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ABSTRACT

Space Traffic Management (STM) and Space Situa-
tional Awareness (SSA) are actively researched and
applied in the near-Earth region. However, space
fairing, including armed forces and commercial in-
terests, is expanding into the Cislunar region, creat-
ing a need for STM and SSA in the Cislunar realm.
In this paper, actual steps towards comprehensive
Cislunar SSA (CSSA) are shown with the aim of es-
tablishing surveillance of the entire Cislunar region.
For this aim, the suitability of the Earth-Moon 2:1
resonant orbits are investigated. This orbit family al-
lows constructing periodic orbits covering the entire
Cislunar region in just under 20 revolutions. Using
ground-based sensors, the orbit can be covered with
observations. A lunar ground-based sensor adds lit-
tle benefits. The uncertainty propagation and orbit
determination show that the 2:1 resonance orbits are
very suitable for such a constellation, offering better
orbit properties than many other classical orbits in
the Cislunar region.

Keywords: Space Situational Awareness, Space Traf-
fic Management, Cislunar.

1. INTRODUCTION

Cislunar space denotes the region of space between
the Earth and the Moon, including the vicinity
of the Earth and the Moon itself. Space Traffic
Management (STM) aims at engineering solutions,
methods, and protocols that allow regulating space
fairing in a manner that at the same time provides
access but also enables sustainable use of space. It
is closely connected to Space Situational Awareness
(SSA) or sometimes also called Space Domain
Awareness (SDA), which aims to provide compre-
hensive knowledge on all objects in a specific region
without necessarily having direct communication to
those objects.

STM and SSA are actively researched and ap-
plied in the near-Earth region. However, space
fairing, including armed forces and commercial
interests, is expanding into the Cislunar region
[25; [15; [I]. While at the moment, only a handful
of human-made objects are in the Cislunar space
further from the Earth than the geosynchronous or-
bital (GEO) region, this situation is about to change.

This requires the gauging of the space to be-
gin with [22] and the finding of new metrics [§]. One
focus is navigation, using GPS-like constellations
[19] and other concepts [27], but also the on-orbit
navigation [I4]. The coverage of various orbits has
been a focus [16; O 4 [3} [10] with ground-based or
space-based sensors in terms of orbit coverage or
also orbit determination [I3], and orbit propagation
[2]. One problem has been that not much focus has
been laid on orbit construction, or in other words,
that either the orbit of the gateway [4] or other
popular orbits have been used [16} 9% [3t [T0 T3} [14% §].
However, such an approach is more or less random,
as even the number of currently known and popular
orbits is extensive. Even when only comparing to
the different missions and their profiles, and as such
only a small selection of orbits and parameter spaces
can ever be covered. An extensive parameter search
is simply not possible. On the other hand, this also
leaves gaps of exact regions of space to employ a
mission in case one seeks to hide.

As such, this paper is based on the previous
work of the authors [10], which investigated a
Lyapunov orbit, a distant retrograde orbit, and a
transfer orbit. However, in this paper, the focus is
shifted in order to avoid selecting random orbits
with the aim of seeking to establish a methodology
for complete surveillance of the entire Cislunar
region. This paper presents the first steps of the
investigation into the suitability of orbits and
desirable properties for a space-based optical sensor
carrying satellite constellation for complete Cislunar
surveillance. In the following sections, the orbit
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construction is discussed, followed by the investiga-
tion of the ground-based (Earth and Moon-based)
coverage of the selected orbit for orbit maintenance.
Subsequently, the uncertainty profile and orbit
determination for orbit maintenance of the selected
orbit are discussed.

