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ABSTRACT The development of Optical Satellite Networks (OSNs) is crucial for the evolution of next-
generation networks. A significant technical challenge that occurred in OSNs is the limited energy available
of satellites, which restricts power-intensive tasks like continuous communication and link reliability. To
relieve this limitation, Low-Earth-Orbit (LEO) OSNs are designed to dynamically activate and deactivate
Optical Inter-Satellite Links (OISLs) based on service requests, thereby reducing continuous energy
consumption from maintaining idle links. However, under heavy traffic loads, frequent on-demand OISL
activation will lead to cumulative energy consumption. This problem of jointly minimizing OISL activation
energy and transmission energy has not been investigated in previous studies. This study considers the
energy consumption of dynamic OISL activation in OSNs. We formulated an Integer Linear Programming
(ILP) model aimed at minimizing total energy consumption (including OISLs activation and transmission
energy) and the number of occupied time slots, considering constraints related to the minimum residual
energy threshold reserved for communication, bandwidth capacity, and time slot continuity. Then, we
designed two algorithms: a Path Aggregation-based Energy Saving Algorithm (PA-ESA) algorithm, which
aggregates service delivery to decrease the times of OISL activation, and an Energy-Balanced Energy
Saving Algorithm (EB-ESA) algorithm, which aims to balance energy usage across satellites with less
energy costs. Through extensive simulations conducted on a traditional Walker-Delta constellation
generated in the Satellite Tool Kit simulator under varying traffic loads, we compared the proposed
algorithms with several baseline algorithms, and the results show the effectiveness of the proposed

algorithms.

INDEX TERMS Optical satellite networks, energy management, routing and resource allocation.

. INTRODUCTION
With the escalating global demand for seamless information
exchange, it is essential to facilitate information exchange
among users worldwide. Although terrestrial networks (e.g.,
F6G) are evolving rapidly, their cost-effectiveness is
primarily confined to densely populated areas [1-3].
Conversely, providing coverage to remote regions, such as
maritime and mountainous terrains, necessitates the
integration of non-terrestrial communication infrastructures
[4, 5]. Consequently, non-terrestrial networks have emerged
as a focal point of both academic and industrial research [6-
8].

Among various non-terrestrial networks, Optical Satellite
Networks (OSNs) are pivotal for achieving global broadband
connectivity [9, 10]. By leveraging free-space optical
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communications, OSNs enable Optical Inter-Satellite Links
(OISLs) that offer significant advantages over traditional
radio-frequency systems, including broader bandwidth,
enhanced security, and superior immunity to physical
interference [11-13]. In particular, establishing OISLs
between Low-Earth-Orbit (LEO) satellites can further
improve communication performance by reducing
propagation delays due to their relatively low orbital altitudes
[14]. To exploit these benefits, commercial LEO mega-
constellations, such as Starlink [15] and Telesat Lightspeed
[16], have deployed onboard laser communication terminals.

With the rapid deployment of LEO mega-constellations,
the number of feasible OISLs in OSNs has increased
exponentially. Due to the high density of the constellations, a
single satellite has a vast number of other spacecraft within
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its line-of-sight at any given instant. Although a satellite
typically carries only four laser communication terminals for
persistent intra-orbit and inter-orbit links, the spatial
geometry allows it to observe dozens of potential candidates
across different orbital layers. Through dynamic beam
steering, each satellite can maintain a pool of tens of potential
link targets. This abundance of line-of-sight opportunities
offers great flexibility for network routing. However,
establishing and maintaining all feasible OISLs in a
continuously active state incurs physical limitations and
substantial management overhead of network operation,
which represents an inefficient allocation of network
resources. Furthermore, traffic demands in practical OSNs
are geographically uneven, predominantly concentrating over
densely populated and economically active regions.
Consequently, OSNs have a hybrid topology comprising both
active and inactive OISLs. Regarding this, recent studies
gradually move from traditional always-on link
configurations toward on-demand OISL establishment, such
as the designed demand-driven topologies [17-19].

To improve network efficiency, selective OISL activation
is increasingly adopted. When a service request arrives, the
routing algorithm can determine not only the forwarding path
but also whether additional inactive OISLs need to be
activated to accommodate the services. Unlike microwave
communication for satellites, the establishment and
maintenance of OISLs rely on fine-grained Acquisition,
Tracking, and Pointing (ATP) procedures, which are not
instantaneous and require a non-negligible setup duration
ranging from a few seconds to tens of seconds [20].
Consequently, each newly activated OISL incurs an
additional energy cost for link establishment beyond the
continuous transmission energy. Crucially, over densely
populated user regions, the dynamic arrival of abundant
service requests will frequently trigger multi-hop path setups.
OISLs may be frequently switched on and off, resulting in
repeated ATP activation that generates substantial
cumulative establishment overhead. From the network
perspective, this accumulated activation energy not only
strains the limited power supply of satellites over the long
term but also constitutes a non-negligible component of the
overall network energy consumption. Therefore, routing
algorithms and OISL activation states are inherently coupled
and should be jointly considered in energy-efficient routing
optimization in OSNs.

Most existing energy-aware routing studies in LEO
satellite networks generally assume that satellite links are
considered connected as long as they are geometrically
visible. The satellite connectivity was abstracted to network
topology by using visibility-driven topology or snapshots at
various time points. Among energy-aware routing studies,
the primary focus remains strictly on transmission-related
energy optimization (e.g., path length or bandwidth
utilization) under the assumption of permanently active links
[21-23]. Because practical optical ISLs are not continuously
active, traditional routing algorithms may inadvertently
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trigger additional OISL activation, leading to energy

inefficiency.  Consequently,  energy-efficient  routing

strategies in OSNs not only affect transmission energy
consumption but also determine whether additional OISL
activation can be triggered.

Motivated by the aforementioned background and problem,
path aggregation provides an effective approach by
encouraging multiple service requests to share already active
OISLs to save energy. Our objective is to increase path
overlap among numerous services in the network layer. The
number of newly activated OISLs can be reduced, thereby
decreasing the activation frequency of ATP and the
associated energy expenditure. The contributions of the paper
are summarized as follows.

e  To optimize this energy consumption for green satellite
networking, the energy-efficient Path Aggregation (PA)
optimization problem is formulated under a
comprehensive set of constraints, including activation,
link, wavelength, and bandwidth constraints.

e Given the high computational complexity of the
formulated ILP, we designed two novel indices, i.e., the
Link Activation Reuse Index (LARI) and the
Activation-Transmission Trade-off  Index (ATTI).
Specifically, LARI quantifies the degree of path sharing,
while ATTI evaluates the ratio of link-activation energy
savings to the additional energy costs incurred during
transmission.

e Leveraging these two indices, we proposed two
heuristic algorithms, i.e., a Path Aggregation-based
Energy Saving Algorithm (PA-ESA) and an Energy-
Balanced Energy Saving Algorithm (EB-ESA). To
reduce the energy costs for link activation, the PA-ESA
can aggregate service paths over the reused links. To
mitigate uneven energy consumption across satellites,
the EB-ESA aims to improve energy balancing among
satellites and avoid excessive energy consumption of
heavily loaded satellites.

e  Finally, extensive simulations were conducted under
varying traffic loads using a series of snapshot
topologies. The PA-ESA can reduce the mean energy
consumption and average hop count by up to 2.92% and
0.282 hops, respectively, incurring only a minor 0.44%
increase in blocking probability. Meanwhile, EB-ESA
achieves an energy reduction of up to 7.51% and
decreases the average hop count by 0.62 hops, while
successfully balancing network energy overhead at a
cost of a 0.65% maximum increase in blocking
probability.

The remainder of the paper is structured as follows:
Section II provides the background of OSNs, discussing the
energy consumption of OISLs, as well as current energy-
efficient routing methods. Section III introduces the network
model, service model, and problem formulation. In Section
IV, the PA-ESA and EB-ESA algorithms are introduced.
Section V presents illustrative numerical results, and Section
VI concludes the paper.
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. BACKGROUND

A. OSNs

OSNs generally comprise ground and space segments, as
illustrated in Figure 1. The ground segment mainly consists
of gateways, user terminals, and terrestrial networks, which
are responsible for traffic access, control, and service
delivery. The space segment consists of LEO satellites
interconnected through OISLs, forwarding traffic over long
distances. To increase communication capacity, OISLs can
be further divided by Wavelength Division Multiplexing
(WDM) techniques [24, 25], allowing multiple wavelengths
to be transmitted simultaneously over a single optical link.
To connect space and ground segments, uplink and downlink
can be established via microwave communication for traffic
upload and download. This study focuses on the OISLs
achieved by WDM in the space segment.

According to the relative orbital geometry, OISLs can be
established between satellites in the same orbital planes and
crossing orbital planes. Satellites in the same orbital planes
move with nearly identical velocities and maintain almost
constant relative positions, whose OISLs have long visibility
windows. While satellites in the crossing orbital planes have
varying positions and angular velocities, whose distance
variation is within a limited range during their temporal
visibility windows (which is about 283 s duration in a
Starlink Pahse I constellation geometry and 550 km orbital
altitude [26]). The OISLs are repeatedly established and
disconnected as satellites move along their orbits, resulting in
frequent ATP processes throughout network operation. In
practical cases, the above physical information, like distance
and visibility window, can be estimated within a limited
range for on-demand OISL establishment.

FIGURE 1. The illustration of an OSN.

