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Future lunar missions will require high-capacity, delay-intolerant communication networks
between the Moon and Earth, pushing the need for optical satellite constellations. This study
challenges the assumption of perfect line-of-sight communication by accounting for the physical
limitations of satellite control systems required to maintain optical links. A routing strategy is
proposed that prioritizes stable, longer lasting paths over traditional shortest path solutions,
reducing the frequency of satellite slews. A time-varying graph-based framework is used to
compare routing methods and estimate the resulting angular velocity and torque requirements
imposed to the spacecraft. Results suggests that the stability-aware routing method can reduce
the number of reorientation events and lower average control torque requirements, despite a
moderate increase in path length. These findings offer a more physically grounded perspective
on the feasibility and sustainability of large-scale cislunar optical networks.

I. Introduction
s space agencies and commercial entities prepare for long-duration crewed missions to the Moon, the demand for
high-capacity, high-bandwidth, and reliable communication infrastructure between Earth and the lunar surface has
never been greater. Next-generation use cases — such as real-time communication with lunar crews, remote control of
robotic systems, and Earth-based Al assistance — require delay-intolerant and data-intensive architectures that exceed
the capabilities of current systems.

Meeting these requirements necessitates a shift away from traditional radio frequency (RF) communications toward
optical systems, which offer significantly higher data rates, lower power consumption, enhanced security, and greater
flexibility [1]. However, the adoption of optical communication introduces a new challenge: these systems demand
extremely precise pointing and tracking. Due to the narrow beam width of optical links, maintaining a stable line-of-sight
(LoS) between communication terminals often requires arcsecond- or microradian-level accuracy [2].

This project investigates the impact of satellite attitude control constraints on the feasibility and sustainability of
cislunar optical communication networks. Modern satellite control systems, such as reaction wheels and control moment
gyroscopes (CMGs) , are subject to actuation limits and risk saturation when exposed to frequent or abrupt reorientation
maneuvers.

Conventional routing frameworks typically neglect these physical limitations. To address this, the present study
introduces a physically grounded routing strategy that considers both communication performance and the feasibility
of satellite pointing. In contrast to idealized shortest-path routing approaches, the proposed method evaluates how
dynamic network topology and routing dynamics translate into attitude control demands. The analysis includes a
quantitative estimation of the angular velocity and torque required to sustain stable optical links across the Earth—-Moon
communication environment.

I1. Motivation & Background

DEVELOPING a realistic routing strategy for future cislunar optical communication networks requires an understanding

of both prior system-level design assumptions and the physical constraints imposed by satellite attitude dynamics.
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A. Previous Work

This study expands ongoing efforts in the System-of-Systems design of a next-generation cislunar optical network
capable of supporting uninterrupted, high-bandwidth communication between Earth and the Moon That work aims to
stress-test network architecture, throughput, and resilience [3]].

In the initial study, network architectures were modeled using deterministic orbital mechanics, with inter-node
connectivity represented as a sequence of time-evolving graphs. Key performance metrics included average path latency,
redundancy, and overall network robustness. These metrics were evaluated under the simplifying assumption that any
LoS between nodes enabled perfect, instantaneous, and lossless optical communication.

The present work revisits this assumption by introducing a layer of physical reality to constellation-level communi-
cation design.

B. Satellite Control Constraints and Routing

While the assumption that an existing LoS between two nodes enables instantaneous optical communication allows
for rapid design-space exploration, it fails to reflect the physical realities of satellite-based optical networks. Unlike
terrestrial digital networks — where latency is primarily driven by data processing — optical satellite constellations must
also account for the mechanical latency associated with reorienting the spacecraft to establish and maintain precise
optical links [4].

Establishing or switching an optical link typically requires sub-arcsecond pointing accuracy [3], achieved through
onboard attitude control systems such as reaction wheels or CMGs. These actuators are subject to physical limitations,
momentum buildup, and eventual saturation [6]. Frequent slewing between targets can overwhelm the control system,
leading to degraded performance or the need for momentum desaturation maneuvers.

