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 A B S T R A C T

Low Earth orbit (LEO) satellite constellations have a pivotal role in shaping the future of communication net-
works by providing extensive global coverage. However, ensuring the long-term viability of LEO constellations 
relies on addressing significant challenges, particularly in the domains of energy efficiency and maximizing 
the lifespan of satellites. This paper introduces a novel approach that considers user traffic demands to 
optimize power consumption. By implementing a traffic-aware strategy, redundant satellites can be intelligently 
switched-off, resulting in significant power savings within the LEO constellation. To accomplish this objective, 
we formulate the problem of joint satellite beam assignment and beam power allocation as a mixed binary 
integer optimization problem while carefully considering the constraints imposed by satellite-user visibility 
and the need to fulfill the data traffic requirements of all ground users. To tackle the formulated problem, 
we employ a framework called the Difference of Convex Programming and Multiplier Penalty (DCMP) based 
convexification approach, which ensures convergence to a local optimum. The reformulated convex problem 
is solved using the low-complexity iterative algorithm, Successive Convex Approximation (SCA). Additionally, 
we propose a heuristic algorithm based on slant distance, which offers a simplified and efficient solution 
to the joint problem. To corroborate the effectiveness and validity of the proposed techniques, we assess 
and compare their performance via simulations, considering practical constellation patterns and realistic user 
traffic distribution. It has been shown that approximately 43% of the satellite nodes can be switched-off for 
energy saving, and thus, extending the constellation lifetime and reducing the aggregated interference from 
multi-beam satellites.
1. Introduction

Low Earth orbit (LEO) satellites offer reduced signal latency, im-
proved coverage, and enhanced capacity comparing to geostationary 
orbit (GSO) and other non-geostationary orbit (NGSO) satellites [2]. 
Thus, the number of launched LEO satellites is currently soaring to es-
tablish mega-constellations for greater Internet connectivity and global 
reliable coverage from space [3]. In this direction, the integration of 
LEO infrastructure with terrestrial networks has attracted significant 
attention from the telecommunications industry and standardization 
organizations. Notably, the third-generation partnership project (3GPP) 
standards group has identified multiple viable pathways to facilitate a 
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wide range of fifth-generation (5G) services and to bridge the digital 
divide [4]. Specifically, the integration of satellite-based non-terrestrial 
networks (NTN) with terrestrial communication systems marks a signif-
icant transition in research focus and an industry-driven advancement 
towards the upcoming sixth-generation (6G) wireless networks [5].

However, LEO satellites face stringent power constraints due to 
their reliance on solar panels and rechargeable batteries that are 
interchangeably used as energy sources to operate the satellite com-
ponents [6]. LEO satellites operate with small batteries in order to 
maintain their compact size, which in turn enables a large number 
of deployments with a single launch. They also experience shadow 
periods for a significant portion of their constellation period. Thus, 
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addressing the challenge of reducing energy consumption while contin-
uously ensuring quality-of-service (QoS) remains a critical issue in the 
context of LEO constellations [7]. Specifically, energy minimization, 
a crucial aspect in wireless networks [8], is of utmost importance in 
enhancing the performance of LEO satellite communications. Typically, 
the electrical power system of a satellite holds significant importance 
in ensuring mission success. Adequate power provision throughout 
the satellite’s operational lifespan is essential for accomplishing its 
objectives. However, integrating larger power generation and storage 
sources, along with power control units, onto a satellite presents daunt-
ing challenges. Furthermore, maintaining thermal control in space 
adds to the complexity of the task. By prioritizing energy efficiency, 
LEO satellite systems can effectively manage their power consump-
tion, leading to extended operational lifetimes and enhanced system 
performance [9]. This can also result in advantages such as reduced 
payload mass, improved launch efficiency, and mitigation of compo-
nent aging issues, particularly in case of amplifiers where performance 
degradation occurs monotonically with the time of operation. 

The surge in electrical power demand among small satellites has 
heightened the necessity for on-board power sources with high energy 
and power densities. This escalation holds particular significance for 
NASA’s proposed future interplanetary missions [10]. Projections indi-
cate that future missions will require power densities ranging between 
150 and 250W/kg and specific energies surpassing 250 Wh/kg. Tra-
ditionally, small satellite power systems have relied on photovoltaic 
solar technologies, offering specific power ranging from approximately 
20W/kg to 100W/kg. Additionally, these systems often integrate an 
on-board energy storage device, with advanced lithium-polymer or -
ion batteries being the prevalent choice, featuring specific energies 
between 150 and 250 Wh/kg. Besides, solar power systems in their cur-
rent state of practice (SOP) exhibit restricted performance capabilities 
in low irradiance, low temperature, and corrosive environments. There-
fore, these existing systems may not adequately meet the demands 
of future missions, necessitating exploration into alternative efficient 
power-saving solutions [11].

To foster sustainability in satellite communication systems, it is 
imperative to devise innovative approaches that focus on minimiz-
ing power consumption. This can be achieved through implement-
ing energy-saving mechanisms, utilizing of energy-efficient technolo-
gies, and adopting optimized installation practices [12]. Incorporating 
energy-saving mechanisms, such as sleep modes or dynamic power 
management enables satellite systems to reduce power usage during 
periods of low activity. Moreover, maximizing battery lifetime is es-
sential for ensuring long-term reliable operation of LEO satellites [13]. 
Given the impracticality of battery replacement in space, implement-
ing energy-efficient mechanisms is vital for extending their lifespan. 
By minimizing electricity consumption, LEO satellites can effectively 
utilize their limited onboard energy resources and operate reliably over 
extended periods. This not only enhances the sustainability of satel-
lite communication systems but also reduces the need for costly and 
challenging battery replacement missions, thereby improving overall 
operational efficiency.

In the literature, some contributions have studied and developed 
power control and energy efficiency techniques for LEO satellite trans-
missions. For example, two optimal power control schemes for LEO 
satellite constellations integrated with terrestrial networks have been 
proposed in [14] to maximize delay-limited capacity and minimize 
outage probability. In [13], the application of Q-learning is explored 
for optimizing power allocation in satellite-to-ground communications 
with LEO satellites. In this, the proposed method aims to extend the bat-
tery lifetime of LEO satellites by sharing the workload among different 
satellites. The authors in [15] have developed a communication method 
to increase the battery lifetime of satellite antennas by controlling 
transmission power and gain based on the battery’s deterioration state. 
In [16], the optimization of beam assignment and power allocation 
2

in a single LEO satellite has been studied for maximizing energy ef-
ficiency, considering impairments from Ka-band channels, inter-beam 
interference, and Doppler effects. Additionally, the utilization of beam 
hopping techniques can contribute to power savings by dynamically 
adjusting the beam direction, focusing the satellite transmission power 
only where it is needed, which has been extensively studied in [17].

Furthermore, LEO satellites traverse the Earth’s orbit at significant 
velocities in comparison to a stationary ground reference point. This 
inherent motion results in a dynamic ground coverage area, allow-
ing them to cater to diverse geographical regions characterized by 
varying user concentrations and fluctuating communication require-
ments. This is particularly relevant in cases of irregular or absent 
demand, such as in sparsely populated territories [18]. Leveraging 
this cyclical variation in data needs, developing an adaptive strategy 
for satellite/beam management that is attuned to traffic patterns can 
have a twofold advantage: conserving satellite onboard energy and 
enhancing operational efficiency of the constellation. With the limited 
resources and a dynamic environment of LEO constellations, the radio 
resource management system must allow multiple degrees of freedom 
and adapt to changing conditions. To ensure the effectiveness of the 
LEO constellation, it is crucial to develop effective radio resource 
management algorithms that can handle these challenges and enable 
efficient resource allocation.