B. ATP FOR LASER COMMUNICATION IN SATELLITES
ATP plays a critical role in establishing and maintaining
OISLs. A typical ATP system for a LEO satellite’s laser
terminal consists of a Coarse Pointing Assembly (CPA) and
a Fine Pointing Assembly (FPA). The CPA provides coarse
alignment of laser beams and has a wide field of view and
low precision. The FPA has a narrow field of view and high
precision and aligns laser beams to achieve the desired
pointing accuracy. The CPA can enable the ATP system to
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achieve rough pointing in the desired direction by rotating
the laser terminal via the control system without reorientation
of the body pointing of the satellite. The ATP system of
some small satellites, like CubeSats designed in the CubeSat
Lasercom Infrared CrosslinK (CLICK) project [27], does not
use a CPA and relies on the satellite’s altitude determination
and control system for body pointing to achieve coarse
pointing. Differently, the ATP system in SpaceX’s Starlink
satellites needs a CPA for the satellite to establish OISLs
with  different neighbors in different directions
simultaneously, and body pointing (or satellite reorientation)
to reduce energy consumption is not feasible for Starlink-
liked LEO satellites.

The energy efficiency of the ATP system of satellites can
be improved from both hardware and network-layer
perspectives. From the hardware perspective, designing the
ATP system for OISLs entails a stringent trade-off between
minimizing Size, Weight and Power (SWaP) to maintain the
desired tracking accuracy. Driven by the rigorous resource
and budget constraints of satellite platforms, reducing
architectural complexity becomes imperative to meet these
baseline constraints. However, compressing the quality and
quantity of hardware components inherently degrades system
accuracy [28]. Therefore, a sophisticated ATP system is
always required in practical cases, which means a higher
SWaP. From the network-layer perspective, literature
reviews indicate that the power of CPA can be about 5 W
[29], 9.5 W [30], or 48 W [31], and the power of FPA can be
about 1.56 W [31], 2 W [32], or 2.5 W [29]. Although the
power of the CPA and FPA is moderate, each time of initial
activation of the ATP system can last from several to tens of
seconds. In large-scale LEO constellations, numerous traffic
requests continuously trigger and maintain OISL
establishments along routing paths. As a result, these ATP
operations are executed repeatedly over LEO satellites’ 4.5-
to-5-year lifespan [33], leading to non-negligible cumulative
energy consumption. Since this energy overhead is directly
coupled with the frequency of OISL establishments,
network-layer routing strategies capable of reducing
redundant link activations offer an effective approach to
mitigating ATP-related energy consumption.

C. ATP ENERGY CONSUMED FOR OISL
Energy consumption is important in OSNs. Satellites
generally rely on solar panels [34] and rechargeable batteries
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TABLE 1. Comparison with existing works.

Ref. Dyna.mic. link ATP Activation | Transmission energy Energy-e.fﬁcient Energy-b'fllancing tr:r?;ﬁli}s/srigglgnz%?
activation Energy costs costs routing routing activation energy
[38] X X v \ X X
[39] X X \/ X J X
[40] X X N S X X
[41] S X X S X X
[42] X X v \ \ X
[43] X X v \ \ X
[44] \ X v X \ X
[45] X X v \ X X
Our work N N N | J J

[35] as energy sources, with limited energy storage for usage.
Before establishing an OISL, satellites estimate the relative
position and line-of-sight direction of the target satellite
using onboard orbital ephemeris and historical altitude data.
Consequently, the CPA can directly rotate toward the
predicted direction instead of performing blind beam
searching, while the FPA takes time to complete the
subsequent fine acquisition and tracking process. During
these processes, the variations of CPA and FPA are generally
confined within limited physical (e.g., angle and distance)
ranges for an OISL within its limited time window, owing to
the identical laser terminals and regular orbital geometries of
the constellation. Compounded with the moderate power
consumption for the ATP summarized in Ref. [36], the
variations of ATP energy cost required for OISL
establishment within such bounded adjustment ranges and
short acquisition windows can be reasonably approximated
by average values for network-layer analysis. Combined with
the widely adopted snapshot in satellite networking literature
[9, 11, 18], we discretized the continuous orbital operation
into multiple discrete time slots of duration. Within each
short slot, the relative spatial topology, link distances, and
tracking angular velocities are assumed to be fixed,
represented by their average values during that interval.
Based on the above, this paper mainly considers two
components of energy costs of ATP, i.e., ATP activation and
maintaining, for the simplicity of network-layer abstraction.
They can be denoted as, i.c., = + , where
refers to the activation energy of ATP, is
transmission energy of ATP. Among these, since
typically operates within a power range lasting for several
seconds every time and may occur multiple times, it can be
regarded as a fixed constant for each time of OISL
establishment, i.e., = . Once an OISL is activated,
data transmission consumes energy according to the free-
space optical link budget, specifically,
P,=P,—G,—G,+L,+L, [37]. The budget considers the
gains of both transmitting and receiving telescope  and

(in dB), free-space loss = ( /4 )?>- ~ (in dB), and
other losses  (in dB), where the budget is influenced by the
laser wavelength , link distance , and atmospheric

attenuation coefficient . Due to the link activation based on
a snapshot at a time point, we selected these parameters,
which can be seen as fixed values. In this case, the energy
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cost is reduced to a simple per-slot constant, which is
averaged by slot duration. Accordingly, the overall energy
cost can be modeled as = + , which is
linear in the number of active slots.

D. ENERGY-EFFICIENT ALGORITHMS IN SATELLITE
NETWORKS

Unlike traditional terrestrial networks, LEO OSNs are
highly dynamic, characterized by frequent fluctuations of the
visibility window of OISLs. Existing energy-efficient routing
algorithms focus on the problems of improving the lifespan
of satellite battery and minimizing transmission energy,
assuming satellites and OISLs exist physically. In contrast,
OSNss should also account for the energy required to activate
satellites or OISLs, which is non-negligible for the
transmission.

Energy optimization in satellite networks has garnered
significant research interest. For instance, Zhu et al.
developed an energy-efficient resource allocation strategy for
cloud-integrated terrestrial-satellite networks [38]. Liu et al.
designed an intelligent energy-aware protocol to ensure delay
bounds in mega constellations [39]. To minimize
consumption in delay-sensitive applications, Yu et al. [40]
introduced a specialized broadcasting method. In terms of
protocol-layer optimization, Okonor et al. [41] established a
link-cost model for OSPF to balance energy conservation
with link utilization. Furthermore, several studies have
focused on hardware longevity. Yang et al. [42] formulated
the Green SR-A/-B algorithm based on satellite recharge
cycles, and Macambira et al. [43] designed routing
algorithms specifically to prolong battery endurance. Liu et
al. [44] proposed an inter-satellite link planning scheme
using numerical quantization to balance battery lifetime and
network throughput. Furthermore, Liu et al. [45] extended
the green networking design to IP-over-WDM OSNs by
developing energy-efficient traffic grooming strategies.

Despite these advancements, most prior works assume
environments where link activation energy is negligible. In
LEO OSNs, however, the energy consumed by high-
precision ATP processes for OISL establishment takes time,
particularly  for  short-duration data  transmissions.
Consequently, the energy-efficient routing algorithm that
considers both activation and transmission costs is essential
for a comprehensive evaluation of energy efficiency. As a
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summary, Table 1 compares our work with existing energy-
efficient schemes in satellite networks.

E. Compatibility with Other Energy-Efficient Methods

To further position our work within the scope of green
satellite networking, the proposed path aggregation
framework is a compatible solution. It can be used in
combination with other existing energy-saving hardware and
network-layer methods to achieve collective energy
reduction.

i) Combination with Hardware: While the developed
algorithms (i.e., PA-ESA and EB-ESA) optimize the
strategies of on/off OISL to minimize activation power,
hardware-level techniques, such as dynamic voltage and
frequency scaling (DVFS) [46], can be locally applied to the
remaining active transceivers. Guided by the proposed LARI
and ATTI metrics in Section IV. A, the transmission path of
traffic can be consolidated. This enables DVFS to
dynamically tune the clock frequency or operational voltage
of active optical modems down to the minimum threshold
required to support the specific aggregated traffic volume,
thereby squeezing out additional hardware-level energy
savings.

ii) Combination with Network Layer: Standard topology-
based link sleeping protocols often struggle with dynamic
traffic burstiness, leading to frequent and energy-costly state-
toggling. The proposed path aggregation can act as an upper-
layer traffic-shaping mechanism that funnels sparse flows
onto a minimal set of backbone paths. This proactive
consolidation vacates underutilized OISLs and extends their

TABLE 2. Parameters definition of symbol.

Symbol Definition
Sets:
G(V,L) | Network graph.

V Set of satellite nodes v.
L Set of optical OISLs /.
A Set of wavelengths 4.
T Set of time slots 7.
R Set of requests 7.

Parameters:

A request with volume ¢ originates from source s and is

s.d,
k <b , C ) destined to d with bandwidth requirement b , &k R.

At Time slot duration.

t Holding duration of request.
£ Constant, activation energy for an OISL.
P Constant, transmission power of OISL.

Pg-"ld Constant, holding power of OISL.

EtotaL Constant, total energy consumption.
Variables:

f;‘,?"i Binary, routing variable.
y;;.i Binary, wavelength whether available in /;.
2z Binary, link activation variable.

nj; Binary, used to identify newly activated OISLs.
Cy Binary, link capacity.
Fy Binary, the number of requests sharing /;;.
PA Path aggregation metric.

o Energy weight.

B Aggregation weight.
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idle duration, thereby creating prolonged, stable windows for
underlying protocols to transition transceivers into deep sleep
modes without compromising service continuity.

ll. NETWORK MODEL AND PROBLEM FORMULATION
This section presents the service model, network model,
decision variables, energy consumption model, and path
aggregation model. Based on these models, the path
aggregation optimization problem is formulated as a static
ILP model. Specifically, a given set of service requests is
jointly considered within the optimization horizon, and the
routing, wavelength assignment, and OISL activation
decisions are optimized simultaneously. The ILP formulation
serves as a benchmark for evaluating the energy efficiency of
the proposed heuristic algorithms under the same service and
network conditions. The main symbols used in this section
are summarized in Table 2.