2. ORBIT CONSTRUCTION

2.1. Circular Restricted Three Body Prob-
lem, Coordinate Frames, and Propaga-
tion Models

In the Earth-Moon regime, leveraging the gravity of
both the Earth and the Moon offers an increase in fi-
delity beyond the conics. However, it can also deliver
options that are phased appropriately to take advan-
tage of the Moon to yield repeatable, predictable
geometries. Thus, the Circular Restricted Three-
Body Problem (CR3BP) model is useful for prelimi-
nary analysis of trajectories in this Earth-Moon sys-
tem. The motion of a spacecraft is then governed
by both the Earth and the Moon gravity simultane-
ously. To derive the mathematical model, the Earth
and the Moon are defined as the primaries P; (mass
my) and Py (mass ms), respectively. The primaries
are assumed to move on circular orbits relative to
the system barycenter (BA). The barycentric rotat-
ing frame, R, is defined such that the rotating x-
axis is directed from the Earth to the Moon, the
z-axis is parallel to the direction of the orbital an-
gular momentum of the primary system, and the y-
axis completes the orthonormal triad. For the mo-
tion of the spacecraft in this system, the state vector
is defined as ® = [z,v,2,4,9,2]T, which describes
the spacecraft position and velocity relative to the
Earth-Moon barycenter in terms of the rotating co-
ordinates. By convention, quantities in the CR3BP
are non-dimensional such that (i) the characteris-
tic length is the distance between the Earth and
the Moon; (ii) the characteristic mass is the sum
m1 + me; and, (iii) the characteristic time is deter-
mined such that the non-dimensional gravitational
constant is equal to unity. The mass parameter is
then defined as p = 2. The first order non-
1Tms2

dimensional equation of motion is derived in vector
form as follows:

&= f(z), (1)
with the vector field
f(z) = (2,9, %20y + Uy, —2nd + U, U.]",  (2)

where n denotes the non-dimensional mean motion
of the primary system. The vector field is expressed
in terms of the pseudo-potential function:
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where the non-dimensional quantities d and r denote
the Earth-spacecraft and Moon-spacecraft distances,
respectively. The quantities U, Uy, and U, repre-
sent the partial derivatives of the pseudo-potential
function with respect to the rotating position coordi-
nates. The differential equation allows only a single
integral of motion, termed the Jacobi constant, C,
evaluated as:

C =2U —v? with v = /@2 + g2 + 22 (4)

The differential equations are written in terms of the
rotating frame. Thus, the Jacobi constant is applica-
ble in the rotating frame. This integral of the motion
offers useful information concerning the energy level
associated with a periodic orbit or a trajectory arc
in the CR3BP.

Once trajectories are computed, it is frequently con-
venient to view them from a variety of other perspec-
tives. For visual interpretation and clarity, views of
the trajectories in the inertial frame are often insight-
ful. A transformation from rotating to inertial coor-
dinates is easily accomplished. An inertial frame, I,
with the coordinate directions denoted by X ,fﬂZ
and the rotating frame R are related such that the
angular velocity of the rotating frame relative to the
inertial frame is w := nZ = nZ. Under the assump-
tion of the CR3BP, the mean motion n is constant
and is expressed as n = 6, with the angular velocity
0. Given the non-dimensional value n = 1, the an-
gle 0 ranges from 0 to 27 over each revolution of the
Earth-Moon system in the inertial frame. The iner-
tial frame is defined as the J2000.0 reference frame
in its classical form centered on the Earth. For ap-
plications that also lean on relative behavior, e.g.,
the relative motion of two vehicles on nearby orbits
in the circular restricted problem. The isochronous
difference between the two spacecraft positions is ac-
complished in terms of either the rotating or inertial
coordinates.

In the course of this paper, the orbits are pre-
sented under the assumptions of the CR3BP, with
the point masses of the Earth and the Moon are
taken into account, and the full ephemerides model,
the Earth gravitational potential, including the main
harmonic terms of (2,0) (2,2) (3,0) (3,1) (4,0) and the
point gravitational sources of the Sun, the Moon and
Jupiter, and Solar Radiation Pressure (SRP) have
been taken into account. For the Jupiter’s, lunar,
and solar position, precise SPICE ephemerides are
used. The solar radiation pressure model is a can-
nonball model with a one-meter diameter with a dif-
fuse reflection coefficient of 0.5 and an area-to-mass
ratio of 0.02 m?/kg.

3. ORBIT CONSTRUCTION PROCESS

The Cislunar region is a harbor of many, very diverse
orbits. In contrast to classical SSA applications, the



orbit construction is an integral piece. In this pa-
per, in contrast to the authors’ earlier paper [10],
rather than a set of arbitrary orbits, a specific orbit is
constructed and investigated to meet pre-determined
criteria. The orbit is designed to connect the near-
Earth region with the near-lunar region. It is an orbit
for surveillance, ranging between the Earth (partic-
ularly GEO) and the Moon in one revolution and
covering the entire Cislunar region in approximately
20 revolutions. A first step of expansion from the
orbit is introduced, designing a constellation that is
able to survey the entire Cislunar space at all times,
once completed.