To maximize the operational lifespan of LEO satellites and enhance 
their energy efficiency, researchers have been exploring various tech-
niques. One key approach is to intelligently manage the satellite’s 
communication payload based on the traffic demand it experiences. 
This involves selectively switching off communication components or 
modules when the satellite is not actively transmitting data. Within 
this framework, only a limited number of previous studies have ad-
dressed the concept of switching off redundant satellites in order to 
enhance overall system energy efficiency. As an example, there exists 
a proposed framework in [19] aimed at minimizing the total count of 
operational satellite beams necessary to cover all ground-based termi-
nals. Additionally, in [20], simple heuristic algorithms are introduced 
to aggregate distributed traffic from multiple satellites onto a single 
satellite, subsequently allowing for the deactivation of unnecessary 
satellite nodes. Likewise, [21] leveraged geographical discrepancies 
and weather conditions to strategically power down satellite nodes 
during periods of reduced traffic, all while ensuring the requisites 
of connectivity and quality-of-service (QoS). Similarly, [16] delved 
into the problem of optimizing energy efficiency within a multi-beam 
single LEO satellite system. Further, the work in [22] has developed 
an activation strategy for LEO satellite nodes by utilizing the cell-free 
massive MIMO communication scheme for ameliorating system energy 
efficiency.

However, the existing works have overlooked crucial factors such 
as the visibility constraints between the LEO constellation and ground 
users, as well as the dynamic characteristics of satellite constellations 
and the fluctuations in user demands. Additionally, the aforementioned 
techniques have not been analyzed under practical channel models that 
take into account space-to-Earth propagation effects and the diverse 
factors contributing to path loss such as atmospheric gasses and the 
ionospheric and tropospheric effects [23]. Accordingly, our work in 
this paper is motivated by the identified gaps in existing research and 
seeks to address them by proposing a novel power allocation strategy 
for LEO satellites. This strategy takes into consideration these crucial 
factors, i.e., the visibility constraints, LEO flight dynamics, and user 
demand variations, along with utilizing the developed LEO channel 
models within the 3GPP standardization efforts to introduce New Radio 
(NR) based NTN solutions [24]. By incorporating these factors and 
considering the inherited system configurations, our proposed strategy 
aims to provide a practical and effective solution to optimize power 
consumption in LEO satellite communication systems. In summary, the 
main contributions of this paper can be outlined as follows:
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• Develop a novel approach for beam assignment, active beam 
power allocation, and satellite switch-off technique based on the 
dynamic patterns of LEO satellite constellations, practical 3GPP 
channel models, and realistic user traffic demands.

• Formulate a joint beam assignment and power allocation problem 
as an optimization problem with the objective of minimizing the 
total power consumption of the LEO constellation while ensuring 
full satisfaction of the ground user demands.

• Employ a Difference of Convex Programming and Multiplier 
Penalty (DCMP) framework to convexify the formulated non-
convex mixed-integer problem. This approach can effectively 
solve the optimization problem and find a feasible solution by 
transforming the problem into a convex form.

• Develop an iterative algorithm based on successive convex ap-
proximation (SCA) to solve the formulated problem. This algo-
rithm guarantees convergence to a local optimum solution while 
keeping the computational complexity low.

• Propose a low-complexity heuristic algorithm based on the user-
satellite slant distance to solve the formulated joint problem. This 
algorithm offers a practical and efficient solution approach with 
much reduced computational complexity.

• The performance of the proposed techniques is investigated herein
in terms of the number of satellite nodes/beams that can be 
switched-off, total power consumption and the energy efficiency 
of the system. Simulation results including performance compar-
isons are provided to demonstrate the validity and gain of the 
proposed methods over the solution provided in [1].

The paper is organized as follows. In Section 2 we describe the 
system and channel model. Section 3 discusses optimization problem 
formulation and then, its convexification and the SCA based algorithm 
is proposed in Section 4.1. A low complexity heuristic algorithm is pro-
posed in Section 4.2. The time complexity of the proposed algorithms 
are provided in Section 5. Section 6 introduces the numerical results 
and finally Section 7 provides concluding remarks.

2. System and channel model

We consider a multi-beam LEO satellite constellation consisting of 
𝑁 LEO satellites to serve 𝑀 ground users. Denoting the sets of LEO 
satellite nodes and ground users as  = {1,… , 𝑁} and  = {1,… ,𝑀}
respectively, we define 𝑁𝐵 as the upper limit for the number of users 
that a satellite can simultaneously accommodate. This value also cor-
responds to the maximum number of beams per satellite. Namely, each 
user is assumed to be served by a single pencil-like beam as depicted 
in Fig.  1. We consider the Earth-moving cell coverage architecture 
that is a dynamic system where users within the coverage area of 
each satellite continuously change over time. This architecture offers 
the advantage of reduced satellite costs since there is no need for a 
satellite beam steering mechanism. Note that this architecture option 
has already been specified by the 3GPP standardization body as part of 
the integration solutions for 5G-NTN [25]. Consequently, a user can be 
served by multiple satellites at different times depending on satellite-
user visibility constraint. This implies that users are multiplexed using 
Time Division Multiple Access (TDMA), enabling simultaneous service 
for multiple users by a specific satellite. Additionally, the maximum 
number of users that can be served in a single TDMA slot is determined 
by the number of beams that can be generated concurrently.

In this system, LEO satellites are equipped active antenna arrays, 
while user terminals are equipped with tracking antennas. Conse-
quently, we introduce the visibility matrix 𝐕(𝑡) = {𝑣𝑛,𝑚|𝑛 ∈  , 𝑚 ∈ }, 
which signifies the feasible set of satellites that could potentially serve 
the 𝑚th user at a given time instant 𝑡. In particular, 𝑣𝑛,𝑚 ∈ {0, 1} acts as 
a binary visibility indicator, where 𝑣𝑛,𝑚 = 1 signifies the availability of 
the 𝑛th satellite to serve the 𝑚th user; else, 𝑣𝑛,𝑚 = 0. Notably, users 
typically exhibit heterogeneous spatio-temporal traffic requirements 
3

Fig. 1. An illustrative depiction of the coverage provided by a multi-beam LEO satellite 
constellation, along with the distribution of ground users across the Earth’s surface.

across the globe. To accommodate this varying distribution of user 
demands within the system, 𝐷𝑚(𝑡) represents the data traffic demand in 
bits per second (bps) of the 𝑚th user at time instance 𝑡, and this demand 
should be satisfied by a satellite that is visible to the user.

2.1. Channel model

The link quality from LEO satellite constellation to the users un-
dergo alterations due to a sequence of attenuation phenomena. In this 
context, Release-15 of the 3GPP introduces a range of NTN channel 
models designed for diverse scenarios, including those corresponding 
to our system models. Therefore, it is more pragmatic to thoroughly 
examine and assess the proposed system model by integrating the estab-
lished 3GPP NTN channel model. As a result, signal-to-noise ratio (SNR) 
of the link from the 𝑛th satellite to the 𝑚th user can be represented in 
decibels (dB) using the following expression [26]: 
𝑆𝑁𝑅𝑛,𝑚 = 𝐺𝑡 + 𝐺𝑟 + 𝑃𝑛,𝑚 − 𝑃𝐿𝑛

𝑚 − 𝑃𝑛 (1)

where 𝐺𝑡, 𝐺𝑟, 𝑃𝑛,𝑚, 𝑃𝐿𝑛
𝑚 and 𝑃𝑛 are all measured in dB and stand for, 

respectively, the satellite transmitting antenna gain, user receiver an-
tenna gain, transmit power from the 𝑛th satellite to the 𝑚th user, the 
total path loss and thermal noise power at the 𝑚th user. In a linear 
scale, the SNR is expressed as: 

𝛾𝑛,𝑚 =
𝑔𝑡 𝑔𝑟 𝑝𝑛,𝑚
𝑝𝑙𝑛𝑚 𝑝𝑛

(2)

Here, the various terms represent the respective linear scale equivalents 
of the terms which are outlined in (1).