A. SERVICE MODEL

Suppose that a set of service requests R is given in
advance for the considered optimization horizon. The
complete request set is assumed to be known in the static
ILP formulation. Each service request k(s ,d ,b ,c ) R
is characterized by the following parameters. s is the
source satellite of the service request k. d is the destination
satellite of the service request. b is the bandwidth required
by the request. ¢ is the total size of the request, where 0<c .
t denotes the transmission duration of request , measured
in the required number of time slots ¢ =[c /b ] .
Accordingly, a request occupies network resources only
during its corresponding service period, which is
represented by the associated time slot indices in the ILP.

B. NETWORK MODEL
The considered OSN is represented as topology snapshots
represented by a graph G(V, L), where V is the set of
satellites. comprises the set of possible OISLs. In each
possible OISL,  denotes the number of wavelengths with
wavelength capacity. Time is discretized into a set of
equal-length time slots ={, 5, ,| |}with duration A .
For the static ILP formulation, the service requests are
jointly scheduled over the considered time slots. Within
each time slot, the network topology and the path selection
consisting of OISLs can be assumed to remain unchanged.
We assume that the time slot required by the request  is an
integer multiple of A . The network topology is represented
by a sequence of topology snapshots. During a single time
slot, the visibility of OISLs and routing decisions are
assumed to remain unchanged.

C. ROUTING DECISION VARIABLES

At the network layer, an activation of OISL is represented
by a binary variable. Once an OISL is selected, the
coordinated activation of its two endpoint optical terminals
is assumed to be successfully completed. The ATP
coordination procedure is abstracted, while its associated
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activation time and power can be considered as energy
consumption. To jointly determine routing, wavelength
assignment, and OISL activation, the following binary
variables are introduced.

i) Routing varible:

xk,t,l: 1’
i 0,

ii) Wavelength varible:

if request & uses /; on wavelength 4

(1

otherwise

2)

t_ {1, if wavelength / on /; is availble
ij

0, otherwise

iii) OISL activation variable:

L
7= {o,

iv) New activation variable:

nsz{l, if zi=1and z};'=0

if l;; is activated

A3)

otherwise

“4)

0, otherwise

D. ENERGY CONSUMPTION MODEL

The total network energy consumption consists of three
components: OISL activation energy, OISL holding energy,
and transmission energy. In this work, the energy
consumption associated with an active OISL is modeled at
the link level to capture the energy consumption induced by
path selection of service requests. Specifically, the holding
power and transmission power are both modeled as link-level
power consumption, which is incurred over multiple time
slots of duration Ar whenever the OISL is active. This
abstraction avoids introducing additional physical-layer link-
budget and terminal parameters that are beyond the scope of
this work.

i) OISL activation energy: Activation energy of ATP is
consumed when a previously inactive OISL becomes
active. denotes the activation energy of OISL /;,
measured in Joules (J).

ACT = : (5)

ii) Holding energy of an active OISL: Activated OISLs
consume ATP maintenance power, where denotes
the ATP holding power of OISL, measured in watts (W).

HOLD = A - (6)

iii) OISL transmission energy: The transmission energy
consumed by active OISLs is denoted as Eq. (7), where
denotes the transmission power, measured in W.

™= A (7)

iv) Total energy consumption for a service: The overall
network energy consumption is given by,

ToTAL = acT+t Hop + X )]
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E. PATH AGGREGATION MODEL
The objective of path aggregation is to encourage
multiple service requests to reuse already activated
OISLs. The number of requests sharing OISL /; at time

slot is defined as,

_ k,t, A
Fiy= Xij 9)
k RA A

The path aggregation gain is defined as,

t T l,-j L

Here is an example for the path aggregation. If one
1

service transmission uses a link, such as Ff] and z;;, we can
calculate Fj;—zj;=1-1=0, which means no aggregation gain.
If three service transmissions share one activated OISL, we
can calculate Fj;—z;;=3—1=2, which means aggregation gain
exists. Thus, we use PA to measure the amount of traffic
sharing on activated OISLs.

F. PROBLEM FORMULATION

In this study, the PA optimization problem is formulated
as follows. Given the network graph G(V,L), a set of
service request k(sy, dy, by, ;) , and energy-related
parameters ( , , ), the competitive optimization
objective (i.e., Min a-Etgrar—f'PA) is to optimize the
following twofold over an energy-effective path
aggregation scheduling: The first item of the Ergrar aims
to minimize total network energy consumption by jointly
considering OISL activation energy, maintenance energy,
and transmission energy. The second item P4 maximizes
the path aggregation gain, which quantifies the degree to
which multiple requests reuse already activated OISLs. The
weighting parameters (o) and (p) allow balancing energy
minimization and path aggregation. The objective is subject

to the same set of constraints (i.e., ;— ).
Mina: roraL—p-PA (11)
S.1.
{eY (e}
G 1 =5 (12)
={-1 = 4
0

1 is flow conservation constraint, ensuring that for any
request at time slot using wavelength , the total
incoming traffic at any satellite node must equal the total
outgoing traffic.

G kS (13)

, is link capacity constraint, by summing up , of all
requests passing through the at on , and guaranteeing
that the total volume does not exceed the maximum
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FIGURE 3. Schematic of the proposed energy-efficient algorithms.

capacity.

G =1 C (14)
3 is wavelength exclusivity constraint, ensuring that the
total number of assigned services cannot exceed 1 on a
specific at on
Gy o= (15)
< (16)
4 1s activation constraint. Eq.(15) ensures that a service
request can be routed through 1 on wavelength A when the
corresponding wavelength is enabled. Eq.(16) ensures that a
wavelength can be enabled only when the corresponding
OISL is activated.

G : = - 1 (17)
< (18)
<1- 1 (19)

5 1is time slot recording constraint. = -
means that if the link was off in the last time slot ( ~' =0)

=1), this
= 1. This triggers the

but is turned on in the current time slot (
equation forces the action variable

act- =< and <1-— ! make sure that if the link
was already open in the last time slot ( "'=1to =1),
or if the link is remaining closed,  stays 0.

Since the service requests and their corresponding time
slot requirements are given, the ILP jointly determines the
routing and resource allocation of the given requests. For
each request, the routing and resource-allocation variables
are defined over its corresponding time slots. Therefore, the
flow-conservation,  link-capacity, and  wavelength-
exclusivity constraints enforce the required resources
during the request’s period, while the corresponding
allocation variables are zero outside this period.

VOLUME XX, XXXX

The formulated optimization problem is an ILP problem
with binary decision variables , which jointly couples
routing, resource allocation, and link activation decisions.
The problem has time complexity O(| |-] |-] |-] )
where | | =| |* in dense satellite graphs. In scenarios of
tens of nodes and requests, the ILP can be solved using
commercial solvers, but the computational time increases
exponentially with the number of requests and candidate
paths. The overall problem size increases rapidly with
constellation scale, making exact solutions computationally
intractable for large-scale networks.

IV. ENERGY-EFFICIENT HEURISTIC ALGORITHM
Unlike the static ILP formulation in Section III, the proposed
heuristic algorithms process service requests dynamically as
they arrive over time. Therefore, the state of an established
OISL may be maintained across request arrivals to facilitate
subsequent path reuse and avoid repeated ATP activation.
This section introduces the concept of link activation energy
reuse and presents two heuristic algorithms to reduce energy
consumption in OSNs, i.e., PA-ESA and EB-ESA. The
schematic of our proposed energy-efficient algorithms is
shown in Figure 3.

A. Link Activation Energy Reuse Across Multiple
Services

In OSNs, activating an OISL incurs non-negligible
additional energy consumption. However, if multiple
services traverse the same OISL, this activation cost can be
amortized across them, effectively reducing the total
activation energy. This motivates the aggregation of service
paths to maximize the reuse of already-activated OISLs.

To formalize this, we introduce two key metrics, i.c.,
Link Activation Reuse Index (LARI) and Activation-
Transmission Trade-off Index (ATTI). LARI quantifies the
degree of overlapped link utilization. ATTI evaluates the
network energy efficiency of aggregated paths by weighing
the saved activation energy against the additional
transmission energy caused by potential detours. Since both
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LARI and ATTI are normalized by the link numbers of the
path, they reflect the effect of the end-to-end hop count on
the link-reuse ratio and the corresponding activation-energy
benefit.

i) Definition 1: LARI is defined as the ratio between the
reused times u; of an already activated OISL / and the total
link numbers «; without the re-utilization, as shown in Eq.
(20). If LARI—1 for a path, a large proportion of OISL
usages correspond to reuse of already activated OISLs,
indicating a high degree of path sharing. Conversely, if
LARI—0, most OISL usages correspond to their first use,
indicating limited reuse and potentially higher cumulative
activation costs.

I P (ul_l)

LARI= (20)

1ept

ii) Definition 2: ATTI is defined as the ratio between the
total saved activation energy and the excess transmission
energy caused by path detours introduced during the
aggregation, as shown in Eq. (21). Let AE}®* denote the
saved activation energy. The denominator is the excess
energy costs introduced by path detours. If aggregating u,—1
ISLs in a path, the aggregated path may cause extra
PEletq Prt,,. energy costs by path detour. Let p denote the
number of link activations saved due to the aggregation,
and g denote the number of additional links introduced by
the aggregation. An ATTI>1 indicates that the saved
activation  energy  outweighs the  detour-induced
transmission cost, making the aggregated path energy-
efficient. Conversely, an AT7/<1 implies that the
aggregation will cause more energy consumption than it
saves, and thus the path should be avoided.

