has been inves-
tigated. In [7], the largest axis of the 3D, 30 er-
ror ellipsoid for the S/C at each timestep averaged
over the entire fit span was used to evaluate the orbit
estimation accuracy. The same approach has been
implemented into this study as well, with the only
difference being the usage of the EKF instead of a
batch least squares implementation. The following
equation is used to compute the length of the largest
axis of the error ellipsoid [7]:

Bi = 3max(V\,) [16]
where A; for j = 1,2,3 are the eigenvalues of P, ,

(representing position or velocity components of S/C)
and the average value of the three spacecraft system

1 & 1en
:ﬁzlﬂu ﬂavezgzlﬂj
i= j=

where n is number of 8 values during the simulation.
Because this study considers the topology consisted
of three S/C, average value Sy is calculated over
their 3 values.

™I

(17]

5. Navigation Simulations

This section presents the autonomous orbit deter-
mination results for the mesh and centralized mission

IWSCFF-22

Star (Centralized) Topology

Mesh (Distributed) Topology

Fig. 2: Representation of centralized and mesh net-
work topologies for the three S/C case

Table 1: Selected Lagrangian orbiters with their peri-
ods and Jacobi constants (Southern and northern
Halo configurations have the same values)

Orbit T (days) Cj
L, Halo a. 14.14 3.11
Ly Halo b. 13.77 3.09
L; Halo a. 12.10 3.10
L; Halo b. 11.98 3.08
L, NRHO 6.87 3.04
L; NRHO 7.83 3.00
Ly Lyapunov 18.72 3.10
L; Lyapunov 18.81 3.11

scenarios. The simulation setup is given first, and
thereafter results are presented.

5.1 Simulation setup

This study investigates the radiometric autonomous
navigation performances for lunar satellite network
topologies. For this purpose, the mesh and central-
ized topologies formed by three S/C have been stud-
ied. Basically, in the each mission scenario, the for-
mation consists of three S/C. Depending on the net-
work topology, the number of Inter-Satellite Link (ISL)
has been set: two for the centralized topology or
three for the mesh topology. A schematic represen-
tation of both topologies can be seen in Figure
This means that the navigation filter is fed by two
different types of pseudorange measurements in the
centralized topology and three different measurement
types in the mesh topology.

This study considered various orbital setups for
the lunar orbiters. In total, 16 different orbital se-
tups have been investigated. These include, Ly /Loy
southern/northern Halo orbits, L;/Ls Lyapunov or-
bits, Lunar elliptical and polar-circular orbits. In or-
der to see the effects of orbits at the same vicinity, two
different non-coplanar L; and Lo periodic Halo orbits
have also been considered (a. and b.). It is known
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Fig. 3: Orbital trajectories considered in the study.

that coplanar orbits affect the observability of the sys-
tem and thus the OD performance, so that this option
has not been considered. All the trajectories can be
seen in Figure 3] Regarding periodic Halos and Lya-
punov orbits, their periods, T, and Jacobi energies,
Cj, are given in Table The Lunar elliptical orbit
considered in this study has an inclination of 57 deg,
a semi-major axis of 5735km, and an eccentricity of
0.61. These are very similar orbital parameters of
Lunar Pathfinder [18] which will be launched in the
coming years, thus providing a realistic mission sce-
nario for this study. In addition, a polar-circular orbit
has been investigated with a 95 deg inclination and a
5735 km semi-major axis. Regarding the all different
combinations, the mesh topology has a combination
of N orbital configurations taken K at a time with-

out repetition, (%) = #LK), In this case three
S/C are taken and this gives (136) = 560 combinations

for the mesh topology. In the centralized topology,
as an extra, a central node should be selected from
each S/C non-repetitive combinations (K -selection),
so this results in a total number of 560 x 3 = 1680
combinations for the central topology.