Next, the primary contributors to the total path loss are the fun-
damental path loss along the link between the 𝑛th satellite and the 
𝑚th user, 𝑃𝐿𝑏(𝑛, 𝑚), the attenuation due to atmospheric gasses, 𝑃𝐿𝑔 , 
and the attenuation due to either ionospheric or tropospheric scin-
tillation, 𝑃𝐿𝑠. These factors fluctuate with the satellite’s movement, 
and variation in path losses will directly impact the capacity of the 
satellite service link. By integrating the 3GPP NTN channel model, 
the cumulative path loss encountered along the communication link 
between the 𝑛th satellite and the 𝑚th user, denoted as 𝑃𝐿𝑛

𝑚, can be 
mathematically formulated as [26] 
𝑃𝐿𝑛

𝑚 = 𝑃𝐿𝑏(𝑛, 𝑚) + 𝑃𝐿𝑔 + 𝑃𝐿𝑠. (3)

Each of the elements contributing to path loss in (3) is quantified in 
dB. More specifically, the fundamental path loss model 𝑃𝐿𝑏(𝑛, 𝑚) en-
capsulates the effects of signal propagation through free space, clutter 
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loss, and shadow fading. Specifically, the fundamental path loss (𝑃𝐿𝑏) 
expressed in decibels (dB) is formulated as follows: 
𝑃𝐿𝑏(𝑛, 𝑚) = 𝑃𝐿𝐹𝑆 (𝑑𝑠, 𝑓𝑐 ) + 𝑆𝐹 + 𝐶𝐿(𝛼, 𝑓𝑐 ). (4)

where, 𝑃𝐿𝐹𝑆 , 𝑆𝐹  and 𝐶𝐿(𝛼, 𝑓𝑐 ) are free space path loss, loss due to 
shadow fading and clutter loss, respectively. The logarithmic represen-
tation of the free space path loss (𝑃𝐿𝐹𝑆 ) in dB, considering a given 
distance 𝑑𝑠 (also known as slant range between the 𝑛th satellite and the 
𝑚th user) in meter along with frequency 𝑓𝑐 in GHz can be computed as 

𝑃𝐿𝐹𝑆 (𝑑𝑠, 𝑓𝑐 ) = 32.45 + 20 log10(𝑓𝑐 ) + 20 log10(𝑑𝑠). (5)

A mathematical model employing log-normal distribution as  (0, 𝜎2𝑆𝐹 )
with zero-mean and 𝜎𝑆𝐹  standard deviation is used to characterize 
shadow fading (SF). Clutter loss (CL) pertains to the reduction in signal 
strength due to the presence of nearby structures and objects within the 
Earth’s surroundings. This phenomenon is influenced by factors such as 
the carrier frequency 𝑓𝑐 , the angle of the elevation angle (𝛼), and the 
environment. It is important to note that when a user has Line-of-Sight 
(LOS) connection, the clutter loss becomes negligible, effectively being 
considered as 0 dB in the fundamental path loss model. From Tables 
6.6.2-1 and 6.6.2-3 in the 3GPP Release-15, the values for 𝜎2𝑆𝐹  and 𝐶𝐿
can be derived. 

Furthermore, it is plausible to assume that the channel realizations 
between the satellite and various users are uncorrelated since the 
users are physically separated by a few wavelengths [27]. Additionally, 
within such systems, a 4-color reuse frequency scheme can be taken 
into account, permitting frequency reuse while keeping interference at 
a minimum level among adjacent beams [28,29].

3. Problem formulation

The main objective of this study is to minimize the overall power 
consumption of the LEO satellite constellation while meeting the user 
demands within a specified time horizon, denoted as 𝑇 , which rep-
resents the constellation periodicity. Specifically, our primary focus 
is to reduce the number of active satellites in the constellation.3 It 
should be noted that complete satellite shutdown is not feasible as 
certain control components need to remain operational. Therefore, our 
proposed approach primarily concentrates on deactivating the com-
munications payload to achieve power savings. In this framework, we 
consider the instantaneous transition of satellite states between on-off 
and off-on operation modes, which is assumed to have negligible energy 
consumption and is achieved through telemetry, tracking, and control 
(TT&C) commands. To this end, a binary assignment variable is defined 
to indicate whether a satellite is active or switched-off as follows 

𝑌𝑛 =

{

1, satellite 𝑛 is active
0, satellite 𝑛 is switched-off. (6)

Similarly, we introduce a binary association variable that indicates 
whether a satellite beam is serving a user. This variable is defined as 
follows: 

𝑋𝑛,𝑚 =

{

1, a beam of satellite 𝑛 is assigned to serve user 𝑚
0, otherwise.

(7)

In principle, the aggregate transmit power of each individual satel-
lite must adhere to its designated power budget. To be more precise, 
the total transmit power budget of each satellite is represented as 𝑃𝑇 , 
which is the summation of satellite transmit power to the served users 
plus the fixed on-board circuit power consumption when the satellite 
communication payload is switched-on. Within this context, 𝑃𝑛,𝑚(𝑡)
denotes the transmit power of the 𝑛th satellite to the 𝑚th user at the 

3 From a practical standpoint, it is more preferable to deactivate specific 
satellites rather than keeping many satellites operating at low power levels.
4

time slot 𝑡, whereas 𝑃𝑐 stands for the fixed circuit power consumption. 
Additionally, it is presumed that each active beam has the same max-
imum transmit power and bandwidth similar to the works in [16,30], 
which are designated as 𝑃𝑏 and 𝑊 , respectively. Accordingly, the 
maximum beam transmit power (𝑃𝑏) can be computed as 

𝑃𝑏 =
𝑃𝑇 − 𝑃𝑐
𝑁𝐵

. (8)

Thus, a joint optimization problem of satellite beam assignment and 
minimizing the total power consumption of LEO satellite constellation 
can be formulated as follows: 

minimize
∀𝑃𝑛,𝑚 ,∀𝑋𝑛,𝑚 ,∀𝑌𝑛

𝑇
∑

𝑡=1

𝑁
∑

𝑛=1

𝑀
∑

𝑚=1
𝑃𝑛,𝑚(𝑡) +

𝑇
∑

𝑡=1

𝑁
∑

𝑛=1
𝑃𝑐 𝑌𝑛(𝑡)

subject to C1: 0 ≤ 𝑃𝑛,𝑚(𝑡) ≤ 𝑃𝑏, ∀𝑛,∀𝑚

C2:
∑

𝑛∈
𝑋𝑛,𝑚(𝑡) ≤ 1, ∀𝑚,

C3:
∑

𝑛∈
𝑋𝑛,𝑚(𝑡) ≤ 𝐷𝑚(𝑡), ∀𝑚

C4:
𝑀
∑

𝑚=1
𝑋𝑛,𝑚(𝑡) ≤ 𝑁𝐵 , ∀𝑛

C5:
𝑀
∑

𝑚=1
𝑋𝑛,𝑚(𝑡) ≤ 𝑀0𝑌𝑛(𝑡), ∀𝑛

C6: 𝑋𝑛,𝑚(𝑡) ≤ 𝑣𝑛,𝑚(𝑡), ∀𝑛,∀𝑚,∀𝑡

C7:
∑

𝑛∈
𝑊 log2

(

1 +𝑋𝑛,𝑚(𝑡)𝛾𝑛,𝑚(𝑡)
)

≥ 𝐷𝑚(𝑡), ∀𝑚,∀𝑡

C8: 𝑋𝑛,𝑚, 𝑌𝑛 ∈ {0, 1}.