AEsaved u—1)E
ATT=— - added L) P 1)
AEjqe TAE jran PEuctqPrt,

LARI is used to identify which paths have aggregation
potential. 47T/ determines which paths are worth aggregating
when there are several potential paths. To illustrate this,
Figure 4 shows the roles of the LARI and the ATT] in energy-
efficient routing decisions. On the left, the concept of link
activation reuse is illustrated. Path 1 and Path 2 (green lines
shown in the figure) activate new links, resulting in a low
LARI value (LARI=0), whereas Path 3 (orange lines shown in

LARI identify which paths have aggregation
potential

ATTI determine which paths are
worth aggregating
Service

\
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FIGURE 4. lllustration of the LARI and ATTI in the PA-ESA.
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the figure) achieves partial reuse (LARI=1/3, 1/2), yielding a
relative high LARI value, reflecting a moderate sharing of link
activation energy. On the right, the impact of ATTI is
highlighted by comparing two candidate paths. The bottom
path (green and orange lines shown in the figure) reuses more
activated links. It incurs a large detour, leading to excessive
additional transmission energy and a low ATTI value,
indicating that the energy-saving benefit is offset. The top
path provides a better energy trade-off with limited detour
cost, resulting in A777 = 0 and making it more favorable for
energy-efficient routing. By jointly considering LARI and
ATTI, we can balance energy reuse potential and transmission
cost, enabling dynamic and effective energy-aware path
aggregation strategies.

B. Energy-Efficient Algorithms: PA-ESA and EB-ESA
The section introduces the PA-ESA and EB-ESA
algorithms. The parameters used in the algorithms are listed
in Table 3. PA-ESA inputs are shown in Table 4. The
algorithm starts when a service request r(s,.d,.,b,.c,)arrives.
Based on the ephemeris table and ¢, visible satellites and
potential links can be determined, and the graph G can be
obtained from the ephemeris table. We first compute the
shortest path p, and then verify its validity (line 3). This
path is used as a reference in later comparisons.
Subsequently, the algorithm computes a set of & candidate
paths k={p, p»» > Pi} using the k-shortest path algorithm
(line 7). For each link in a path, the algorithm checks
whether the link has sufficient available bandwidth and
whether both satellites have adequate remaining energy to
activate the link. If any condition fails, the path will be
deleted. For feasible paths, if a link is reused (already
activated), its additional energy cost is zero; otherwise, the
required activation energy E;,., will be added to the total.
Next, for each path p K, LARI is computed as Eq. (20)
(line 13). For each path compared to the path py, we can
calculate the LARI, ATTI, and energy consumption of the
possible paths (lines 15). If the candidate set is non-empty,
the path with the high LARI and high ATTI is preferred
(line 18). The bandwidth resources in the selected path are
then used to allocate to the service (line 21), and link states,
i.e., bandwidth and residual energy, are updated
accordingly (lines 22-27). If no feasible path is found, the
service request fails. In the dynamic arrival scenario of

TABLE 3. Parameters definition of symbol.

Symbol Definition

Constant, initial energy of each satellite.
Constant, minimum residual-energy threshold.
Constant, OISL activation energy for an OISL.
Constant, transmission power of OISL.
Constant, OISL holding power.
Variable, total energy consumption of a path.
Variable, the path for successfully allocated service.
[1[] | Variable, the bandwidth of links.

Feasible | Variable, the set of feasible candidate paths.

, Variable, total energy consumption of services.
Variable, numbers of successfully allocated services.
Variables, total occupied bandwidth.
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requests, each successfully allocated service is associated
with a holding time, / . When a service departs, the
allocated bandwidth is released. If an OISL carries no
remaining service, it will be deactivated (or switched to
sleep mode) to save energy (lines 31-35).

As shown in Table 5, the EB-ESA algorithm has the
same inputs and outputs as the PA-ESA algorithm. After
executing the k-shortest path algorithm, candidate paths
can be obtained (line 3). By traversing each link in the path

, the algorithm checks whether the available bandwidth

the impact of this path on energy balance (line 20). All
feasible paths and their associated metrics are recorded in
the Feasible set (line 21). Path selection then follows a
prioritized judgement. If there is a path that has both a high
ATTI and a high LARI at the same time, then select the
path and add it to the Candidates set (line 25). If multiple
candidates exist, the path with the largest is selected as

to avoid bottleneck node depletion (line 27). The energy
consumption is recorded based on the selected path, and the
TABLE 5. The EB-ESA algorithm.

and the residual node energies satisfy the bandwidth Input:GC ., ). . . . . ) C., . )
requirement  and the energy threshold , respectively Qutput: —
(lines 7-12). If any link fails to meet these conditions, the L =0, 0, =0, E_node[}=
path is deemed invalid and skipped (lines 8-11). Different 2| For do
from the PA-ESA algorithm, EB-ESA considers both 3 = K Shortest(G, , B
energy efficiency and energy balancing. For each feasible 5 o = the first K
path, the algorithm calculates its total energy consumption, 6: Feasible<{]
LARI, and ATTI (lines 17-21), and then also calculates the T For  K;do
minimum residual energy along the path to evaluate 8: Is_valid < True
TABELE 4. The PA-ESA algorithm. % For (i) _do . 4
Tput (L 0 (. ) ) D) 10: - " IfBW[i][j]]< or E_node[i] < Ey, or E_node[;]
Output: , en -
T mny mny 0. E_node[l- 11: Is_valid < False
5 For do 12: Break
" 13: End if end for
3 o -~ Dijkstra®, , ) 14: If Is_valid is True then
4 If not isValid( o, ) 15: Re_usedilinks < countReusedLinks( )
5: Continue end if 16: New_links< countNewLinks( )
6 ~ computeEnergy( o) 17: Energy < computeEnergy( , , o, 1)
7 Ks < KShortestPaths(G, , k) 18: LARI < according to Eq. (20)
8: Feasible <[] 19: ATTI < according to Eq. (21)
9: For Ks do 20: < min LinkEnergy ( )
10: If not isValid( , , ) then continue end if 21: Feasible.append ( , LART, ATTI, energy)
11: Reused_links ~ countReusedLinks( ) 22. End if end for
12: Energy < computeEnergy( , , . 1) 23: If Feasible # [] then
13: LARI < according to Eq. (20) 24: Sort Feasible (ATTI, LARI, and Energy)
14: ATTI < according to Eq. (21) 25: Candidates <= with high LART and high ATTI
15: Feasible.append ( , LARI, ATTI, Energy) 26: If |Candidates|>1 then
16: End for 27: < with maximum
17: If Feasible # [] then 28: Else
18: Sort Feasible (ATTI, LARI, Energy) 29: < Candidates[0] end if
19: < Feasible[0]. 30: For (i,)) do
20: For (i) do 31: BWIi][j] < BWIi][j]-
21 BWIiL]~BWLL- 3 Elik—( + )* /
22: Elink—( + ) / 33 If isNewLink(i,j) do
23: If isNewLink(7,/) do 34: Energy< Energy+
24: Energy < Energy + 35: E link <E_link + end if
25: E_link <E _link + end if 36: E_node[i] <E_node[i] - E_link /2
26: E_node[]]<E_node[i]- _ /2 37: E_node[j] <E_node[/] - E_link /2
27: E node[j]<E node[j]- _ /2 end for 38: End for
28: <+ Energy 39: <+ Energy
29: -~ + 40: -~ +
30: - +1 41: -~ +1
31: For (i,j) do //Service departure 42: For (i,)) do //Service departure
32: BWIi][j]—BW[I[]+ 43: BWIi|[j]<BW[[]+
33; IEBW[][]== do 44; EBW[][]=— do
. Deactivate (7,/) and update E_node and link state; end Deactivate (7,/) and update E_node and link state;

34: | . 45: .

if end for end if end for
35: Else 46: Else
36: Block the service request; end if end for 47: Block the service request; end if end for
37: | Return { R } 48: | Return { R }
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relevant parameters are updated accordingly (lines 32-37).
The remaining steps are similar to those in the PA-ESA
algorithm.

C. TIME COMPLEXITY OF PA-ESA AND EB-ESA
ALGORITHMS

The time complexity of the PA-ESA algorithm consists
of three main components: i) the k-shortest path computation,
ie., 0(k(|L|/ogI N+| VIZ)); ii) bandwidth and length in hops;
and iii) link traversal for energy consumption sorting,
i.e.,O(klogK). The overall time complexity is dominated by
the path search operation, which can be expressed as
O(k (| L] logl \+| 1?)+K| L|+ klogK) . Furthermore, EB-ESA
introduces an extra cost of O(A|L|) to evaluate the minimum
residual energy By,,,, among nodes on each path. Although
its complexity remains (A (|Ll/oglU+|W?)) , EB-ESA
incurs slightly higher computational overhead during the
path selection.

V. SIMULATION RESULTS

A. SIMULATION SETTINGS

To evaluate the proposed solutions, we employed the
Walker-Delta star constellation, a standard benchmark in
constellation design, using AGI’s Satellite Tool Kit (STK)
simulator. The candidate OISLs at each snapshot are
constructed according to the time-varying physical
visibility and geometric conditions of the satellite
constellation. For STK simulations, the visibility time
window of each candidate OISL is first determined during
topology generation. At each snapshot time, an OISL is
considered available if the snapshot falls within its
corresponding visibility window; otherwise, it is considered
unavailable. Therefore, the continuously varying satellite
geometry and OISL visibility are discretized into a
sequence of time-dependent network topologies. Detailed
constellation data, including satellite connectivity and OISL
duration, were exported from STK. The topology matrix is
generated by sampling 20 consecutive snapshots of the
Walker-delta constellation listed in Table 6, which is
constructed in STK, over the time interval from 4:00 to
5:35 with 5-minute intervals. The ILP model was solved via
Python 3.10.11 utilizing the Gurobi solver with a prescribed
mixed-integer programming optimality gap of 5%, where a
near-optimal solution was treated as an offline reference.
To maintain a tractable ILP formulation while preserving
the sparse connectivity of satellite networks, an 15-satellite
topology with a maximum node degree of four is used
primarily for evaluating the ILP formulation, using the
parameters listed in Table 7. To further evaluate the
applicability and scalability of the proposed algorithms in
larger networks, we consider a Walker-Delta constellation
with 1080 satellites in dynamic scenarios. We developed a
C++ event-driven simulator integrated with the snapshots
obtained from STK. The snapshots served as topology
samples in the network simulator, with service arrivals
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TABLE 6. Setting of dynamic algorithms.