The simulation duration is set to be 28 days (1.5
times the longest orbital period, 18.81 days, in the
topology). About the inter-satellite range measure-
ments, a 1o error of 3m (1 MHz f,.., 25 dBHz Pr¢ /Ny,
1Hz Byp) has been assumed without any bias. It is
known that measurement biases affect the OD per-
formance. However, this study only investigates the
geometrical relations and improvements with an ad-
ditional inter-satellite link, so that measurement er-

IWSCFF-22

Table 2: The diagonal state covariance Py values and
state errors (for the S/C numbers i = 1,2, 3)

Parameter Value
Position uncertainty, (z;,y;, i), 1o 1km
Velocity uncertainty, (i;,9:, 2;), 1o lem/s
Initial position error, (z;,yi, ;) 500 m
Initial velocity error, (&;, v, ;) lmm/s

rors were kept low and no bias was assumed. Note
that, in this type application, the clock bias and drift
can be estimated via inter-satellite measurements by
extending the estimated state vector. However, this
might affect the system observability, and thus the
OD performance. The initial state Xy and diagonal
state covariance Py values can be found in Table

5.2 Results

This section presents the simulation results start-
ing from the centralized topology and then continuing
with the mesh topology.

At first, an example scenario is given representing
the centralized topology and its autonomous naviga-
tion performance. Basically, in this scenario, three
S/C namely, Ly southern Halo a., Ly southern Near-
Rectilinear Halo Orbit (NRHO), and Ly southern Halo
a., have been selected to illustrate the expected per-
formance in this type of application (orbital trajec-
tories can be seen in Figure [2). Estimation results
are visible in Figure [d] showing that crosslink range
measurements via the ISL between Lo NRHO and
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Fig. 4: The centralized topology state estimation (example scenario)

Ly and Lo Halos provide the position estimation un-
certainty (lo) below 150m and velocity estimation
uncertainty (1o) below 8 mm/s for all S/C in the sys-
tem after day 6. The positional states of NRHO can
be estimated better when the S/C approaches the
periselene. However, this is not valid for the velocity
states. In general, 6 days since the initial epoch is
sufficient to reach a stable estimation result. In this
case, the condition number and the unobservability
index are 9.82 x 10!, 4.76 x 108, respectively. This
type of application requires the condition number to
be less than 10'¢ for the problem to be observable |7].
Bave—pos and Bape—ver are 756m and 5.44mm/s, re-
spectively. These values are, basically, representing
the average values (over three S/C) of the highest 3¢
uncertainty (position or velocity) during the simula-
tion (including very first days of the simulation before
the stable period).

Figureand @represent the Bave—pos and Bave—vel,
respectively for all the combinations simulated in this
study. As it can be seen, in general, the central-
ized topology combinations formed by either a lunar
elliptical or polar-circular orbiters provides the best
performances among all combinations. Combinations
including the Lunar elliptical orbiter provide slightly
better overall performances than the Lunar polar-
circular orbiter (particularly for the velocity estima-
tions). On the other hand, if the centralized topol-
ogy is formed only by L; or Ly, Halos, it would give
higher estimation errors. This is due to fact that or-
bital periods and relative positional changes in time
are almost the same during the simulation. Basically,
when S/C are in close proximity, certain directions
are not well observable. In addition, the topology
formed by both Lyapunov orbits didn’t provide accu-

IWSCFF-22

rate results (due to not positional change in z-axis)
even if there is a high inter-satellite distance between
them. It is not possible to show all the results consid-
ering the number of combinations, however, selected
configurations can be seen in Table In this ta-
ble, T}, is also given representing the time required
to reach 500 m overall 1o position uncertainty. Ba-
sically, in the selected cases, the centralized topolo-
gies not formed by the Lunar orbiters couldn’t reach
that value within the simulation time (28 days). In
brief, the best combinations would be formed by S/C
with larger inter-satellite distances and higher differ-
ences in orbital periods. This would make the cen-
tralized topologies better performing if the topology
is formed by Lunar orbiters and/or Halo orbiters at
different Lagrangian points. An example would be a
centralized topology formed by a Lunar elliptical, Ly
southern Halo and a Ly northern Halo orbiters.
Regarding the mesh topology, state estimation re-
sults are better than for the centralized topology due
to the additional link providing extra information to
the navigation filter. Figure[7] represents the state es-
timation results for the mesh topology. Once again,
the best performances have been achieved with the
mesh topology formed by the Lunar orbiters. On the
other hand, the formation formed only by L; or Lo
Halos couldn’t provide the same performances. In Ta-
ble[d] the selected mesh topologies can be seen. This
time, in addition to other parameters, T}, has been
improved and two cases have also reached the aimed
lo uncertainty within 28 days. In general, there are
slight performance improvements for the mesh topolo-
gies formed by the Lunar orbiters than the centralized
topologies with the same geometries. In these cases,
at minimum 10% performance improvement has been
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Fig. 5: Bave—pos values for the centralized topology.