These maneuvers introduce their own operational costs. In systems relying on thrusters or reaction control systems
(RCS) , desaturation burns consume limited onboard propellant, directly impacting the satellite’s operational lifetime
and long-term stability. As a result, routing strategies that reduce the frequency or intensity of attitude adjustments can
significantly improve the sustainability of optical communication networks.

This raises a critical question: How can routing strategies account for the physical cost of establishing and
maintaining optical links? Rather than computing the optimal path based solely on instantaneous connectivity, routing
methods must consider the temporal evolution of the network and the control workload incurred by each path. The
required slews for each link, the momentum buildup they induce, and the overall attitude control workload introduce
new trade-offs when selecting a feasible communication path. Routes must therefore minimize more than just distance
or latency as they must also minimize attitude maneuver frequency and burden over time.

This study addresses that gap by proposing a control-aware routing framework for cislunar optical networks by
favoring routing strategies that prioritize stability, preferring longer-lasting paths over those that minimize distance
alone.

By explicitly modeling the impact of routing on satellite control system demand, this work bridges the gap between
high-level network architecture and low-level subsystem feasibility. The outcome is a more physically grounded
methodology for evaluating and designing resilient, sustainable cislunar communication infrastructures.

II1. Methodology

THIS study builds upon the modeling & simulation and assessment of a cisulunar optical network using a deterministic
orbital modeling and graph-based analysis framework, see Fig. [T}
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Fig.1 Modeling & Simulation Framework for the assessment of optical networks.

The methodology comprises of three primary components:

*A parallel submission detailing the broader System-of-Systems study is currently under review for AIAA SciTech 2026.



* Modeling the satellite network and determining optical access opportunities
* Developing a control-aware routing strategy that challenges conventional shortest-path selection
» Deriving satellite attitude control requirements resulting from the selected routing approach

A baseline network architecture is selected to benchmark the methodology and evaluate trade-offs between routing
performance and control feasibility. This architecture ensures full end-to-end connectivity between the lunar surface
and Earth.

The modeled network includes:

* Six Medium-Earth Orbit (MEQO) satellites forming the Earth-side relay layer

* Two Near-Rectilinear Halo Orbit (NRHO) satellites operating as the lunar relay layer

* Six Optical Ground Stations (OGS) located across the United States and Europe:

NASA OGS 1, NASA OGS 2, ESA OGS Tenerife, ESA OGS Almeria, ESA OGS Nemea, and ASA OGS Teranet

¢ A lunar communication endpoint located at Nobile Rime 2, a candidate Artemis III landing site [7]]

To demonstrate the routing framework and quantify control system implications, the scenario is propagated over a
24-hour period starting on 20 July 2027 at 11:01 UTC. During this window, access reports and satellite ephemerides
are generated to construct the dynamic graph model and evaluate routing decisions over time.

A. Modeling the Network and Optical Access
The satellite constellation is modeled using Ansys Systems Toolkit (STK), see Fig. [2| with time-accurate orbital
propagation and pairwise access computations. Each node in the network (lunar surface, lunar relays, Earth relays, and
optical ground stations) is defined as an STK object with assigned ephemerides and communication constraints.
Pairwise optical access reports are generated for all relevant node pairs.
These reports provide time-dependent visibility and orientation metrics,
including:
» Start and end times of link availability
* Range between nodes at each timestep
* Azimuth and elevation angles, along with their corresponding rates,
at each timestep
* Position and velocity vectors of the source node in the Earth-Centered
Inertial (ECI) frame at each timestep
These access reporFs are d?scretized into fixed t'ime interva!s and use'd Fig.2 STK Visualization of the Base-
to construct a time series of directed graphs, see Fig. [3] In this dynamic
graph representation, nodes correspond to satellites or ground terminals,
and edges represent viable optical links available at that timestep.
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Fig.3 Graph Snapshots at Selected Time Steps

This dynamic graph formulation enables time-aware routing strategies to be tested over the evolving network
topology, capturing both orbital dynamics and line-of-sight availability over time.