Parameter Value
Constellation Walker-Delta star
Number of satellites 1080

Orbital planes 72

Satellites per orbit 15

Altitude 750 km
Inclination 53°

Phase increment 0

Numbers of ground stations 30
Simulation start time 04:00:00.000
Simulation stop time 06:00:00.000
Orbit period 2 hours
Time step 20 seconds

Orbital propagation

Two-body model

OISL establishment line-of-sight geometric visibility
Snapshot duration 5 min [44]

OISL bandwidth 10 Gbit/time slot

Numbers of requests 10000

Source node in requests

A random ground station

Destination node in requests

A random ground station

Bandwidth requirement

100 Mbit/time slot

Link activation energy (£;")

210 J/activation

Transmission power (P} or Pi'?)

30 J/time slot

Holding power (Pj'?) 30 J/time slot
Initial energy per satellite 100000 J
Energy threshold per satellite 2007
k number of paths 4
{200, 250, 300, 350, 400, 450,
Traffic loads 500, 550, 600, 650, 700, 750,

800}

TABLE 7. Setting of ILP parameters.

Parameter Value

Number of satellites 15

Maximum satellite degree

Wavelength number

Time slot number 60

Bandwidth 10 Gbit/time slot
Link activation energy 210 J/activation
Transmission energy per slot 30 J/time slot
Energy threshold per satellite 100000 J
Request number {30, 40, 50, 60}
Request bandwidth 100-300 Mbps
Request time slot 5-15 time slots

TABLE 8. Comparison of baselines and the proposals.

. Energy |Aggrega| Link | Ener Trade

Purpose | Algorithm Awa%z i%f)ng Re-use Balari;c{t -off
PA-ESA N N N - N
Energy ETGR N \ N - X
Saving EA-K v x x - x
K x x X - X
Energy | EB-ESA N - - N N
Balancing EB N - - N x

€ Communications Society

following a Poisson distribution (i.e., arrival rate = 0.04)
and holding times following an exponential distribution (i.e.,
rate = 0.03). Based on the overview of component power in
Ref. [44], the relevant power parameters can be expected to
vary within a reasonable bound. All simulations were
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conducted on a computer with an Intel Core i5-8250U CPU
and 40GB RAM. The specific parameters are summarized
in Table 6.

To evaluate the performance of the proposed PA-ESA
and EB-ESA, four baselines were introduced for
comparison. To provide a comprehensive overview, the
feature comparisons between our proposed algorithms and
these baselines are summarized in Table 8. Specifically, the
first three baselines (i.e., i)-iii)) focus on energy saving to
benchmark PA-ESA, while the remaining one (i.e., iv))
aims at energy balancing to evaluate EB-ESA:

i) Energy-efficient Traffic-Grooming Routing (ETGR)
algorithm: This baseline represents the representative green
traffic grooming routing concept in OSNs [45] published in
2024. Following its design principles, ETGR prefers the
paths with high bandwidth utilization for traffic grooming
and adopts the lowest energy-consumed path when multiple
options exist.

ii) Baseline Energy-Aware K (EA-K) algorithm: This
baseline prefers paths with the lowest energy consumption,
subject to a predetermined energy threshold for each
satellite. To mitigate resource congestion, it incorporates a
fallback part that randomly selects an available alternative
path (k=4) if the primary low-energy links are saturated.

iii) Baseline K algorithm: As a traditional path
calculation algorithm, this baseline employs a traditional -
short path (k=4) to select minimum-hop paths without
energy considerations.

iv) Baseline Energy-Balanced (EB) algorithm: This
baseline identifies & candidate paths with the maximum
residual energy. It utilizes a degradation to randomly select
alternative paths when the high-residual-energy paths occur
congestion.

Based on the above baselines for the PA-ESA and EB-
ESA algorithms, we enable a comprehensive evaluation
across multiple metrics, including Blocking Probability
(BP), Hop Count (HC), Energy Consumption (EC),
Average Energy Consumption per Service (AECS),
Average Energy Consumption per Node (AECN), and the
Coefficient of Variation (CV) of satellite energy
consumption. To present the robustness of these
performances, simulation results were conducted with the
mean values and 95% Confidence Intervals (CI), which are
presented in Figure 6 and Figure 7.

B. RESULTS OF NETWORKS

1) NEAR-OPTIMAL RESULTS

Since the service requests are assumed to be known in
advance in the ILP for static resource allocation, its results
are used as a near-optimal reference for the formulated
objective under static request conditions, while the
proposed algorithms are evaluated under dynamic request
arrivals. Figure S illustrates the performance of the
proposed objective under different numbers of service
requests (30, 40, 50, and 60) for the two weighting factors o
and f. As shown in Figure 5 (a), the service-delivery
energy increases almost linearly with the number of service
requests for all cases of « and f. This trend is suitable since
more service requests require transmission resources and
activate more links. When o=1 and =0, the objective
function emphasizes energy saving, considering the lowest
energy consumption. Interestingly, when o=1 and =1, the
energy consumption remains almost identical to that
obtained with a=1 and £=0. This indicates that introducing
a moderate degree of path aggregation does not impose a
noticeable energy penalty, while still encouraging the reuse
of established paths. As f further increases, however, the
energy consumption gradually increases relative to the
energy-efficient solution with a=1 and =0. This is because
a larger f assigns greater importance to path aggregation,
which can cause some traffic demands to detour from
shorter paths to increase path sharing, thereby incurring
additional energy consumption. These results show a trade-
off between path aggregation and energy saving: moderate
path aggregation can be achieved without substantially
compromising energy efficiency, whereas excessive
emphasis on path aggregation may force services onto
longer routes and offset its potential energy-saving benefits.

In Figure 5 (b), the PA metric consistently increases
with both an increasing number of requests and a larger
aggregation weight f. When f increases from 1 to 10, a
larger PA portion is achieved, indicating that more service
requests are allocated through common links. This verifies
that the designed objective can achieve the enhancement of
path aggregation by adjusting . As illustrated in Figure 6
(¢), the CPU-computing time also increases with higher
traffic loads. A larger f leads to a longer solving time
because the optimization model places greater emphasis on
path aggregation, resulting in a more constrained solution
space and increased computational complexity.

Overall, the above results reveal a clear trade-off among
path aggregation, energy efficiency, and computational

(a)80000 (b) €)2500
= 70000 5=1.a=0 5=1.a=1 5=1.a=b 1200 5=len=0 s=lea=1 s=lea=5 | & 5=1,c0=0 o=1.c=1 5=1.ca=5
= £ 60000 5=1.=10 5=1a=15 5=1.=20[ 4000 5=1w=10 5=l@=15 5=1@=20| 5 2000 o=1.a=10 5=1.ca=15 o=1.2=20
g g2 £
= % 50000 800 = 1500
< £ 40000 2 on £
@ 8 =
£ 1 30000 21000
5 220000 400 §
n g 9 500
S * Lol 2
0 ! | ! ! 0 } } } C 0 ‘ ‘ ‘ !
30 40 50 60 30 40 50 60 30 40 50 60

Numbers of service requests

Numbers of senice requests

Numbers of service requests

Numerical results of the objective under different numbers of requests (i.e., 30, 40, 50, and 60), in terms of (a) energy
consumption, (b) PA, (c) CPU-computing time of solving the objective.

VOLUME XX, XXXX

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JCOMS.2026.3739807

~1EEE IEEE Open Journol of the

ComSoc  communications Society

complexity. It is obvious that increasing f improves path
aggregation at the cost of slightly higher energy
consumption and longer optimization time. Therefore, the
weighting parameters provide flexibility for network
operators to balance energy-saving objectives and traffic-
consolidation requirements according to practical scenarios.

2) RESULTS OF THE PA-ESA AND EB-ESA

i) BP

As shown in Figure 6 (a), the blocking probability of all
algorithms increases with the traffic load. Note that in this
paper, the BP corresponds to the service drop rate, as any
blocked request fails to be allocated the necessary resources
and is consequently dropped. The algorithms were
evaluated under varying traffic loads ranging from 200 to
800 with a step size of 50. This behavior is expected
because increasing traffic demands gradually consume the
available network resources, resulting in a higher
probability of failed requests. Among all compared
algorithms, the PA-ESA can achieve the lowest blocking
probability throughout the entire traffic-load range. The
performance advantage becomes obvious under heavy
traffic conditions. Specifically, the maximum blocking
probability decreased by 0.44% compared to ETGR, by
1.7% compared to EA-K, and by 2.5% compared to K.
These results indicate that the path aggregation can reduce
blocking probability by consolidating services onto existing
active paths, thereby reducing the number of newly
activated links and alleviating network congestion.
Furthermore, the CI remains relatively narrow across all
traffic loads, illustrating that PA-ESA exhibits stable
performance under different topologies.