(9)

The initial term within the objective function in (9) accounts for the 
total transmit power of the satellite constellation to meet user demands, 
while the subsequent term corresponds to the constant power consump-
tion of the onboard circuits when the satellite is active. Constraint C1 
firmly establishes that the satellite transmit power to a user must not 
exceed the specified maximum beam power 𝑃𝑏. Constraints C2 and C3 
dictate that each user can only be served by one satellite at a time, and 
a user can only be served if it has some non-zero demand, respectively. 
To ensure that no satellite overextends its capacity, Constraint C4 is 
implemented, limiting each satellite to serve no more than 𝑁𝐵 users 
concurrently. In Constraint C5, the introduction of a significantly large 
value 𝑀0 signifies that a satellite is activated when it serves at least 
one user within a given time slot. Constraint C6 is responsible for en-
suring that a satellite exclusively serves users within its coverage area, 
thereby remaining visible to them. Constraint C7 is designed to satisfy 
users’ traffic requirements at every time instance. Lastly, Constraint C8 
enforces the binary restriction on the assignment variables 𝑋𝑛,𝑚, and 
𝑌𝑛.

In previous research, the problem at hand was addressed in our 
recent publication in [1]. Although the proposed solution in [1] is valid 
and provides an optimal solution in high SNR regime, it falls short 
when it comes to users with low or medium demands. The total satellite 
transmit power obtained from the previous solution is suboptimal and 
relatively high in these scenarios. Building upon this motivation, this 
work aims to develop a more comprehensive and optimal solution to 
tackle this problem.

4. Proposed solutions

The optimization problem formulated in the previous section ex-
hibits a combinatorial mixed integer nature primarily because of the 
presence of binary assignment variables. Additionally, constraint C7 
transforms the problem into one that is both non-linear and non-convex 
in nature. In this section, two effective methods for dealing with the 
non tractability of problem (9) are presented.
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4.1. SCA-based proposed solution

To ensure practicality and ease of handling, we can introduce 
reasonable and pragmatic assumptions that simplify the complexity 
of the aforementioned optimization problem. This will allow us to 
propose a viable solution that can be effectively implemented centrally 
at the satellite gateway. Specifically, the non-convexity of formulated 
problem in (9) is addressed in this section via a suboptimal algorithm 
that consists of three basic phases.

First, the time horizon 𝑇  is segmented into equidistant time slots,4 
allowing us to address the optimization problem individually within 
each time slot. By focusing on the optimization problem within each 
time slot, it is plausible to exclude the time index (t) and sum over time 
horizon T. In second phase, to obtain a local optimal solution of the 
optimization problem in (9), we use a combination of difference of con-
vex (DC) programming and multiplier penalty (MP) method [31], [32]. 
Then, finally we employ SCA method to obtain locally optimal solution.

4.1.1. DCMP method
To tackle the binary integer variable issue in C8, we use a com-

bination of difference of convex programming and multiplier penalty 
(DCMP) method. For this purpose, let P, X and Y be the collection 
of optimization variables 𝑃𝑛,𝑚, 𝑋𝑛,𝑚,∀𝑛, 𝑚 and 𝑌𝑛,∀𝑛, respectively. The 
binary integer constraints for 𝑋𝑛,𝑚 and 𝑌𝑛 in C8 are rewritten in the 
form of DC functions as follows: 
C8a: 0 ≤ 𝑋𝑛,𝑚 ≤ 1,∀𝑚, 𝑛

C8b: 𝐺𝑥(𝐗) − 𝐹𝑥(𝐗) ≤ 0,

C8c: 0 ≤ 𝑌𝑛 ≤ 1,∀𝑛

C8d: 𝐺𝑦(𝐘) − 𝐹𝑦(𝐘) ≤ 0,

(10)

where

𝐺𝑥(𝐗) =
𝑁
∑

𝑛=1

𝑀
∑

𝑚=1
𝑋𝑛,𝑚 and, 𝐹𝑥(𝐗) =

𝑁
∑

𝑛=1

𝑀
∑

𝑚=1
(𝑋𝑛,𝑚)2

𝐺𝑦(𝐘) =
𝑁
∑

𝑛=1
𝑌𝑛 and, 𝐹𝑦(𝐘) =

𝑁
∑

𝑛=1
(𝑌𝑛)2.

The binary assignment variables in C8 are now equivalently trans-
formed in continuous form as in (10). However, since C8b and C8d are 
reverse convex constraints, they are still not convex. To circumvent this 
challenge, we apply MP method in which the penalty is introduced in 
the objective function as a Lagrange multiplier of the reverse convex 
constraint. Now, we introduce the subsequent theorem. 

Theorem 1.  Problem (9) is equivalent to the following problem for 
sufficiently large constants 𝛼1 and 𝛼2: 
minimize

𝐏,𝐗,𝐘
𝛷(𝐏,𝐗,𝐘) =

∑𝑁
𝑛=1

∑𝑀
𝑚=1 𝑃𝑛,𝑚 +

∑𝑁
𝑛=1 𝑃𝑐 𝑌𝑛 + 𝜂(𝐗,𝐘)

subject to C1- C7,C8a, C8c,
(11)

where 
𝜂(𝐗,𝐘) = 𝛼1(𝐺𝑥(𝐗) − 𝐹𝑥(𝐗)) + 𝛼2(𝐺𝑦(𝐘) − 𝐹𝑦(𝐘)). (12)

Proof.  Please refer to Appendix. □

For any 𝑋𝑛,𝑚 and 𝑌𝑛 that is not equal to 0 or 1, the constants 
𝛼1, and 𝛼2 serve as penalty factors to penalize the objective function. 
Now, the non convexity of the problem (11) is only due to non convex 
objective function. In the next section, we implement SCA method to 
approximate the optimization problem (11) by a convex problem and, 
then an iterative low complexity algorithm is proposed to effectively 
solve the convex problem.