B. Routing Strategy Development

Departing from the initial shortest-path routing logic, this study introduces a routing strategy that prioritizes link
stability to reduce satellite reorientation frequency [8]. Rather than considering each timestep independently, the
proposed method seeks paths that remain stable across multiple consecutive timesteps, thus minimizing the frequency
of satellite slews (i.e., attitude reorientations necessary for optical communication).

The routing algorithm operates on a time-varying directed graph G (t) , where each snapshot represents the network
of viable optical links at time 7. The objective is to compute a path sequence P(¢) from a source node s to a destination
node d (e.g., Earth OGS), while minimizing the total number of reorientation events throughout the entire scenario [9].

Formal Mathematical Definition

Let G(r) = (N, E(t)) represent the directed graph at timestep 7, where N is the set of network nodes and E(¢) the
set of edges active at time 7.

A valid communication path at time 7 is defined as:

P(t) =[ny,ny,...,ng], with ny=s, np=d )

Given a sequence of discrete timesteps T = {t,12,...,t,}, the problem becomes one of finding a sequence
{P(1)};c7 that minimizes the total number of reorientations (or slews) across the full time interval.

A slew event at timestep ¢; is defined as occurring when a node n € N \ {d} changes its next-hop neighbor relative
to timestep ;1. This can be expressed using the indicator function:

X o 1, if the next-hop of n differs between P(z;) and P(t;—1) @
e 0, otherwise
Thus, the routing objective is formulated as:
m
Minimize Z Z Xn.i 3)
i=2 neN\{d}
Subject to the feasibility constraints that each path P(¢) must satisfy:
(nj,njs1) €E(R), Vj=12,...,k—=1, VteT @)

While this formulation assumes uniform cost for all reorientations, regardless of the magnitude of the required
attitude change, it serves as a foundational model for assessing attitude-aware routing performance.

Dynamic Programming Framework

To solve this multi-stage optimization problem, a Dynamic Programming (DP) approach is employed [10]. The
algorithm constructs the path sequence iteratively, choosing for each timestep the path that yields the minimum
cumulative slew cost based on the prior decision. Each state corresponds to a valid path P(¢), and transitions between
states corresponds to a cost equal to the number of slews between successive paths.

Algorithm [T]formalizes the DP-based routing logic



Algorithm 1 DP-Based Stable Routing Algorithm

—_
=)

N I A S

: Input: Graphs G|[¢], ordered timesteps T, source nodes s, destination nodes d
: Output: Optimal sequence of paths BestPath[¢] minimizing total reorientations

. for each timestep # € T do > Initialize data structures
Compute FeasiblePaths[¢] between s and d in G [¢] > Subject to hop limit K
end for

: Initialize DP_Cost[path at ¢] « oo for all feasible paths
: Initialize DP_Trace[path at ¢] < None > Traceback structure

. for each path p € FeasiblePaths[#)] do

Set DP_Cost[p, to] « 0O > No initial slew
: end for
. for each timestep #; € T do > DP iteration over timesteps

for each current_path € FeasiblePaths|[t;] do
min_cost « o > Initialization

for each previous_path € FeasiblePaths[t;_;] do
slew_count <« CountSlews(previous_path, current_path)
total_cost « DP_Cost[previous_path, f;_;] + slew_count
if total_cost < min_cost then
min_cost < total_cost
DP_Trace[current_path, #;] « previous_path
end if
end for
DP_Cost[current_path, #;] <« min_cost
end for

: end for

. Backtrack to recover optimal path sequence

: min_final_cost « oo

: best_final_path < None

. for each path p € FeasiblePaths|[t.,4] do > Calling Traceback structure to obtain best path sequence

if DP_Cost[p, feng] <min_final_cost then
best_final_path < path
end if

. end for

: BestPath[#,,4] < best_final_path

. for each timestep #; € T[1 : m,—1] do > Backtrack (in reverse) to reconstruct optimal path sequence
BestPath[¢;] « DP_Trace[BestPath|ti+1], #i+1]