3.1. Earth-Moon Resonant Orbits

An important orbit of interest for the analysis of SSA
applications in Cislunar space is any repeatable path-
ways between Earth and Moon. Resonant orbits, by
their inherent definition, are periodic orbits. Res-
onant orbits have a long history for mission design
applications with more recent consideration in the
Earth-Moon system [24} 31, 28]. Resonant orbits are
most straightforwardly defined in a two-body model
such that a spacecraft that is orbiting Earth is in res-
onance with the lunar orbit. In the two-body model,
the resonance is then described in terms of the rela-
tionship between the periods. If the orbital periods
of the spacecraft and the Moon relative to the Earth
are defined as Ps. and Pyoon, then the ratio is ex-
pressed as:

P_ e (5)

q Pmoon

For a resonant orbit, % is an integer ratio. The inte-

ger p represents the number of revolutions completed
by the spacecraft around the Earth, and ¢ is equal to
the number of revolutions of the Moon in the same
time interval. The spacecraft is then in a p : ¢ reso-
nance with the Moon.

Resonant orbits can be stable or unstable. Various
mission design strategies leverage the unstable
resonant orbits for transfer scenarios [31]. In con-
trast, stable orbits, particularly in the Earth-Moon
neighborhood, have been successfully applied to cur-
rent missions. The Interstellar Boundary Explorer
(IBEX), originally launched in 2008 into a highly
elliptical orbit centered at the Earth; was later
transferred into a spatial 3:1 resonant orbit that
guarantees long-term stability [6]. Another recent
example is the Transiting Exoplanet Survey Satel-
lite (TESS). After the spacecraft launch in 2018,
TESS entered into an operationally stable spatial
2:1 resonant orbit [7]. A sample trajectory that
exploits resonant orbits, as well as their distinctive
repeating geometry, is useful to examine sensitivities
in Cislunar space.
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Figure 1: Family of 2:1 Resonate Orbits in the Cir-
cular Restricted Three Body Problem.
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Figure 2: Selected resonance orbit propagated
with the two different dynamical models, simplified
CR3BP dynamics and full ephemerides models in the
inertial J2000.0 frame.



Resonant ratios identified in the two-body problem
are frequently transitioned to the CR3BP since
the additional fidelity offers additional options.
The resonant orbits exist as isolated orbits in the
two-body problem. However, in the CR3BP, the
resonant orbits expand to families of solutions.
Incorporating the additional gravity field and the
autonomous nature of the CR3BP allows families of
resonant planar as well as spatial orbits to exist. The
resulting orbits do not possess a perfect integer ratio
of periods relative to the orbit of the Moon in the
Earth-Moon system. Thus, the spacecraft completes
p revolutions of the Earth in approzimately the
same time that the Moon complete ¢ revolutions
about the Earth. In addition, the transitioned
orbit is no longer precisely periodic. However, a
differential correction process produces a family of
precisely periodic orbits. Thus, a family of orbits
offers periodicity and a range of periods and energy
levels throughout the family. Such a family of orbits
can subsequently be transitioned to a higher-fidelity
ephemerides model.

For the analysis of the Earth-Moon region and
the challenges that orbits in the Cislunar region
might produce for SSA applications, some straight-
forward orbits are sought. A planar orbit that
explores the Cislunar region between Earth and
Moon offers insight into the problem. A sample
family of planar resonant orbits are plotted in Fig.[T}
This family of trajectories is a 2:1 resonant orbit
family, i.e., each orbit requires approximately twice
the Lunar orbits period to complete each revolution.
Each orbit also extends throughout the region,
specifically between Earth and Moon. Although not
the complete family, this subset includes orbits that
pass near the Earth and also in the near vicinity of
the Moon.

For the further analysis, a reference orbit is
selected corresponding to the Jacobi Constant (JC)
of 0.8964. Fig[2shows the comparison in the inertial
J2000.0 frame between the simple dynamics model
of the CR3BP and the full numerically integrated
ephemerides model. It can be seen that the orbit
transfers well into the realistic dynamics and retains
its properties well. This is not always the case, as
can be seen in [I0]. The selected resonance orbit
can be formed into an exact periodicity covering
the entire Cislunar disc, as shown in Figl3] about
20 revolutions in the inertial frame in the CR3BP
dynamics. The orbit is diving retrograde into the
geostationary (GEO) region and back to the moon
at each single revolution.