Fig. 6: Bave_ver values for the

Table 3: Results for the selected centralized topologies.
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centralized topology.

5263m

1680m

1115m

3541m

2303m

1819m

37mn/s

33.6mm /s

30.20m/s

26 8umm/s

23,4/

20mm/s

16.6mm /s

13.2mm/s

9.8mm/s

Central Node Deputy-1 Deputy-2 Cond.Num. Unobs.Index Suve—pos:[m] Bave—vel,[mm/s] Treq,[days]
Lunar Elliptic Orb. L2 Northern Halo.a L1 Southern Halo.a 2.77 x 108 1.30 x 10° 157 4.3 3.86
Lunar Polar-Circular Orb. L2 Northern Halo.a L1 Southern Halo.a 3.34 x 1010 1.53 x 107 270 4.8 8.57
L1 Northern NRHO L2 Northern Halo.a L1 Southern Halo.a  6.58 x 10! 3.14 x 10° 786 5.1 -

L1 Lyapunov Orb. L2 Southern Halo.b L1 Northern NRHO  1.01 x 10*? 4.86 x 108 1146 6.8 -

L2 Northern Halo.b L1 Northern Halo.a L1 Northern Halo.b ~ 1.34 x 104 5.48 x 1010 1480 9.6 -

L2 Southern Halo.b L2 Northern Halo.a L2 Northern Halo.b 1.92 x 101 5.22 x 10%° 2949 17.3 -
Table 4: Results for the selected mesh topologies.

1st S/C 2nd S/C 3rd S/C Cond.Num. Unobs.Index [Bave—poss[m] Bave—vel,[mm/s]  Teq,[days]
L2 Northern Halo.a L1 Southern Halo.a  Lunar Elliptic Orb. 3.11 x 10 1.30 x 10° 139 34 3.06
L2 Northern Halo.a L1 Southern Halo.a  Lunar Polar-Circular Orb.  3.67 x 10° 1.53 x 107 244 4.4 7.46
L2 Northern Halo.a L1 Southern Halo.a L1 Northern NRHO 8.27 x 10! 3.12 x 10 599 3.8 22.21
L2 Southern Halo.b L1 Northern NRHO L1 Lyapunov Orb. 8.88 x 10t 3.42 x 10% 614 3.9 23.51
L2 Northern Halo.b L1 Northern Halo.a L1 Northern Halo.b 8.22 x 1013 3.22 x 10%° 1026 6.3 -

L2 Southern Halo.b L2 Northern Halo.a L2 Northern Halo.b 9.96 x 1013 2.69 x 1010 1672 9.1 -

IWSCFF-22
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achieved. However, the mesh topologies formed by
Halo orbiters have taken advantage the most from
the additional link. In brief, around 55% overall im-
provement (considering mean SBgye—por for all combi-
nations) has been achieved with the mesh topology
based on the trajectories/cases used in this study.

6. Conclusions

This study investigated the application of LiAI-
SON for lunar satellite network topologies formed by
three spacecraft taking advantage of the best orbital
geometries to support future autonomous low-cost
navigation of missions in the Earth-Moon system.
In these network topologies, 560 different mesh (dis-
tributed) and 1680 different centralized (star) topolo-
gies have been investigated considering Halo, Lya-
punov, and Lunar orbits. Based on the simulation
results presented in this work, the navigation system
provided better state estimation for the mesh topolo-
gies than the centralised topologies, as expected, due
to additional inter-satellite link. It has been found
that the network topologies having orbits with shorter
periods provide, in general, better state estimation
and quicker converged navigation solution than topolo-
gies having orbits with longer orbital periods. This
was also expected: crosslink measurements provide
all the required information to the filter to determine
the complete S/C states about the full trajectory that
the orbiter with the shorter period would have. In ad-
dition, topologies having orbital configurations with
longer inter-satellite distances provide better perfor-
mances than close-proximity configurations. In brief,
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mesh topology.

the lunar satellite network topologies consisted of or-
bits, in general, with large inter-satellite links and
short orbital periods would benefit most from the au-
tonomous navigation system. Future research might
consider different orbital phase angles, any co-planar
orbital configurations with different phase angles and
the effects of clock bias and drift together with the
high-fidelity dynamical models. Autonomous naviga-
tion is expected to be useful for future lunar networks
consisting of relay satellites and multiple assets per-
forming collaborative and autonomous operations to
achieve the goals of decreased costs, increased perfor-
mance, and increased reliability.
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