: end for

: return BestPath > For each time ¢

With the function CountSlews () used above, defined in Equation below:



Algorithm 2 Counting Satellite Reorientations Between Paths

1: function CountSLEWs(previous_path, current_path)
2: slew_count « 0 > Initialization
3:
4: for each node n € current_path (excluding d) do
5: next_hop_current « node after n in current_path » Node immediately following » in current path
6
7 if n € previous_path then
8 next_hop_previous « node after n in previous_path
9: if next_hop_previous # next_hop_current then
10 slew_count <« slew_count + 1
11: end if
12: else
13: slew_count < slew_count + 1 > Node newly included in path assumed to count as a slew
14: end if
15: end for
16:
17: Return slew_count

18: end function

This routing strategy represents a shift from conventional shortest-path methods by introducing a temporal component
to the optimization. Rather than recalculating the shortest route at each timestep independently, the algorithm seeks to
reduce total maneuvering by favoring path continuity over time.

While the current implementation applies uniform cost to each slew, future improvements could involve weighting
each reorientation based on the angular difference, or the required slew rate to follow a LoS. This would allow an even
more physically accurate modeling of satellite control requirements in large-scale networks.

C. Deriving Satellite Control Requirements

Once routing sequences are determined, the required satellite attitude rates are estimated from the angular motion of
the optical LoS. STK provides azimuth and elevation rates, which describe the angular tracking required between a
transmitting satellite and its target. These are defined relative to the Vehicle Velocity, Local Horizontal (VVLH) frame.
To derive satellite control requirements, these rates are translated into body-frame angular velocities via coordinate
transformation and the use of the transport theorem [[11,[12]]. To perform this analysis, several reference frames must
first be clearly defined. The coordinate systems involved are shown in Fig. [}

Fig.4 Reference frames used for angular velocity estimation.

The VVLH reference frame, as defined in STK, is oriented with respect to the ECI frame:
e XyvrLu: aligned with the satellite’s instantaneous velocity vector (¥),

e Zvvru: directed toward the geocentric nadir (—7),

* YyvrLu: completes the right-handed triad (ZyvyLy X XvvLH)-



In this frame, azimuth (@) and elevation (€) angles define the LoS vector @
from the satellite to the communication target. This geometry is illustrated in Fig.
[ following the angle definitions:

* Azimuth (@): angle measured from the velocity vector (XyyrLy) toward

$yvLu in the local horizontal plane,

* Elevation (€): angle measured from the local horizontal plane towards

—ZvyvLu (downward direction).
The satellite body reference frame orientation relative to the VVLH frame can Jvvin

be described using a standard yaw-pitch-roll Euler angle sequence (3-2-1):

R;3(y) R»(6) Ri(¢)
Fovin — Fi —— Fr — Foody

XyVLH

For simplicity, it is assumed that the optical communication system is rigidly
mounted on the satellite body, with the communication axis perfectly aligned
with the body’s x-axis. Thus implying:

Fig.5 Definition of Azimuth and

Elevation in the VVLH frame.
Roody =81, with Y =a, f=¢ ¢=0

The composite rotation matrix from VVLH to body frame then becomes:

COSECOS@ cosesina —sine
Rpody/vvin =| —sina cos & 0 5)

sinecosa sinesina@  CcoOSé€

Using Equation [5] the LoS vector i expressed in the VVLH frame can thus be represented as:

COS @ COS € 1
AyVLH = RVVLH/bodyﬁ =|sinacose ,withii =|0 (6)
—sine
VVLH 0 body

The rate of change of this LoS vector in the VVLH frame can be obtained directly by differentiating the above
equation with respect to time:

JalVVEH g Py Ja[VVLH —sin(a) cos(€)@ — cos(a) sin(€)é
. . AVVLH . . . X
T 6aa/ 5e é a o Ayvin cos(a) cos(€)d s1r?(a') sin(e)é )
—cos(e)é VVLH

The rotation rate of the body frame with respect to the VVLH frame (@"°%/VVIH) is computed using the transport
theorem:

~ [VVLH . (body

di di body/VVLH

— = — + @Y X i 8

dt dt ®

. . .. . 3 [bod . L
Given the assumption that the vector # is fixed in the body frame, %’ Y=o, Equation (8) simplifies to:
da|VVLH

LDbody/VVLH X 12 — E (9)

T
The attitude rate of the body frame with reference to the VVLH frame @?°®/VVLH = (PV Ov RV)VVLH is then

solved in the VVLH frame from the previously computed vy g and ﬁ:’,:’,tﬁ

azimuth and elevation angles and rates of the satellite.
Using the skew-symmetric matrix operation, in the VVLH frame:

These quantities only depend on the

0 —sine sina@cos €
T ~body/VVLH _ AVVLH _ . ~ _ ; al = -
Uy gOyyi g = lyy g, With & = sine 0 —cosacose€ |, and lyyyy = —#vvLH (10)
—SiN@COSE COS@COSé€ 0



Py
_body/VVLH ~—1 *VVLH
Thus, Gyyiy  =|Qv = ~UyyvLatvviH (11)
Rv /i
The rotation rate of the VVLH frame with respect to the inertial (ECI) frame can be computed from orbital position
(7) and velocity (v) vectors [13]]:

GVVLHECT _ T f;_’ (12)
7]
The total rotation rate of the satellite body frame with respect to the inertial frame (ECI) is given by combining

these two rotation rates:

LDbOdy = a—)body/VVLH a—)VVLH/ECI ( 1 3)

+

Expressed explicitly in the body frame using the definition of the VVLH reference frame, Equation (I3)) becomes:

Wy

_body _ _ _body/VVLH | _VVLH/ECI

“hody T |y = Rooayvvin (wVVLH + OyyiH ) (14)
We body

With @XXEE/ ECT obtained from the definition of the £vviy, $vvLH, and Zyyry vectors in the ECI frame:

- VVLH/ECI -VVLH/ECI _ : . . .
Oyyig = RyVLHECIORCT , with Rgcyvvrn = (XVVLH YVVLH ZVVLH)ECI (15)
A Voo -7 R R .
With £yyry = R ZVVLH = TR and yvvir = ZvviH X fvvLH (16)

Together, these equations form the core methodology for determining the required satellite attitude rates based on
the routing-induced pointing requirements.
The control torque can then be found by applying Euler’s rotational dynamics:

T=1-0+0x (I ) (17

Where:

* @ = @"¥ the body angular velocity vector

* @ the body angular acceleration vector

¢ I the spacecraft moment of inertia tensor (assumed constant in the body frame)
* 7 the torque vector in the body frame

This study assumes a simplified model in which the entire satellite body must reorient to point its optical
communication terminal rather than relying on an independently steerable gimbal. This approach, while not representative
of standard laser communication operations practices serves to provide an order-of-magnitude estimate and establish a
foundational framework for further, more detailed analyses.

A representative reference platform for this analysis is the student-built CubeSat MIST [14]. Its moment of inertia
tensor is assumed to be defined as:

I, 0 0 I, =0.037 kg - m?
I=|0 I, Of, with {7, =0.051kg-m>
0 0 I, I, =0.021 kg - m?

This top-down modeling approach enables the estimation of angular velocity and torque requirements directly from
the selected network routing and pointing dynamics. It thus provides a physically grounded insight into the feasibility of
attitude control for small satellite communication systems.

It is important to note that this type of satellite traditionally used in Low Earth Orbit (LEO) orbit are not usually
used in MEO due to the increased radiation exposure and other station-keeping factors. Furthermore, while larger
satellites can accommodate more robust control systems, they also inherently require greater control torque for attitude
adjustments, presenting additional design and operational challenges.