Figure 6 (b) shows the comparison of EB-ESA with the
baseline energy-balancing scheme. It can be observed that
both algorithms experience increasing blocking probability
as the offered traffic grows. However, EB-ESA consistently
outperforms Baseline EB, especially under medium and
high traffic loads. The largest observed performance gain

reaches approximately 0.62%, indicating that the proposed
energy-aware path selection strategy can effectively
maintain network service capability while simultaneously
considering energy-efficient objectives. In addition, the
confidence intervals of EB-ESA are generally comparable
to those of EB, suggesting that the proposed strategy does
not introduce additional performance instability.

ii) HC

Figure 6 (¢) shows the average hop-count results. For
PA-ESA, ETGR, and EA-K, the hop count remains
relatively stable as traffic load increases, indicating that
these algorithms can maintain efficient routing paths even
under heavier network loads. Compared with ETGR, PA-
ESA achieves a maximum hop-count reduction of 6.31% (a
reduction of approximately 0.28 hops). More significant
improvements are observed against EA-K (up to 21.1% or
1.12 hops), while a slight reduction of 4.1% (0.19 hops) is
achieved compared to K. The reduction in hop count
suggests that the path aggregation not only improves
resource utilization but also promotes the reuse of efficient
routing paths, thereby limiting unnecessary path elongation.

As shown in Figure 6 (d), the average hop count of EB-
ESA remains consistently lower than that of the EB. The
maximum gap between the two schemes reaches
approximately 0.62 hops. This indicates that the proposed
energy-aware routing mechanism can simultaneously
balance energy consumption and routing efficiency without
introducing excessive path stretching. Moreover, both
algorithms exhibit relatively flat hop-count curves across all
traffic loads, suggesting that route lengths are only
marginally affected by increasing network congestion.

iii) EC

As observed in Figure 7 (a), the EC of all algorithms,
including PA-ESA, ETGR, EA-K, and K, shows a
decreasing trend as the traffic load increases. This is
typically attributed to higher resource consolidation under
heavier traffic loads. Notably, the proposed PA-ESA

0.5
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PA-ESA has a low BP, reducing BP by 0.44% and 2.5% relative to ETGR and K, 0.4 [ The maximum average BP of EB-ESA is 0.65% higher than that of EB.
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FIGURE 6. Comparison of BP and HC performance across dynamic traffic loads bounded by the 95% CI. Subplots (a) and (c)
denote the BP and HC for the energy-saving (i.e., PA-ESA). Subplots (b) and (d) outline the corresponding BP and HC for the energy

balancing (i.e., EB-ESA).
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consistently achieves the lowest EC across the entire traffic
range. Specifically, PA-ESA outperforms ETGR with a
maximum average gap of 2.92% to save the total energy.
Although ETGR achieves the energy saving by reusing
existing OISLs, it introduces additional transmission energy
due to excessive traffic concentration and path detours. In
contrast, PA-ESA employs the proposed ATTI metric to
evaluate whether the activation-energy saving outweighs
the additional transmission cost, thereby achieving the
lowest overall energy consumption. PA-ESA shows energy-
saving advantages, yielding a maximum average gap of
13.15% against Baseline EA-K and a 28.02% reduction
compared to Baseline K. Figure 7 (b) illustrates the EC
comparison between EB-ESA and Baseline EB. Similar to
the PA, the total energy consumption decreases with
increasing traffic loads. The proposed EB-ESA consistently
remains below the curve of EB, securing a maximum
average energy-saving gap of 3.78%, which validates the
effectiveness of the EB-ESA optimization in reducing
overall grid or network overhead.

iv) AECS

Figure 7 (c¢) shows the AECS, which is defined as the

(a) agpo][ % c1 = Meanvai

The highest average gap between PA-ESA and ETGR 2.92%, vs. EAK 13.15%,
vs. K 28.02%
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ratio of the total energy consumption to the total number of
successfully accommodated requests to evaluate the energy
efficiency from a service perspective. The AECS decreases
from approximately 270J to 150J as traffic load increases,
underscoring that energy costs are amortized over a larger
volume of active services. PA-ESA maintains its superior
performance here. The maximum AECS gap between PA-
ESA and ETGR is marginal, restricted to 6.1J per service.
However, compared to Baseline EA-K and Baseline K, PA-
ESA reduces energy consumption by up to 26.7J and 55.4])
per service, respectively, making it highly suitable for
energy-efficient, per-service provisioning. Figure 7 (d)
presents trends of EB-ESA and EB. At lower-to-mid traffic
loads, EB-ESA secures a distinct advantage, achieving a
maximum positive gap of 9.2J per service. Conversely, at
specific high-load instances, the gap drops to a minimum of
32.9] per service (where Baseline EB slightly undercuts
EB-ESA). This fluctuation indicates that under the EB
mechanism, per-service energy efficiency is highly
sensitive to dynamic traffic fluctuation and routing
reconfiguration at high utilization thresholds.
v) AECN
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FIGURE 7. Performance under varying traffic loads (ranging from 200 to 800 with a step of 50). The left column (a, c, e, g) presents
the benchmark results for the energy-saving proposals (i.e., PA-ESA), while the right column (b, d, f, h) presents the energy-

balancing proposal (i.e., EB-ESA).
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Figure 7 (e) and (f) show the AECN across various
traffic loads, which was calculated as the ratio of EC to the
total number of used satellites. It is easy to observe that
path aggregation may concentrate services on certain
specific  satellites, thereby increasing their energy
consumption. Thus, we designed the AECN to reflect the
energy balancing capability across satellites. In the energy-
saving part, PA-ESA shows the lowest trend of AECN in
Figure 7 (e), meaning that the average energy burden per
utilized satellite was reduced while maintaining overall
network efficiency. The performance gap of AECN varies
under different traffic conditions. At 200 Erlang, the AECN
of PA-ESA outperformed that of ETGR by increasing
15.36%. At 650 Erlang, it decreased by 52.14% compared
to EA-K. At 800 Erlang, it increased by 26.6% compared to
the baseline K. This is because the network is unsaturated
with abundant idle capacity at a low load (i.e., 200 Erlang).
Thus, the aggregation focus of ETGR can easily deactivate
entire regions of the topology to save energy, making PA-
ESA show a minor 15.36% energy overhead in exchange.
As the traffic scales to a moderate load (i.e., 650 Erlang),
routing congestion begins to occur. The EA-K suffers from
topological fragmentation by routing around low-energy
nodes, easily triggering multi-hop paths with redundant
OISL activations. The PA-ESA, benefited from LARI and
ATTI, suppresses unnecessary activations and consolidates
fragmented flows.

Figure 7 (f) shows the AECN of EB-ESA and EB. We
can observe that as the traffic load increases from 200 to
800, the AECN for both algorithms shows a decreasing
trend. This is because a greater number of requests were
successfully allocated resources by occupying more nodes
under higher traffic loads. The energy consumption was
effectively distributed across a broader range of request
numbers, leading to the dilution of average per-node energy
indicators. The proposed EB-ESA outperforms the EB
across all traffic loads, with a certain energy-saving gap
under low-to-medium loads. This superiority is caused by
the integrated LARI and ATTI. EB mainly relies on the
maximum residual energy metric and reacts to congestion
via path degradation, which easily triggers fragmented
alternative paths that repeatedly use redundant OISL
activations.

vi) CV

To further evaluate the balance of energy consumption
among utilized satellites, we introduce the CV of satellite
energy consumption, defined as

=— (22)

where and  denote the mean and standard deviation
of the energy consumption among the utilized satellites,
respectively. A lower indicates a smaller relative
dispersion of energy consumption and thus a more balanced
energy consumption distribution.
Figure 7 (g) and Figure 7 (h) further compare the of
satellite energy consumption under different traffic loads.
As shown in Figure 7 (g), the values of PA-ESA and
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ETGR remain relatively stable over the considered traffic-
load range, whereas EA-K and K exhibit more obvious
fluctuations. This indicates that the energy consumption
distribution of the former schemes is less sensitive to
traffic-load variations, while the latter schemes may
concentrate energy consumption on different subsets of
satellites as the traffic load changes. As shown in Figure 7
(h), EB-ESA achieves a lower than EB across the
considered traffic loads, indicating that EB-ESA provides a
more balanced energy consumption distribution among the
utilized satellites. Overall, these results can be combined
with the AECN evaluation by showing that energy
efficiency and energy-consumption balance are distinct
aspects of the energy performance.

VL. CONCLUSIONS AND FURTHER RESEARCH

This study investigates energy-efficient OISL allocation in
OSNs by jointly considering path aggregation and energy
consumption during service delivery. An optimization
problem is formulated to balance the benefits of link reusing
against the energy cost associated with OISL activation and
transmission. To characterize this trade-off, two indexes,
namely LARI and ATTI, are introduced to quantify the
degree of link reusing and the energy-saving benefit relative
to the additional transmission energy caused by path
aggregation, respectively. Based on these indexes, two
energy-efficient algorithms, PA-ESA and EB-ESA, are
developed for OISL allocation. The simulation results
illustrate that PA-ESA can reduce both energy consumption
and hop count while maintaining a relatively small impact on
blocking probability. It also indicates that path aggregation
can improve resource utilization and routing efficiency by
increasing the reuse of established OISLs. However, the
accompanying increase in AECS and AECN shows that path
aggregation introduces additional resource and energy costs.
Therefore, the degree of path aggregation should be
appropriately selected to balance link reuse and energy
efficiency. As future work, we will investigate energy
consumption over multiple orbital cycles by considering
time-varying traffic patterns and energy supply to support
long-term energy optimization.

ACKNOWLEDGMENT

This work was supported in part by the National Science
Foundation of China under Grants (62501267, 62425105,
62571065), Beijing Natural Science Foundation (L242077),
and in part by the Open Fund of IPOC (BUPT). Also, the
research work is supported in part by the Federal Ministry of
Research, Technology, and Space (BMFTR), Germany,
through the Project 6GEM+ under Grant 16KIS2411, and in
part by the European Union’s Horizon Europe research and
innovation programme under the 6G-Path project (Grant No.
101139172).