4 The duration of a time slot is selected such that the satellite constellation, 
downlink link budget, and the visibility matrix are changed with every time 
slot.
5

Algorithm 1 Successive Convex Approximation Based Algorithm
Input: Visibility matrix 𝐕, set maximum number of iterations 𝐿, iteration 
index 𝑙 = 1, penalty factors 𝛼1 >> 1 and 𝛼2 >> 1, initial feasible points 
P(1),X(1), and Y(1). 
Output: P∗,X∗,Y∗

1: for 𝑙 = 1,… , 𝐿 do 
2: Solve convex problem (17) for given P(𝑙),X(𝑙), and Y(𝑙).
3: Set 𝑙 = 𝑙 + 1 and update P(𝑙+1) = P(𝑙),X(𝑙+1) = X(𝑙), and Y(𝑙+1) = Y(𝑙),

and 𝛷𝑙 = 𝛷(P(𝑙),X(𝑙), Y(𝑙)).
4: end for
5: P∗ = P(𝐿),X∗ = X(𝐿), and Y∗ = Y(𝐿). 
6: return P∗,X∗,Y∗

4.1.2. SCA method
Due to the fact that its objective function can be expressed as 

the difference of two convex functions, the optimization problem (11) 
falls into the category of DC programming problems. Therefore, we 
use the Taylor series approximation to address the non-convexity of 
problem (11) by linearizing the non-convex part of the objective func-
tion. The following first order approximation inequality holds for any 
feasible points 𝐗(𝑙) and 𝐘(𝑙), where the superscript 𝑙 stands for the SCA 
iteration index, because 𝐹𝑥 and 𝐹𝑦 are differentiable convex functions: 

𝐹𝑥(𝐗) ≥ 𝐹𝑥(𝐗) = 𝐹𝑥(𝐗(𝑙)) + ∇𝐗𝐹𝑥(𝐗(𝑙))𝑇 (𝐗 − 𝐗(𝑙)) (13)

𝐹𝑦(𝐘) ≥ 𝐹𝑦(𝐘) = 𝐹𝑦(𝐘(𝑙)) + ∇𝐘𝐹𝑦(𝐘(𝑙))𝑇 (𝐘 − 𝐘(𝑙)). (14)

𝐹𝑥(𝐗) and 𝐹𝑦(𝐘) in (13) and (14), where ∇𝐗𝐹𝑥(𝐗(𝑙)) and ∇𝐘𝐹𝑦(𝐘(𝑙))
are the gradients of 𝐹𝑥(𝐗) and 𝐹𝑦(𝐘), respectively, are affine functions 
that describe the global underestimate of 𝐹𝑥(𝐗) and 𝐹𝑦(𝐘), respectively. 
Next, the second term in the definitions of 𝐹𝑥(𝐗) and 𝐹𝑦(𝐘) are given 
by following expressions: 

∇𝐗𝐹𝑥(𝐗(𝑙))𝑇 (𝐗 − 𝐗(𝑙)) =
𝑁
∑

𝑛=1

𝑀
∑

𝑚=1
2𝑋(𝑙)

𝑛,𝑚(𝑋𝑛,𝑚 −𝑋(𝑙)
𝑛,𝑚) (15)

∇𝐘𝐹𝑦(𝐘(𝑙))𝑇 (𝐘 − 𝐘(𝑙)) =
𝑁
∑

𝑛=1
2𝑌 (𝑙)

𝑛 (𝑌𝑛 − 𝑌 (𝑙)
𝑛 ) (16)

By substituting (13) and (14), the optimization problem (11) is 
reformulated as the following convex optimization problem: 

minimize
𝐏,𝐗,𝐘

𝛷(𝐏,𝐗,𝐘) =
∑𝑁

𝑛=1
∑𝑀

𝑚=1 𝑃𝑛,𝑚 +
∑𝑁

𝑛=1 𝑃𝑐 𝑌𝑛 + 𝜂̂(𝐗,𝐗(𝑙),𝐘,𝐘(𝑙))

subject to C1 – C7,C8a, C8c,
(17)

where 𝜂̂(𝐗,𝐗(𝑙),𝐘,𝐘(𝑙)) = 𝛼1(𝐺𝑥(𝐗)−𝐹𝑥(𝐗))+𝛼2(𝐺𝑦(𝐘)−𝐹𝑦(𝐘)). Since the 
objective function is convex and all the constraints are also convex, the 
optimization problem (17) is convex and can be solved efficiently by 
using well-known optimization tools such as CVX, a Matlab software 
for disciplined convex programming [33]. The key steps for solving 
problem (11) iteratively are outlined in Algorithm 1, where the result 
of problem (17) in iteration 𝑙 serves as the starting point for iteration 
(𝑙+1). Algorithm 1 iteratively solves problem (17), resulting in a series 
of improved viable solutions, i.e., the solution of each iteration is a 
feasible solution, for sufficiently large number of iterations, 𝐿. Since 
we minimize the value 𝛷𝑙 at each iteration, Algorithm 1 generates 
a nonincreasing sequence {𝛷𝑙}𝑙≥0 and converge to a finite value C
(lim
𝑙→∞

𝛷𝑙 = 𝐶 > −∞). Subsequently, under the assumption of appropriate 
constraint qualifications, it follows that 𝐶 = lim

𝑙→∞
𝛷𝑙 = 𝛷(𝐏̂, 𝐗̂, 𝐘̂) for 

some stationary point (𝐏̂, 𝐗̂, 𝐘̂) of problem (11) or problem (9). There-
fore, Algorithm 1 converges to a local optimum point of problem (11) 
or, alternatively, problem (9) in polynomial time [34]. 
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4.2. Heuristic algorithm

This section introduces a heuristic algorithm to solve the joint beam 
assignment and power minimization problem formulated in Section 3. 
The intractability of the formulated joint problem is mainly due to 
binary association variables, i.e., 𝐗 and 𝐘. To start, we decompose 
the joint problem into two distinct sub-problems: (1) the user-satellite 
association problem, and (2) the power allocation problem. This divi-
sion allows us to address each sub-problem independently and devise 
efficient solutions for both aspects of the larger problem. To solve 
the first subproblem, we propose a low complexity user-satellite slant 
distance based heuristic algorithm as detailed in Algorithm 2 and 
once the association variables are known, the power allocation can be 
obtained by solving problem (9) with known association variables 𝐗
and 𝐘 from Algorithm 2 .

Algorithm 2 presents a streamlined and less complex approach for 
associating users with LEO satellites in each time slot. To expedite the 
association process, Algorithm 2 utilizes the slant distance between 
users and satellites. Specifically, this algorithm associates each user 
with the nearest visible LEO satellite, enabling a faster and more 
efficient association process. Fundamentally, the core concept of the 
association algorithm is to ensure that each user is served by the nearest 
visible satellite. This approach aims to optimize both the channel 
quality for the user and minimize the transmit power required by the 
satellite. The inputs to the algorithms are user set  , LEO satellite 
nodes , slant distance of all the users from all LEO satellites, satellite 
visibility matrix 𝐕 and maximum number of beams per satellite 𝑁𝐵 . To 
begin with, the proposed association algorithm arrange the user set in 
the increasing order of the number of visible satellites. This is because 
if there is only one satellite visible to user, then associate the user with 
the visible satellite and remove the user from the set of users. Now, if 
there are multiple satellites visible to a user, then choose the nearest 
visible satellite and associate the user with the satellite if it is serving 
fewer than 𝑁𝐵 users; otherwise select the second nearest satellite and 
so on. Finally, the algorithm output is a list of user satellite association, 
i.e., association matrix 𝐗 whose element 𝑋𝑛,𝑚 equals to 1 if satellite 𝑛
and user 𝑚 is there in the output association list.

Next, using the outputs obtained from Algorithm 2, the association 
binary variables 𝐗 and 𝐘, problem (9) can be translated to the following 
convex optimization problem: 
minimize

∀𝑃𝑛,𝑚

∑𝑇
𝑡=1

∑𝑁
𝑛=1

∑𝑀
𝑚=1 𝑃𝑛,𝑚(𝑡) +

∑𝑇
𝑡=1

∑𝑁
𝑛=1 𝑃𝑐 𝑌𝑛(𝑡)

subject to C1, C7.
(18)

Problem (18) can be easily solved using standard optimization tools 
such as CVX [33]. Finally, the solution of problem (18) is an approxi-
mate and efficient solution to the original problem (9).