IV. Findings
HE proposed stability-aware routing strategy was applied to a baseline constellation configuration consisting of six
MEO satellites and two NRHO lunar satellites. The system was evaluated over a 24-hour period beginning on July
20th, 2027 at 11:01 UTC. The performance of this method is assessed relative to a traditional shortest-path approach to
quantify both communication effectiveness and satellite control workload.

A. Routing Performance Comparison

Both routing strategies were applied to the same time-varying network topology derived from STK access reports.
The shortest-path algorithm selects the minimum-distance route at each timestep, while the proposed stability-aware
method seeks to reduce the total number of reorientations by favoring path continuity over time.

Fig. [6]illustrates the temporal distribution of reorientation events across the day. The shortest-path method induces
frequent attitude changes, especially when maintaining connectivity between the Moon and Earth, which increases
control system workload and introduces potential slew-related latency. In contrast, the stable routing strategy spreads
out reorientation events more evenly across the simulation window and significantly reduces their total count.

Reorientation Events Over Time
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Fig. 6 Comparison of Slew Events Over Time

A side-by-side visualization of each routing strategy at selected timesteps is shown Fig. The stable routing
method maintains more persistent paths across time, whereas shortest-path selection exhibits more frequent changes in
link configuration.

Quantitative results for each routing method are summarized in Table [T} Although the stability-aware method
increases average path distance by approximately 20%, it reduces the number of satellite reorientations from 32 to just 5
over the course of the day. Notably, the average number of node hops remains nearly identical, indicating that increased
stability does not come at the cost of topological complexity.

Table 1 Routing Metrics Comparison Across Methods (1-day Timeframe)

Routing Method Avg. Distance’/ Latency © Avg. Node Hops Total Reorientations
Shortest Path 443,263 km/ 1.479 s 3.00 32
Stable Routing 531,534 km/ 1.773 s 3.08 5

* Average geometric path length across all evaluated time steps.
T Light-time latency (excluding processing or slew delays).

These results demonstrate the value of incorporating control-aware metrics into routing decisions. Although the
stability-aware strategy produces slightly longer paths, it dramatically reduces attitude control burden—Ilowering the
number of reorientations by over 83% with minimal impact on node hops or end-to-end latency. While the current
method assumes a uniform cost for reorientations, the framework can be extended to include more detailed constraints
such as angular displacement, pointing latency, or required torque, enabling more physically grounded routing strategies.
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Fig. 7 Side-by-Side Routing Comparison on the Network Graph

B. Attitude Control Implications
angular velocity vector @pody at each timestep. Angular acceleration was approximated using finite differences, and the
required control torque was computed using the rigid-body rotational dynamics developed in Equation [T7}

The LoS pointing sequences identified through each routing strategy were used to reconstruct the body-frame
Assuming the moment of inertia matrix of the MIST CubeSat platform, the resulting maximum and average torque

values are summarized in Table[2]

Although the stability-aware routing method yields a higher peak angular velocity, it results in a nearly 40% reduction
in average torque over the full simulation window. This indicates that smoother, longer-lasting links can reduce the

10



Table 2 Attitude Control Metrics Comparison (1-day timeframe)

Routing Method Max Angular Velocity (rad/s) Max Torque (mN-m)* Avg. Torque (mN-m)"
Shortest Path 2.016 2.136 0.0189
Stable Routing 4.000 3.065 0.0117

* Torque values computed using MIST CubeSat inertia matrix.

cumulative workload imposed on attitude actuators even if they require occasional high-speed reorientations. A possible
explanation is that longer path lengths correspond to smaller relative angular rates when tracking targets, allowing
satellites to maintain stable pointing with minimal control effort over time. However, this benefit comes at the cost of
increased precision demands on the optical terminal due to extended link distances.