REFERENCES

[1] J. Yang, B. Li, K. Fan, L. An, and Q. Zhang, “Analysis of laser inter-
satellite links and topology design for mega-constellation networks,”
IEEE Internet Things J., vol. 11, no. 21, pp. 34554-34566, Nov. 2024.

9

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JCOMS.2026.3739807

IEEE Open Journol of the

~IEEE
ComSoc  communications Society

(2]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

F. Chai, Q. Zhang, H. Yao, X. Xin, R. Gao, and M. Guizani, “Joint
multi-task offloading and resource allocation for mobile edge
computing systems in satellite [oT,” IEEE Trans. Veh. Technol., vol.
72, no. 6, pp. 7783-7795, Jun. 2023.

X. Li, Y. Zhao, X. Yu, H. Wang, W. Chen, S. Wang, and J. Zhang,
“Joint bandwidth and key on demand (BKoD) provisioning for
dynamic service of optical transport networks in F6G,” IEEE Trans.
Netw. Service Manag., vol. 21, no. 3, pp. 3080-3094, Sep. 2024.

S. Plastras et al., “ Non-terrestrial networks for energy-efficient
connectivity of remote IoT devices in the 6G era: A survey,” Sensors,
vol. 24, no. 4, p. 1227, Feb. 2024.

S. Mahboob and L. Liu, “Revolutionizing future connectivity: A
contemporary survey on Al-empowered satellite-based non-
terrestrial networks in 6G,” IEEE Commun. Surveys Tuts., vol. 26, no.
2, pp. 1279-1321, Feb. 2024.

R. Ahmed, M. R. Mahmood, and M. A. Matin, “ Challenges in
meeting QoS requirements toward 6G wireless networks: A state-of-
the-art survey,” Trans. Emerg. Telecommun. Technol., vol. 34, no. 2,
p. e4693, Feb. 2023.

H. W. Lee, A. Medles, C. C. Chen, and H. Y. Wei, “Feasibility and
opportunities of terrestrial network and non-terrestrial network
spectrum sharing,” IEEE Wireless Commun., vol. 30, no. 6, pp. 36-
42, Dec. 2023.

N. A. Ochuba, D. O. Olutimehin, O. G. Odunaiya, and O. T.
Soyombo, “ The evolution of quality assurance and service
improvement in satellite telecommunications through analytics: A
review,” Eng. Sci. Technol. J., vol. 5, no. 3, pp. 1060-1071, Mar.
2024.

Y. Li, Q. Zhang, R. Gao, X. Xin, H. Yao, F. Tian, and M. Guizani,
“An elastic resource allocation algorithm based on dispersion degree
for hybrid requests in satellite optical networks,” [EEE Internet
Things J., vol. 9, no. 9, pp. 6536-6549, May 2021.

Z. Niu, H. Yang, Q. Yao, B. Wu, S. Yin, J. Zhang, and A. V.
Vasilakos, “Reliable low-latency routing for VLEO satellite optical
network: A multi-agent reinforcement learning approach,” IEEE
Internet Things J., vol. 12, no. 9, pp. 2309-2321, May 2024.

Y. Jing, Z. Yang, Y. Zhao, H. Wang, W. Wang, S. Rahman, and J.
Zhang, “Energy-efficient routing based on a genetic algorithm for
satellite laser communication,” Opt. Express, vol. 31, no. 5, pp.
8682-8695, Mar. 2023.

H. Wang, Y. Bi, F. Yan, L. Wang, J. Zhang, and L. Wosinska,
“Multi-beam satellite optical networks: A joint time-slot resource
scheduling for end-to-end services,” I[EEE Trans. Netw. Service
Manag., vol. 22, no. 1, pp. 426-438, Mar. 2024.

H. Wang, Y. Zhao, M. Tornatore, W. Wang, and J. Zhang, “Multi-
layer orbit-weave optical satellite networks with cross-layer routing
for stable service delivery,” in Proc. OFC, Mar. 2025.

T. T. T. Le, N. U. Hassan, X. Chen, M. S. Alouini, Z. Han, and C.
Yuen, “A survey on random access protocols in direct-access LEO
satellite-based IoT communication,” [EEE Commun. Surveys Tuts.,
early access, 2024, doi: 10.1109/COMST.2024.3385347.

Y. Li, H. Li, W. Liu, L. Liu, W. Zhao, Y. Chen, and H. Qiu, “A
networking perspective on Starlink * s self-driving LEO mega-
constellation,” in Proc. ACM MobiCom, Madrid, Spain, Oct. 2023,
pp. 1-16.

Q. Li, H. Wang, W. Liu, and L. Lv, “NASA’s aerospace data relay
satellite system development and its implications,” in J. Phys.. Conf.
Ser., vol. 2849, no. 1, pp. 012121, 2024.

X. Han, M. Yang, S. Wang, and T. Chao, “Continuous monitoring
scheduling for moving targets by Earth observation satellites, ”
Aerosp. Sci. Technol., vol. 140, pp. 108422, Aug. 2023.

Y. Liu, X. Li, D. Li, C. Zhao, and S. Huang, “ Green laser inter-
satellite link planning in satellite optical networks,” J. Opt. Commun.
Netw., vol. 16, no. 9, pp. 868-880, Sep. 2024.

Y. Liu, X. Li, D. Li, C. Zhao, and S. Huang, “Intersatellite laser link
planning for reliable topology design,” IEEE Trans. Netw. Service
Manag., vol. 19, no. 3, pp. 2612-2624, Sep. 2022.

D. Bhattacherjee and A. Singla, “ Network Topology Design at
27,000 km/hour, ” in Proc. 15th International Conference on
Emerging Networking Experiments And Technologies, Orlando, FL,
USA, 2019, pp. 341-354.

Y. Li, J. Luo, Y. Ran, J. Pi, and X. Zhou, “ Energy-efficient
connectivity planning of inter-satellite links for LEO satellite
constellations,” in Proc. SatCom, Madrid, Spain, 2023, pp. 25-30.

VOLUME XX, XXXX

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

H. Guo, R. Wu, B. Qi, and Z. Liu, “Lifespan-balance-based energy-
efficient routing,” IEEE Sensors J., vol. 21, no. 24, pp. 28131-28142,
Dec. 2021.

Y. Lu, Y. Zhao, F. Sun, F. Yang, and R. Liang, J. Shen, and Z. Zuo,
“ Enhancing transmission efficiency of mega-constellation LEO
satellite networks,” IEEE Trans. Veh. Technol., vol. 71, no. 12, pp.
13210-13225, Dec. 2022.

G. Cossu, V. Spirito, M. P. Ninos, and E. Ciaramella, “ Design
challenges in high-throughput WDM-FSO systems,” in Proc. ICTON,
Bucharest, Romania, Jul. 2023, pp. 1-4.

S. P. K. Sarker and M. A. Hossain, “Analysis of inter-satellite optical
wireless communication systems,” Opt. Continuum, vol. 3, no. 7, pp.
1224-1243, Jul. 2024.

A. U. Chaudhry, and H. Yanikomeroglu, “Laser intersatellite links
in a starlink constellation: A classification and analysis,” IEEE Veh.
Technol. Mag., vol. 16, no. 2, pp. 48-56, Mar. 2021.

K. Cahoy, P. Grenfell, A. Crews, M. Long, P. Serra, A. Nguyen, R.
Fitzgerald, C. Haughwout, R. Diez, A. Aguilar, J. Conklin, C.
Payne, J. Kusters, C. Sackier, M. LaRocca, L. Yenchesky, “The
CubeSat laser infrared crosslinK mission (CLICK),” Proceedings of
the SPIE, vol. 11180, pp. 358-369, Jul. 2019.

M. J. Long, “Pointing acquisition and tracking design and analysis
for CubeSat laser communication crosslinks,” M. S. thesis,
Department of Aeronautics and Astronautics, Massachusetts Institute
of Technology, Cambridge, MA, 2018, [Online]. Available:
https://dspace.mit.edu/handle/1721.1/115686, Accessed: Jan. 15,
2021.

G. Baister, C. Haupt, S. W. Matthews, R. Pender, T. Dreischer, and
A. Herren, “The ISLFE terminal development project-results from
the elegant breadboard phase,” in 20th ALAA International
Communication Satellite Systems Conference and Exhibit, Montreal,
Quebec, Canada, 2002, pp. 1-3.

Honeywell, “OISL Coarse Pointing Assembly,” https://acrospace.
honeywell.com/content/dam/aerobt/en/documents/learn/products/sen
sors/brochures/N61-2506-000-001_ES_OISL_Coarse-Pointing
Assembly-bro.pdf.

T. T. Nielsen, “Pointing, acquisition and tracking system for the free
space laser communication system, SILEX,” In Free-space laser
communication technologies VII, vol. 2381, pp. 194-205, Apr. 1995.
Oerlikon, “Fine pointing assembly,”
https://www.oerlikon.com/ecomaXL/get blob.php?name=FPA_Data
sheet.pdf &download=1.

SpaceX FCC update, 2018, “SpaceX non-geostationary satellite
system, attachment, technical information to supplement schedule,”
[Online]. Available:
https://licensing.fcc.gov/myibfs/download.do?attachment key=1569
860, Accessed: Oct. 18, 2020.

G. W. Yoon, B. Jo, P. Boonmongkolras, G. S. Han, and H. S. Jung,
“Perovskite tandem solar cells for LEO satellite power,” Adv. Energy
Mater., vol. 15, no. 2, Jan. 2024.

X. Zhang, J. Liu, R. Zhang, Y. Huang, J. Tong, N. Xin, and Z. Xiong,
“Energy-efficient computation peer offloading,” IEEE Trans. Mobile
Comput., vol. 23, no. 4, pp. 3077-3091, Apr. 2023.