5. Complexity analysis

In this section, we evaluate the computational complexity of the 
proposed schemes, aiming to provide insights into their efficiency and 
feasibility in practical implementations.

5.0.1. SCA based algorithm (Algorithm 1)
Problem (17) is a non linear convex problem with 𝑁(1 + 2𝑀)

number of variables in each time slot. Therefore, this problem can be 
solved in polynomial time with the complexity of 𝑂([𝑁(1+2𝑀)]3) [35]. 
Then, the complexity of SCA-based Algorithm 1 can be estimated as 
𝑂([𝑁(1+2𝑀)]3×𝐿), where 𝐿 denotes the number of iterations required 
to converge.

5.0.2. Heuristic algorithm
The proposed heuristic algorithm works in two phases: (1) User 

satellite association phase (2) satellite beam power allocation phase. 
The time complexity of Algorithm 2 which provides user satellite 
6

Algorithm 2 Slant Distance Based User and LEO Satellite Association
𝐈𝐧𝐩𝐮𝐭: Set of Users: 
 Set of LEO satellite nodes: 
 Maximum number of beams per satellite: 𝑁𝐵
 Visibility Matrix: 𝐕
 Slant distance matrix 
𝐎𝐧𝐩𝐮𝐭: User-satellite association matrix: 𝐗
1: 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛𝑠 ← []
2: 𝑢𝑠𝑒𝑟𝑠_𝑠𝑜𝑟𝑡𝑒𝑑 ← Sort 𝑢𝑠𝑒𝑟𝑠 in   in increasing order of number of 
visible satellites 

3: while 𝑢𝑠𝑒𝑟𝑠_𝑠𝑜𝑟𝑡𝑒𝑑 is not empty do 
4: 𝑢𝑠𝑒𝑟 ← Remove the first element from 𝑢𝑠𝑒𝑟𝑠_𝑠𝑜𝑟𝑡𝑒𝑑
5: 𝑣𝑖𝑠𝑖𝑏𝑙𝑒_𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒𝑠 ← 𝐕[𝑢𝑠𝑒𝑟]
6: if |𝑣𝑖𝑠𝑖𝑏𝑙𝑒_𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒𝑠| = 1 then 
7: 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 ← Remove the only element from 𝑣𝑖𝑠𝑖𝑏𝑙𝑒_𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒𝑠
8: Append (𝑢𝑠𝑒𝑟, 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒) to 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛𝑠
9: Remove 𝑢𝑠𝑒𝑟 from 𝑢𝑠𝑒𝑟𝑠
10: else 
11: Sort 𝑣𝑖𝑠𝑖𝑏𝑙𝑒_𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒𝑠 based on 

𝑢𝑠𝑒𝑟_𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒_𝑠𝑙𝑎𝑛𝑡_𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒[𝑢𝑠𝑒𝑟][𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒]
12: for each 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 in 𝑣𝑖𝑠𝑖𝑏𝑙𝑒_𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒𝑠 do 
13: if |𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛𝑠| < 𝑁𝐵 then 
14: Append (𝑢𝑠𝑒𝑟, 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒) to 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛𝑠
15: Remove 𝑢𝑠𝑒𝑟 from 𝑢𝑠𝑒𝑟𝑠
16: break
17: end if
18: end for
19: end if
20: end while
21: return 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛𝑠

association is 𝑂([𝑁(𝑙𝑜𝑔𝑁 + 𝑀)]) and then the complexity of power 
allocation phase is 𝑂(𝑁). Therefore, the time complexity of heuristic 
algorithm to solve problem (9) is 𝑂([𝑁(𝑙𝑜𝑔𝑁 +𝑀 + 1)]).

Clearly, the proposed heuristic algorithm has lower complexity than 
the SCA based algorithm as the latter grows exponentially with the 
number of users.

6. Numerical results

In this section, we evaluate the effectiveness of the proposed satel-
lite switch-off techniques within LEO constellations through a series 
of simulations. The simulation framework involves a LEO broadband 
constellation designed according to the Walker star systematic pat-
tern [36]. The spatial arrangement of all LEO satellites within the 
system is established by the parameters outlined in [37]. Concretely, 
the Earth’s surface is depicted as a planisphere region with longitudes 
spanning from −180◦ to 180◦◦ and latitudes ranging from −90◦ to 90◦, 
as depicted in Fig.  2 and elaborated upon in [38]. The left hemisphere 
of the planisphere, consisting of longitudes from −180◦ and 0◦, is 
covered by the ascending satellites traveling from South to North. 
Conversely, the right hemisphere, consisting of longitudes from 0◦ and 
180◦, is covered by descending satellites moving from North to South. 
Consequently, each satellite’s orbital plane is divided into two equal 
halves, with one situated in the left planisphere and the other in the 
right planisphere.

Within this configuration, the LEO constellation comprises 140 
satellites, evenly distributed across 7 circular orbital planes. Each or-
bital plane is inclined at 98.6◦, ensuring comprehensive coverage of 
both poles. The orbital period of every satellite is set at 120 min [37,
39]. Additionally, the 𝑖th orbital plane’s longitude and altitude are set 
to 180(𝑖−1)∕7 degrees and 600+10(𝑖−1) Km, respectively. To calculate 
visibility between a satellite and a user, we employ Earth-centered, 
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Fig. 2. A schematic diagram of the LEO constellation that includes 140 LEO satellites 
(represented as blue hexagons) distributed over the Earth surface.

Table 1
Simulation parameters [37].
 Parameter Value  
 Constellation type Walker Star  
 Number of LEO satellites 140  
 Number of orbital planes 7  
 Altitude of orbital plane 𝑖 ∈ {1,… , 7} 600 + 10(𝑖 − 1) Km 
 Orbital period 𝑇 120 min  
 Time slot duration 5 min  
 Orbit inclination 98.6𝑜  
 Max number of beams per satellite 𝑁𝐵 30  
 Bandwidth 𝑊 200 MHz  
 Downlink carrier frequency 𝑓𝑐 20 GHz  
 Satellite transmission power 𝑃𝑇 300 Watt  
 Fixed circuit power 𝑃𝑐 10 Watt [16]  
 Satellite antenna gain 𝐺𝑡 38.5 dBi  
 User antenna gain 𝐺𝑟 39.7 dBi  
 Atmospheric loss 0.3 dB  
 Scintillation loss 0.5 dB  
 Noise figure 1.2 dB  
 Noise temperature 354 K  
 Penalty factors 𝛼1 , 𝛼2 200  
 Max. Number of SCA iterations 𝐿 5  

Earth-fixed (ECEF) coordinates for the satellite and user. Generally, a 
satellite is considered visible to a ground user when the elevation angle 
(𝜖) surpasses a predetermined minimum threshold. Within this context, 
𝜖𝑚𝑖𝑛 is configured to be 10◦ in this study. The slant range 𝑑𝑠 from a 
ground based user to a satellite can be determined as follows [36]: 

𝑑𝑠 = 𝑅𝑒

⎡

⎢

⎢

⎣

√

(

𝐻 + 𝑅𝑒
𝑅𝑒

)2
− cos2(𝜖) − sin(𝜖)

⎤

⎥

⎥

⎦

. (19)

Herein 𝑅𝑒 represents the radius of the Earth, while 𝐻 is the altitude 
of the satellite orbital plane. To effectively accommodate the relative 
motion between the satellite constellation and user terminals, a time 
horizon equivalent to the satellite’s orbital period is adopted. This 
timeframe is subsequently divided into discrete time slots, each lasting 
5 min. The positions of all satellite nodes within the constellation 
are then calculated or updated, and these changes are reflected in 
the visibility matrix for successive time slots. As for the demand and 
distribution of users, realistic user locations are derived from a mar-
itime dataset [40], specifically related to cruise ships equipped with 
broadband connectivity from satellites during the day 30th June 2021. 
Moreover, key simulation parameters are concisely outlined in Table  1.