An additional relevant orbital issue involves a
consideration of the orbit for a potential satellite
constellation of spacecrafts with on-board observa-
tion capabilities. The dynamics is not as such, that
one could have a simple chaser constellation, as the
periodicity with the Moon would be violated. The
2:1 resonant planar orbit is unstable as assessed via
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Figure 3: JC 0.8964 2:1 resonant orbit over 20 revo-
lutions in inertial space mapping out the entire Cis-
lunar region.

the traditional Floquet criteria for periodic orbits
[33; [12]. However, the metric is so close to linearly
stable that for all practical consideration the orbit
is linearly stable. Using nearby orbits of the same
family allows the adding of one additional deputy,
which is explicitly shown in Fig[l The deputy
shall stay in a relative vicinity to the original chief
satellite, without the danger of collisions. Assuming
observing capabilities of covering medium sized
objects optically with the on-board sensor leads to
the deputy orbit selection from the same family
with the JC 0.8721. Here, chief and deputy keep a
distance safe for operational purposes of over 500km
minimally and up to 8500km, as shown in Fig[5]
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Figure 4: Overview of the chief and deputy orbital
configuration of the two orbits of the 2:1 resonant
family.
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Figure 5: Distance between chief and deputy both
in the 2:1 resonance orbits with JCs of 0.8964 and
0.8721, respectively.

4. SURVEILLANCE OF THE 2:1 RESO-
NANT ORBIT

One of the key elements in Cislunar Space Surveil-
lance is the coverage of the orbits with observations.
While the on-orbit observers will provide surveillance
the Cislunar region, independent ground-based ob-
servations are also needed in order to maintain the
orbits of the observer constellation satellites indepen-
dent of the constellation itself. In the following, the
possibilities of ground-based observers on both, the
Earth and the Moon are investigated.

4.1. Optical Modeling

A comprehensive treatment of optical sensor model-
ing can be found in [IT} 26], here the relevant pieces
for the problem at hand are shown. In order to model
the optical sensor, the magnitude of a representative
space object on the selected sample orbits is com-
puted. The magnitude of a space object is:

Sc

mag = magsu, — 2.51ogo(=—) (6)

Isun

where magg,, is the apparent reference magnitude of
the Sun, I is the irradiance reflected off the space-
craft, and Ig,, is the Sun’s reference irradiance. In
order to compute the irradiance that is reflected off
the object, an assumption about the albedo-area, the
shape, and attitude of the space object has to be
made. In this paper, a baseline case of a Lambertian
sphere is chosen, which is in full agreement with the
solar radiation pressure modeling. Overall, for satel-
lites in a box-wing configuration, higher irradiation
is received in the case of a specular glint off the solar
panels or the antennas. However, those glints are,

per definition, not continuous and only occur during
limited times over one period, if at all, depending on
the Sun-object-observer geometry. The irradiance of
the object can be expressed via the following relation

[11]:

ISun 2C'd 2/ .
2 3.2 (sina + (m — @) cos @) (7)

SCobs

slye =

dsc,,. is the distance between the object and the ob-
server, 7 is the object’s radius, and « is the phase
angle between the Sun and the observer at the ob-
ject’s location. It is important to note that the solar
constant Iy, needs to be scaled to the actual distance

between the Sun and the object dsun,. for the refer-
AU?
dgunsc

is defined at one Astronomical Unit (AU). This is
relevant when computing the absolute irradiation of

the object.

ence irradiance Isy, = I as the solar constant

For the visibility besides the overall magnitude also
the background irradiation entering the sensor are
relevant, creating the so-called detection signal to
noise ratio (SNR) in its definition is the mean divided
by the standard deviation [I8]:

S
SNR = ——>—, 8
VSN ®)

S and N denote the mean (and variance) of the Pois-
son distributed signal of interest and the noise. In
our case, the signal of interest is the signal contained
in the object image on the detector, and the noise is
in those same pixels.

The detection limit is directly dependent on the SNR
and is dictated by the exact setup of the optic’s aper-
ture, sensor type, and sensitivity in combination with
the specific image processing software. While, for
methodologies employing stacking, detection limits
can be pressed to be below an SNR of 1. This re-
quires precise tracking and is inversely proportional
to the time spent observing the object, which is not
realistic or feasible in many cases.