Fig. [§illustrates the evolution of instantaneous angular velocity and torque magnitudes over time. Although both
methods produce occasional spikes, the average values of the angular velocity w?°® and the torque 7 remain within the
capabilities of modern satellite control systems.

Angular Velocity Over Time

_ 4.0 1 —— Max w (Stable)
% —— Max w (Shortest)
@ 3.5
= ---- Avg w (Stable)
§ 3.0 4 ---- Avg w (Shortest)
E=
c
2251
=
3 2.01
2
8 151
o
>
5 1.0
>
Zos
go
0.0
0 10000 20000 30000 40000 50000 60000 70000 80000
Time (s)

(a) Angular Velocity Profile Over Time

Control Torque Profiles Over Time

—— Max Torque (Stable)

—— Max Torque (Shortest)

---- Avg Torque (Stable)
-- Avg Torque (Shortest)

0.004

0.000 1 . J. 'Ju. l'.lJ .J l' J, " I ll

+ T
10000 20000 30000 40000 50000 60000 70000 80000
Time (s)

(b) Torque Profile Over Time
Fig. 8 Attitude Control Load Comparison

These results highlight an opportunity to improve the routing cost function beyond simple slew minimization. Future
implementations could integrate metrics such as required angular displacement during a slew, angular velocity, torque,
and total path distance into a unified optimization objective. Thus enabling more subsystem-aware optimal routing
strategies.

C. Design Implications

These findings underscore the significance of incorporating control system considerations into network routing
decisions for optical communication constellations. While shortest-path routing strategies may optimize link distance
or latency in isolation, they can lead to frequent satellite reorientations that place a heavy burden on onboard attitude

11



control systems.

By contrast, the simple stability-aware routing strategy demonstrates that it is possible to significantly reduce control
workload — as measured by average torque and slew events — while maintaining comparable levels of communication
performance. This suggests that routing decisions should not be made solely based on geometric efficiency, but must
also consider the dynamic behavior and limitations of the spacecraft platform.

The methodology developed here establishes a framework for integrating these subsystem-level constraints into
network-level design. It can be generalized to inform early design trade studies for future high-throughput optical
missions involving constellations, high-precision pointing, or autonomous operations. Future extensions may incorporate
more advanced cost functions, including angular displacement, time-to-slew, or saturation risk, to support control-aware
routing strategies for real-time lunar operations.

V. Conclusion

Hrs study introduces a control-aware approach to routing in optical communication networks, emphasizing the

trade-offs between communication performance and satellite control effort. By explicitly modeling the attitude
reorientation demands required to maintain optical links, a stability-aware routing strategy was developed and compared
against traditional shortest-path routing across a representative cislunar communication network.

The results demonstrate that deprioritizing path length in favor of temporal continuity can significantly reduce the
number of satellite reorientations, lowering both average torque demands and the operational burden on spacecraft
control systems. This was enabled by a dynamic programming algorithm that selects routing paths based on minimizing
the number of slews, thereby improving path stability across the simulation timeframe. While the current implementation
assumes uniform cost for all reorientations, future extensions may incorporate angular displacement or control torque
directly into the cost function to improve physical fidelity and optimality of the path selection.

Furthermore, this study assumed that the entire satellite must rotate to track optical links. In practice, many
satellites may use independent actuated optical terminals, which would reduce required body motion. Nonetheless, this
assumption provides a valuable upper bound on control workload and establishes a baseline for comparison.

Future work will extend the analysis to include adaptive and predictive routing strategies, more detailed actuator
models, and refined cost metrics based on physical motion. These additions will support a more nuanced characterization
of the trade-offs between latency, control effort, and link stability in time-evolving satellite networks.

By feeding attitude control requirements — such as angular velocity and torque — back into architecture-level
assessments, this methodology offers a pathway to more physically grounded and implementable constellation designs.
Ultimately, this work helps bridge the gap between high-level network performance metrics and subsystem-level
feasibility, supporting the development of scalable, sustainable optical communication infrastructures for future lunar
exploration.
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