Fig.  3 depicts a snapshot of the constellation’s coverage, indicating 
the active satellite distribution derived from the proposed method. 
Additionally, the spatial distribution of users is represented within a 
specific time slot. Notably, the coverage region of currently active 
satellites, serving users, is highlighted in a light green shade, while 
the non-active satellites are represented by smaller gray hexagons to 
7

Fig. 3. An illustrative depiction of the constellation coverage is presented, showcasing 
the association of the active satellites and users as established by the proposed solution 
to satisfy the requirements of maritime users distributed across the Earth’s surface.

illustrate their inactive state. The evident observation is that a subset 
of satellite nodes can be activated to promptly meet the immediate de-
mands of all users, allowing the deactivation of the remaining satellite 
nodes to conserve energy resources effectively.

Now, we explain the two types of experiment scenarios considered 
herein, i.e., Scenario-1 and Scenario-2, to run the numerical simula-
tions. In Scenario-1, we maintain a constant number of 200 users in 
the system and vary their demands to create distinct cases representing 
high, medium, and low user demand levels. Conversely, in Scenario-
2, we set the number of users in the system at 200, 100, and 50,5 
respectively, to encompass high, medium, and low average system 
demand cases,6 and the user demands are randomly generated using 
uniform distributions in each of the three cases [41–43]. The numerical 
results for the proposed algorithms in terms of downlink transmit power 
and energy efficiency under Scenario-1 and Scenario-2 are detailed in 
rest of this section.

6.1. Downlink transmit power

To begin, we conduct a performance comparison of the two algo-
rithms proposed in this paper (i.e., SCA-based algorithm and heuristic 
algorithm), alongside the solution presented in [1], in terms of the 
satellite transmit power required to meet all user demands. This com-
prehensive set of experiments is carried out for Scenario-1, enabling us 
to evaluate the performance of the proposed techniques across various 
user demand scenarios. Specifically, for the sake of completeness, Fig. 
4 depicts the convergence of the proposed SCA Algorithm 1 where the 
evolution in terms of transmit power (dBW) is shown with respect to 
iterations for low, medium, and high user demand. It can be observed 
that Algorithm 1 converges after 5–6 iterations, where transmit power 
decreases before saturating at a constant value. Furthermore, the results 
depicted in Figs.  5, 6, and 7 confirm that the two algorithms proposed 
in this work exhibit superior performance compared to the solution 

5 These two scenarios serve as an abstraction to verify the mathematical 
framework of our proposed model. The framework is indeed capable of being 
extended to accommodate a larger number of users. Our primary goal in this 
phase of the study is to establish the foundational principles of our approach 
before scaling it to more complex scenarios. We recognize that real-world 
applications may involve a significantly higher user density, and future work 
will explore these larger-scale implementations.

6 For illustration purpose, we selected one business line of LEO satellites 
which is communications on the move. The annual traffic for LEO satellites, 
as presented in [21], can be broadly classified into three levels. Additionally, 
we would like to clarify that the three levels of user demand in our simulations 
are designed to capture the different types of data rate demands that broadly 
represent the varying requirements of diverse user applications.
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Fig. 4. Convergence of the proposed SCA based Algorithm 1.

Fig. 5. A comparison of the proposed SCA and heuristic algorithms with the solution 
proposed in [1], showcasing the satellite transmit power variation over an orbital period 
for the case of high user demand.

Fig. 6. A comparison of the proposed SCA and heuristic algorithms with the solution 
proposed in [1] in terms of the satellite transmit power over an orbital period for the 
case of medium user demand.

presented in [1] across high, medium, and low demand cases. Notably, 
there is a substantial performance gap between the solution in [1] and 
the proposed algorithms in both the medium and low demand cases. 
This discrepancy arises from the fact that even for low and medium 
user demands, the satellite transmit power required to meet these 
demands cannot be reduced below 1 unit. Hence, it can be observed 
that the transmit power obtained from the solution proposed in [1] 
remains relatively constant when the user demands are below a certain 
threshold value.

Since the solution in [1] underperforms among the evaluated meth-
ods, we will next focus exclusively on the performance evaluation of 
the two proposed algorithms for the considered two scenarios. Partic-
ularly, Fig.  8 shows the variation of satellite transmit power over an 
orbital period for both the SCA-based and heuristic algorithms with 
8

Fig. 7. A comparison of the proposed SCA and heuristic algorithms with the solution 
proposed in [1] in terms of the satellite transmit power over an orbital period for the 
case of low user demand.

Fig. 8. The satellite transmit power over an orbital period for both the SCA-based and 
heuristic algorithms, considering different numbers of users, i.e., Scenario-2.

different numbers of users, i.e., Scenario-2. As anticipated, the transmit 
power required to meet the demand increases with a higher number 
of users, reflecting the greater capacity needed. Consistent with the 
previous findings, the SCA-based algorithm consistently outperforms 
the heuristic algorithm in terms of transmit power efficiency. This 
observation further supports the superiority of the SCA-based approach 
in optimizing resource allocation and satisfying user demands in an 
energy-efficient manner.

6.2. Energy efficiency

We consider energy efficiency (EE), measured in bits-per-Joule, to 
evaluate the performance of the proposed solutions EE is a widely 
used and important indicator for communication systems. Let 𝑅𝑛(𝑡)
and 𝑃 𝑛

𝑡𝑜𝑡(𝑡) be the total throughput or data rate (bits∕sec) and total 
power (transmission + fixed circuit power) consumed (Watts) of 𝑛th 
LEO satellite in time slot 𝑡, respectively. Then EE (b∕J) of the satellite 
network per time slot is defined as follows [44]: 

𝐸𝐸 =
∑𝑁

𝑛=1 𝑅𝑛(𝑡)
∑𝑁

𝑛=1 𝑃
𝑛
𝑡𝑜𝑡(𝑡)

. (20)

Fig.  9 showcases the energy efficiency trends over an orbital period 
for the proposed heuristic and SCA based algorithms for the high, 
medium, and low demand cases with a fixed number of users, namely 
the Scenario-1. Obviously, the SCA-based algorithm outperforms the 
heuristic algorithm across all demand scenarios. Particularly, in the 
case of high user demand, the performance gap between the two ap-
proaches becomes more pronounced, highlighting the superiority and 
effectiveness of the SCA-based algorithm over the heuristic approach. 
This advantage is a result of the SCA-based algorithm’s capacity to 
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Fig. 9. Energy efficiency performance of the SCA and heuristic algorithms over an 
orbital period considering different demand cases with a fixed number of users.

Table 2
Performance evaluation of SCA based proposed algorithm.
 Avg Demand Total Power

Consumption
Active Satellites EE (Gb/J) 

 High 2015.73 W 57% 0.181  
 Medium 1194.14 W 38% 0.151  
 Low 512.44 W 28% 0.124  

Table 3
Performance evaluation of the proposed heuristic algorithm.
 Avg Demand Total Power

Consumption
Active Satellites EE (Gb/J) 

 High 2710.95 W 52% 0.134  
 Medium 1434.36 W 36% 0.126  
 Low 725.74 W 26% 0.09  

find the optimal solution for minimizing power consumption while 
efficiently meeting the heightened user demands.