Nighttime visibility constraints are often listed as
a separate observation constraint; however, strictly
speaking, nighttime constraints are also SNR con-
straints. Daytime imaging of satellites in off-Sun di-
rections is possible; however, the higher background
requires a much higher object magnitude to reach the
same SNR. For this reason, night time constraints are
applied, requiring observations to take place after as-
tronomical sunset.

The observations are assumed to be ground-based,
local horizon constraints for both Earth and Moon.
A local horizon constraint of 0 degrees above horizon
has been employed, again serving as the lowest pos-
sible limit; in realistic observations, elevations below
10 degrees are often avoided because of atmospheric
attenuation effects.



4.2. Earth Ground-Based Observer

Fig. [6] shows the magnitude for the Earth ground-
based observer located at about 40.4 degrees North
and 86.9 degrees East, as a sample location. The
observations start on Jan 1, 2020, at midnight; the
orbit is propagated with the full ephemerides model
for over 25.96 days. The object is assumed to be
spherical with a Lambertian reflectivity of 0.9. In
the plot, multiple radii are shown. It has to be noted
that only the largest objects are visible at times, even
for sensors that can detect up to magnitude 20. The
objects are brightest at the geostationary passage.
It has to be noted that in this specific instance, the
sharp rise to magnitude up to 35 is not driven by
the distance, as this is still part of a passage closest
to the Earth, but by the phase angle geometry from
the observer to the Sun. As such, one can see that
considerations of distance along can be oversimplify-
ing. One can also see that the background moonlight
[23] does play a significant role and thwarts observa-
tions, especially between 200 and 300 hours, even if
more sensitive telescopes would be available and the
object is sufficiently large.

Fig. [7]shows the observation possibilities for a global
network of ground-based sensors of a one-meter ra-
dius object with reflectivity of 0.9. 400 sensors have
been distributed with a spacing of 4.7 degrees in lati-
tude and 18.9 degrees in longitude around the Earth.
The sensor spacing is illustrated on the Earth (not
to scale) in Fig. E a sensor is placed at each grid
point center. To determine, if observations are pos-
sible, the following constraints are applied: Obser-
vations are only possible during local astronomical
night time and when the object appears above the lo-
cal horizon (astronomical sunset/sunrise, above zero
elevation), has a magnitude brighter than 20, and an

SNR of larger than 1/.S/2. The points in the orbit,
which are observable, are shown in pink. The ones
where none of the sensors can cover the object with
observations are shown in black. In Fig. [7], the situ-
ation at the last observation epoch at the end of the
propagation period is shown, with yellow the sensors
that can provide observations and blue the ones that
do not have visibility. One can see that even with a
global ground-based sensor network and a high lim-
iting magnitude, large observation gaps exist.

Magnitude

Figure 6: Earth Ground-Based Observer at 40.4 deg
N, 86.9 deg E: Magnitude of a spherical object in the
2:1 resonant orbit as a function of time. Gray bars
show astronomical night times, in black background
sky brightness according to stay moonlight in the
observation directions.
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Figure 7: Trajectory of the object in Earth centered
inertial frame and visibilities for Earth ground-based
observers. Ground-based sensor locations with visi-
blities at the end time of the propagation are yellow
, the ones without are marked in blue (Earth size
not to scale), the trajectory, for which at least one
ground-based sensor has a visibility at the time is
marked pink, otherwise black.

4.3. Moon Ground-Based Observer

For Cislunar Space Situational Awareness, Moon is
also explored as a location for Moon ground-based
sensors.  Fig[8 shows the magnitude of a Moon
ground-based observer located at 50 degrees South,
150 degrees East on the lunar surface. The epoch is
again the time since Jan 1, 2020, with the propaga-
tion time of 25.96 days. It can be observed that even
for a telescope with a limiting magnitude 20, only
two regions of good observing conditions for large
objects exist. Again, those are not exactly the loca-
tions at which the objects are closest to the observer
because of the phase angle.