«“ ESA Bulletin, ” [Online].
https://www.esa.int/esapub/bulletin/bullet9 1/b91lutz.htm
G. Wang, F. Yang, J. Song, and Z. Han, “ Free space optical
communication for inter-satellite link,” IEEE Commun. Mag., vol. 62,
no. 3, pp. 110-116, Mar. 2024.

X. Zhu, C. Jiang, L. Kuang, N. Ge, and J. Lu, “Energy Efficient
Resource Allocation in Cloud Based Integrated Terrestrial-Satellite
Networks,” in Proc. IEEE ICC, Kansas City, MO, USA, 2018, pp. 1-
6.

J. Liu, B. Zhao, Q. Xin, J. Su, and W. Ou, “DRL-ER: An intelligent
energy-aware routing protocol with guaranteed delay bounds in
satellite mega-constellations,” IEEE Trans. Netw. Sci. Eng., vol. 8,
no. 4, pp. 2872-2884, Oct. 2020.

N. Yu, Z. Wang, H. Huang, and X. Jia, “Minimal energy broadcast,”
IEEE Trans. Green Commun. Netw., vol. 2, no. 3, pp. 795-803, Sep.
2018.

O. Okonor, N. Wang, S. Georgoulas, and Z. Sun, “ Green link
weights for disruption-free energy-aware traffic engineering,” [EEE
Syst. J., vol. 11, no. 2, pp. 661-672, Jun. 2015.

Available:

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://scholar.google.com/citations?user=YNvUmSwAAAAJ&hl=zh-CN&oi=sra
https://scholar.google.com/citations?user=W2nYBpMAAAAJ&hl=zh-CN&oi=sra
https://scholar.google.com/citations?user=rgrA7LQAAAAJ&hl=zh-CN&oi=sra
https://scholar.google.com/citations?user=UOCzHp0AAAAJ&hl=zh-CN&oi=sra
https://scholar.google.com/citations?user=rfOZbH0AAAAJ&hl=zh-CN&oi=sra
https://scholar.google.com/citations?user=rfOZbH0AAAAJ&hl=zh-CN&oi=sra
https://scholar.google.com/citations?user=as9X1TIAAAAJ&hl=zh-CN&oi=sra
https://www.spiedigitallibrary.org/profile/notfound?author=Rodrigo_Diez
https://www.spiedigitallibrary.org/profile/notfound?author=Alexa_Aguilar
https://www.spiedigitallibrary.org/profile/notfound?author=John_Conklin
https://www.spiedigitallibrary.org/profile/notfound?author=Cadence_Payne
https://www.spiedigitallibrary.org/profile/notfound?author=Cadence_Payne
https://www.spiedigitallibrary.org/profile/notfound?author=Joseph_Kusters
https://www.spiedigitallibrary.org/profile/notfound?author=Chloe_Sackier
https://www.spiedigitallibrary.org/profile/notfound?author=Mia_LaRocca
https://www.spiedigitallibrary.org/profile/notfound?author=Laura_Yenchesky
https://aerospace.
https://www.oerlikon.com/
https://licensing.fcc.gov/myibfs/download.do
https://www.esa.int/esapub/bulletin/bullet91/b91lutz.htm

This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JCOMS.2026.3739807

~IEEE IEEE Open Journol of the

€omSoc Communications Society

[42] Y. Yang, M. Xu, D. Wang, and Y. Wang, “Towards energy-efficient
routing in satellite networks,” IEEE J. Sel. Areas Commun., vol. 34,
no. 12, pp. 3869-3886, Dec. 2016.

[43] R. D. N. M. Macambira, C. B. Carvalho, and J. F. de Rezende,
“ Energy-efficient routing in leo satellite networks for extending
satellites lifetime,” Comput. Commun., vol. 195, pp. 463-475, Nov.
2022.

[44] Y. Liu, X. Li, D. Li, C. Zhao, and S. Huang, “Green laser inter-
satellite link planning in satellite optical networks: trading off the
battery lifetime and network throughput wusing numerical
quantization,” J. Opt. Commun. Netw., vol. 16, no. 9, pp. 868-880,
2024.

[45] Y. Liu, X. Li, Z. Zheng, D. Li, T. Liu, F. Ruan, C. Zhao, S. Huang,
“Green traffic grooming in IP-over-WDM  satellite optical
networks,” J. Opt. Commun. Netw., vol. 16, no. 12, pp. 1275-1287,
Nov, 2024.

[46] S. Liu, P. C. Kuve, and A. Karanth, “GreeNX: An energy-efficient
and sustainable approach to sparse graph convolution networks
accelerators using DVFS,” IEEE Trans. Sustain. Comput., vol. 10, no.
5, pp. 1031-1042, Oct. 2025.

Hua Wang (Member, IEEE) received
the Ph.D. degrees Beijing University
of Posts and Telecommunications
(BUPT) in 2021. She is a lecturer at
the college of computer and
information engineering, Nanjing Tech
University. Her main research areas
include optical satellite networks.

Wei Wang (Member, IEEE) received
the Ph.D. degrees in communications
engineering from the BUPT. He is an
associate professor in the school of
electronic engineering, BUPT. He is
also the Vice Director of the BUPT-
China Unicom Joint Innovation Center.
His main research areas include
computing networks for large models and optical satellite
networks.

Yongli Zhao (Senior Member, IEEE)
received the Ph.D. degree. He is the
Director of the Office of Development
Planning at BUPT. His current research
focuses on F5G, optical satellite
communication networks, software-
defined optical networks, and quantum
key distribution networking, digital
twin network, and Al for science.

Jie Zhang received the Ph.D. degree.
He is a Dean at the Integrated Circuit
Institute of BUPT. His current research
focuses on optical switching and
intelligent all-optical networks, optical
service network architecture, protocols
and algorithms, cloud data center
interconnection and computing power
networks, network physical layer security.

Kai Dong (Member, IEEE) received the Ph.D. degrees in
Information Technology from Politecnico di Milano, Milan,

VOLUME XX, XXXX

Italy, in 2023. He was a Postdoctoral
researcher with the Center for Wireless
Communications (CWC), University of
Oulu, Finland. He is currently a
Postdoctoral researcher with
Department  of Information and
Communications Engineering (DICE),
Aalto university, Finland. His research
interests include integrated sensing, computing and
communication, deterministic wireless communications,
and optimization methods in intelligent wireless
communications.

Prof. Tarik Taleb (Senior Member,
IEEE) received the B.E. degree with
distinction in Information Engineering
and the M.Sc. and Ph.D. degrees in
Information Sciences from Tohoku
University, Sendai, Japan, in 2001,
2003, and 2005, respectively. He is
currently a Full Professor at Ruhr
University Bochum (RUB), Germany. Prior to joining RUB,
he was a Professor at the University of Oulu, Finland
(2018-2023), and an Associate Professor at Aalto
University, Finland (2014-2021). Earlier in his career, he
served as a Senior Researcher and 3GPP Standards Expert
at NEC Europe Ltd., Heidelberg, Germany. Before joining
NEC, he was an Assistant Professor at the Graduate School
of Information Sciences, Tohoku University, Japan,
working in a research laboratory fully funded by KDDI. He
also held a Research Fellowship at the Intelligent Cosmos
Research Institute, Japan, from 2005 to 2006. His current
research interests include autonomous network and service
management, edge-cloud continuum systems, network
softwarization and slicing, software-defined security, and
Al-native communication networks.

Massimo Tornatore (Fellow, IEEE)
received the Ph.D. degree. He is
currently a Full Professor with the
Department of Electronics,
Information, and Bioengineering,
Politecnico di Milano. He also holds
appointments as an Adjunct Professor
with the University of California,
Davis, USA; and a Visiting Professor
with the University of Waterloo, Canada. His research
interests include optimization and design of communication
networks (with an emphasis on optical networking
technologies), network reliability, and machine learning
application for network management. In these areas, he has
co-authored more than 500 peer-reviewed conference and
journal papers (with 24 best paper awards), three books,
and four patents. He is an Editorial Board Member of IEEE
Communications Surveys and Tutorials, IEEE Transactions
on Networking, and IEEE Transactions on Network and
Service Management.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://scholar.google.com/citations?user=wHseMZkAAAAJ&hl=zh-CN&oi=sra
https://scholar.google.com/citations?user=9fK1zEcAAAAJ&hl=zh-CN&oi=sra

	I. INTRODUCTION
	II. BACKGROUND
	A. OSNs
	B. ATP FOR LASER COMMUNICATION IN SATELLITES
	C. ATP ENERGY CONSUMED FOR OISL
	D.  ENERGY-EFFICIENT ALGORITHMS IN SATELLITE NETWO
	E. Compatibility with Other Energy-Efficient Metho

	III. NETWORK MODEL AND PROBLEM FORMULATION
	A. SERVICE MODEL 
	B. NETWORK MODEL
	C. ROUTING DECISION VARIABLES
	D. ENERGY CONSUMPTION MODEL
	E. PATH AGGREGATION MODEL
	F.PROBLEM FORMULATION

	IV. ENERGY-EFFICIENT HEURISTIC ALGORITHM
	A. Link Activation Energy Reuse Across Multiple Se
	In OSNs, activating an OISL incurs non-negligible 
	To formalize this, we introduce two key metrics, i
	i)Definition 1: LARI is defined as the ratio between
	ii)Definition 2: ATTI is defined as the ratio between

	B. Energy-Efficient Algorithms: PA-ESA and EB-ESA
	C. TIME COMPLEXITY OF PA-ESA AND EB-ESA ALGORITHMS

	V. SIMULATION RESULTS
	A. SIMULATION SETTINGS
	B. RESULTS OF NETWORKS
	1) NEAR-OPTIMAL RESULTS
	2) RESULTS OF THE PA-ESA AND EB-ESA


	VI. CONCLUSIONS AND FURTHER RESEARCH
	ACKNOWLEDGMENT
	REFERENCES