The performance evaluation results of the SCA-based and heuristic 
algorithms are presented in Tables  2 and 3, respectively, for Scenario-2, 
i.e., varying the number of users. Consistent with Scenario-1 experi-
ment, the results demonstrate the superior performance of the proposed 
SCA-based algorithm compared to the heuristic algorithm. Addition-
ally, it is observed that as the system demand increases, the number 
of active satellites, power consumption, and system energy efficiency 
also increase, which aligns with our intuitive expectations. Evidently, 
our proposed strategy and developed solutions have led to a substantial 
improvement in total energy efficiency for LEO satellite communi-
cations. Thus, these approaches offer telecommunication companies 
and satellite operators practical and tangible benefits, ranging from 
cost savings to improved sustainability, ultimately contributing to the 
optimization of satellite communication systems and services.

In closing, the proposed technique in this work could significantly 
enhance energy efficiency in satellite networks, leading to more sus-
tainable and efficient satellite communication systems. However, it is 
important to mention that this technique relies on a well-structured 
ground network with enough satellite visibility for effective coordi-
nation. Accurate time synchronization is also essential to maintain 
seamless data transfer between satellites and user terminals. Addi-
tionally, propagation delay in LEO satellite networks varies based on 
satellite separation and transmission paths, with approximately 13.3 ms 
added for each additional 1000 km in distance [43]. These limitations 
are essential to consider when implementing the proposed technique, 
as they may affect the network performance and the feasibility of 
real-time applications.
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7. Conclusions

In this paper, we have proposed a dynamic traffic-aware satellite 
switch-off approach aimed at minimizing power consumption in LEO 
satellite constellations. Our approach takes into account the heteroge-
neous distribution of users in terms of time and location, as well as 
the relative motion of satellites. By strategically shutting down satellite 
nodes during low demand periods and over unpopulated regions, we 
aim to reduce overall power consumption without compromising user 
demands. To this end, a mixed binary integer optimization problem has 
been formulated. An iterative SCA based and a slant distance based 
heuristic algorithms were proposed to solve the formulated optimiza-
tion problem without causing any demand dissatisfaction. Through 
extensive simulations utilizing practical constellation patterns and re-
alistic traffic demands obtained from a maritime dataset, we evaluated 
the performance of our developed algorithms. Further, performance 
comparisons are provided to demonstrate the validity and gains of 
the proposed solutions over the solution provided in [1]. The re-
sults have shown that a considerable percentage of the satellite nodes 
can be dispensable and switched-off, leading to substantial energy 
savings. In short, our proposed approaches have the potential to signif-
icantly reduce energy consumption in satellite constellations, making 
them promising solutions for achieving sustainability and efficiency in 
satellite communication systems.
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Appendix. Proof of Theorem  1

The sketch of the proof consists of similar procedure as the related 
proofs in [31], [32]. Herein, we demonstrate the equivalence of prob-
lems (9) and (11). To this end, let first consider the optimal solution of 
problem (9) is 𝐙∗. The Lagrangian function of problem (9) is expressed 
as (𝐏,𝐗,𝐘, 𝛼1, 𝛼2) =
𝑁
∑

𝑛=1

𝑀
∑

𝑚=1
𝑃𝑛,𝑚 +

𝑁
∑

𝑛=1
𝑃𝑐 𝑌𝑛 + 𝛼1(𝐺𝑥(𝐗) − 𝐹𝑥(𝐗)) + 𝛼2(𝐺𝑦(𝐘) − 𝐹𝑦(𝐘)), (A.1)

where 𝛼1 and 𝛼2 are the Lagrange multipliers corresponding to the 
constraints C8b and C8d, respectively. Also, recall that 𝐺𝑥(𝐗)−𝐹𝑥(𝐗) ≥
0 and 𝐺𝑦(𝐘)−𝐹𝑦(𝐘) ≥ 0. Now, we obtain the following inequality7 from 
Lagrange duality [35]:
𝐙∗
𝑑 = max

𝛼1 ,𝛼2≥0
min

𝐏,𝐗,𝐘∈𝛺
(𝐏,𝐗,𝐘, 𝛼1, 𝛼2) (A.2)

7 Recall that weak duality holds for convex and non-convex optimization 
problems [35].
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(𝖺)
≤ min

𝐏,𝐗,𝐘∈𝛺
max

𝛼1 ,𝛼2≥0
(𝐏,𝐗,𝐘, 𝛼1, 𝛼2) = 𝐙∗, (A.3)

where 𝛺 is the set of feasible solutions of problem (9). Now, we 
will first establish the strong duality. Suppose (𝐏∗,𝐗∗,𝐘∗, 𝛼∗1 , 𝛼

∗
2 ) is the 

solution of the problem (A.2). Further, the following two cases are 
possible.

Case 1: 𝐺𝑥(𝐗) − 𝐹𝑥(𝐗) > 0 and 𝐺𝑦(𝐘) − 𝐹𝑦(𝐘) > 0
The optimal value of both the 𝛼∗1 and 𝛼∗2 is infinite. Hence, 𝐙∗

𝑑 is also 
infinite which contradicts the fact that it is upper bounded by 𝐙∗.

Case 2: 𝐺𝑥(𝐗) − 𝐹𝑥(𝐗) = 0 and 𝐺𝑦(𝐘) − 𝐹𝑦(𝐘) = 0
Then both the problems (A.2) and (A.3) are identical since both 

are independent of 𝛼∗1 and 𝛼∗2 . Hence, 𝐙∗
𝑑 = 𝐙∗. Strong duality is 

therefore established, and we can concentrate on addressing the dual 
problem (A.2) rather than the primary problem (A.3).

Further, we demonstrate that any 𝛼1 > 𝛼1,0, and 𝛼2 > 𝛼2,0, where 
𝛼1,0 and 𝛼2,0 are sufficiently large numbers, are optimal solutions for 
the dual problem (A.2). We prove this by showing that the following 
function is monotonic increasing function of 𝛼1 and 𝛼2
𝛥
= min

𝐏,𝐗,𝐘∈𝛺
(𝐏,𝐗,𝐘, 𝛼1, 𝛼2). (A.4)

Note that 𝐺𝑥(𝐗) −𝐹𝑥(𝐗) ≥ 0 and 𝐺𝑦(𝐘) −𝐹𝑦(𝐘) ≥ 0 always hold for any 
(𝐏,𝐗,𝐘, 𝛼1, 𝛼2) ∈ 𝛺.

Therefore, (𝐏,𝐗,𝐘, 𝛼1(1), 𝛼2(1)) ≤ (𝐏,𝐗,𝐘, 𝛼1(2), 𝛼2(2)) for 0 ≤
𝛼1(1) ≤ 𝛼1(2), 0 ≤ 𝛼2(1) ≤ 𝛼2(2) and any (𝐏,𝐗,𝐘) ∈ 𝛺. This implies 
𝛷(𝛼1(1), 𝛼2(1)) ≤ 𝛷(𝛼1(2), 𝛼2(2)) and proves that 𝛷(𝛼1, 𝛼2) is a monotonic 
increasing function of 𝛼1 and 𝛼2. This result leads to the fact that 
𝛷(𝛼1, 𝛼2) = 𝐙∗ ∀𝛼1 > 𝛼1,0, and 𝛼2 > 𝛼2,0.

In conclusion, strong duality allows us to use the dual problem (A.2) 
to solve the primal problem (A.3) and any 𝛼1 > 𝛼1,0, and 𝛼2 > 𝛼2,0 are 
ideal dual variables. This completes the proof. □
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