Fig. [9 shows the situation for a global network of
ground-based sensors. A sensor is assumed to be
located at the center of each grid point (Moon not
to scale), with 400 sensors in total. The orbit is
shown in the Moon centered inertial frame. A lim-
iting magnitude of 20 is assumed, a lunar surface
elevation angle of larger than zero, and observations
are only permitted between local lunar astronomical
sunset and sunrise. The object is assumed to have
a radius of one meter and a reflectivity of 0.9 as a
spherical Lambertian reflector. The points in pink
are the orbital locations for which observations are
possible for at least one ground-based sensor, and in
black, the regions where no observations are possible
for any of the sensors under the given constraints.
It can be seen that the global sensor network on the
Moon does not significantly differ from the situation
of the single sensor shown in Fig. As such, the
lunar observation base does not give, at least in this
example, as great of an advantage as one would have
hoped for, given the cost and effort to build a global
sensor network on the Moon.
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T T T T T

Magnitude

. . . . .
0 100 200 300 400 500 600 700
Time [hours|

Figure 8: Moon Ground-Based Observer at 50 deg
S, 150 deg E: Magnitude of a spherical object in the
2:1 resonant orbit as a function of time. Gray bars
show astronomical night times, in black background
sky brightness according to stay moonlight in the
observation directions.
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Figure 9: Trajectory in the Moon centered inertial
frame of the object and visibilities for Moon ground-
based observers. The trajectory, for which at least
one ground-based sensor has a visibility at the time
is marked pink, otherwise black. Observers are as-
sumed at the center of each grid location on the
Moon (Moon not to scale).

5. UNCERTAINTY PROPAGATION

Accurate propagation of uncertainty facilitates bet-
ter awareness of the space environment. A com-
mon implementation of uncertainty propagation in-
volves propagating central moments, i.e., mean and
covariance, of the distribution using elements of the
extended, unscented, or quadrature Kalman filter.
These approaches have inherent limitations in their
ability to represent distributions that exhibit curva-
ture or multi-modality. Recent work has expanded
upon the propagation of the central moments by in-
troducing alternative representations of the uncer-
tainty. The Gaussian mixture approach, pioneered
in [29], for instance, has been successfully applied in
a number of orbit-related applications [5 17 B0} [32].

A Monte Carlo simulation is used to assess the in-
fluence of the Cislunar environment on the propaga-
tion of uncertainty. A set of 1000 Monte Carlo trials
is carried out, where the initial position and veloc-
ity are resampled for each trial, using lo values of
10 m and 10 m/s are used for each channel of the
position and velocity, respectively, and the sampled
initial conditions are propagated for a duration of 26
days. The resulting orbits are illustrated in Fig.[I0]
where it is noted that the results presented here fo-
cus on relatively large initial velocity uncertainties
in an effort to expose the differences in the Cislunar
and near-Earth environments.

In order to investigate the distributional characteris-
tics of the Monte Carlo samples, position dispersions
away from an initially unperturbed propagation are
shown in Fig.[[1] and Fig.[I2] shows the projections
of the individual samples along with various com-
binations of the position coordinates after 7 days,
14 days, and 26 days of propagation time. The po-
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Figure 10: Propagated orbits for the full ephemerides
model starting from perturbed initial conditions.

sition dispersions indicate that the propagated un-
certainty cannot, after a period of time, be repre-
sented by a Gaussian distribution, as the dispersions
no longer exhibit symmetry (about the horizontal di-
rection) after a period of time. Whereas it has been
found that uncertainty propagation in the Cislunar
environment can produce complex structures in the
uncertainty that can described as “crossovers” and
“coils” [10], the results of Fig.[[2] indicate that the
distribution about the reference orbit considered here
remains relatively well behaved, as there is only mi-
nor curvature present in the distribution. As such,

x Error [ER]
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Figure 11:  Position dispersions for the full
ephemerides model starting from perturbed initial
conditions.

the orbit is showing desirable properties, which are
much more managable than the ones of other orbits
in the Cislunar realm [10].

(a) After 7 Days

[) 1 2 T4 05 0 05 1
x[ER] Y[ER]

(b) After 14 Days

x[ER] Y[ER]

(c) After 26 Days

Figure 12: Full ephemerides model: Projections of
samples onto the z-y, x-z, and y-z planes for the full
ephemerides model propagation starting from per-
turbed initial conditions.

6. ORBIT DETERMINATION

An unscented Kalman filter (UKF) [20] is applied
to process right-ascension and declination measure-
ments taken over the course of 26 days by the net-
work of global Earth ground-based sensors intro-
duced in section [£:2} While this presupposes a global
coverage, it assumes the sensors are employed in
other activities, only taking minimal time to observe
the desired orbit. Hence, in total, a set of 56 mea-
surements of the right ascension and declination are



simulated, where the correspondence between mea-
surement time and measurement index is illustrated
in Fig.[13] From Fig.[I3] it is observed that the first
measurement occurs approximately 7 days following
the initial time of the simulation. A sequence of 27
measurements is acquired between 7 and 9 days af-
ter the initial time. The 28" measurement is not
acquired for another 10 days, at which time the re-
maining measurements are acquired over the course
of two more days. This measurement sequence leads
to two large periods of time during which the UKF
is required to propagate the uncertainty before pro-
cessing additional data.
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101
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Figure 13: Relationship between measurement index
and the time past epoch.

Measurements of right-ascension and declination are
simulated with 3" (10) of additive, Gaussian mea-
surement noise. The UKF is applied to the entire
sequence of data in accordance with the scaled, un-
scented transform [2I] with parameters a = 0.5,
k = 6.0, and 8 = 2.0. These parameters are used in
both the propagation and update stages of the UKF.
The initial conditions are taken to be sampled from
the nominal trajectory using a zero-mean Gaussian
distribution with a diagonal covariance with stan-
dard deviations of 10 m in each position channel
and 1 m/s in each velocity channel. To test the
UKF, a Monte Carlo simulation consisting of 100
trials is carried out. For each trial, the initial es-
timated state and the measurement noise are re-
sampled. Fig.[T4] presents the state estimation errors
and associated estimated filter 30 curves for the first
20 trials, and Fig.[I5] presents the measurement in-
novations and associated estimated filter 30 curves
for the first 20 trials. In Figs.[I4] and the esti-
mation errors and measurement innovations that are
plotted are shown in terms of the absolute values as
the blue curves. The orange curves are the filter 3o
values. From both of these figures, it is readily ob-
served that the UKF successfully maintains tracking
of the object throughout the entire sequence of sim-
ulated data. The two larger spikes observed in every
plot of Figs.[I4] and [If] coincide with the large pe-
riod of propagation preceding the 15 and 28" mea-
surements. After the last measurement is processed,

the estimated uncertainty in terms of the root-sum-
square of the estimated standard deviations is 2.06
km in position and 1.51 cm/s in velocity.
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Figure 14: State estimation errors for the UKF.
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Figure 15: Measurement innovations for the UKF.



7. CONCLUSIONS

In conclusion, it was possible to construct an orbit
family with many desirable properties for the surveil-
lance of the Cislunar region.

The 2:1 resonant orbit family provides many de-
sirable properties, connecting the near-Earth with
the near-Moon region. The orbits of the family
that have been selected for further consideration
dive into the geostationary region in a retrograde
fashion and go out to the Moon once in every
period of just around 26 days. The nearly stable
orbits because they are precessing under the Moon’s
gravitational influence provide full coverage over the
entire Cislunar disc in a periodic motion of around
20 revolutions. The desired orbital characteristics
are easily maintained in a high fidelity propagation
of the orbit.

A chief and deputy constellation of two orbits
has been proposed as a first stepping stone to show,
as a proof-of-concept, the possibility to populate
the region with several objects in such 2:1 reso-
nant orbits. The two-satellite constellation shown
here can successfully keep a safe distance at all times.

Independent observations for the selected orbit
are possible via Earth ground-based sensors,
whereas a global spread of the sensors is crucial.
The lunar background light, decreasing the signal-
to-noise ratio, is an important factor to consider,
limiting observations. Moon ground-based sensors
offer for this particular orbit only a small advantage.

The uncertainty characteristics of the orbit are
extremely good and a lot more manageable com-
pared to many other orbits in the Cislunar realm
that are regularly used. This allows for the success-
ful orbit determination and orbit maintenance using
an Unscented Kalman Filter framework relying on a
global spread of Earth ground-based sensors with a
limiting magnitude of 20 and minimal observation
time per sensor only.

The very positive results of this groundwork
allow for further expansion of the concept on 2:1
resonant orbits towards the framework of a full
on-orbit observer satellite constellation.
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