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Abstract—Low-Power Wide-Area Networks (LPWANS) pro-
vide a low-cost solution for connecting low-power devices over
long distances. Among LPWAN technologies, Narrowband IoT
(NB-IoT) has gained prominence because of its wide coverage
and high reliability. Recently, as the demand for IoT connectivity
in remote and underserved regions continues to grow, integrating
NB-IoT with Low-Earth Orbit (LEO) satellite networks has
gained increasing attention. Due to satellite communication’s
dynamic nature, this integration poses significant challenges,
including synchronization issues and managing high-density User
Equipment (UE) during the random access procedure. This
digest paper summarizes key contributions from a doctoral
thesis that addresses these challenges. A systematic framework
based on key performance indicators (KPIs) is proposed to
evaluate and optimize satellite IoT communication, addressing
reliability, latency, throughput, and energy efficiency trade-offs. A
lightweight downlink synchronization method is proposed, which
reduces device complexity in LEQ satellite environments. In
addition, a GNSS-free wake-up strategy is developed to improve
energy efficiency, particularly in scenarios with intermittent
satellite coverage. To address the challenge of random access
in high-density environments, an early detection method is
introduced. This method reduces collisions during the random
access procedure and improves the network capacity to support
many UEs. These contributions provide a comprehensive set of
solutions to address the limitations of current NB-IoT and LEO
satellite integration strategies, paving the way for efficient and
scalable IoT networks in challenging environments.

Index Terms—IoT, LPWAN, Satellite

I. INTRODUCTION

In recent years, Low-Power Wide-Area Networks (LP-
WANSs) have emerged as an essential technology in the Internet
of Things (IoT) [1]. Many LPWAN technologies have been
developed. The unlicensed spectrum was populated by loss-
tolerant LPWAN technologies, quickly dominating the IoT
landscape and market due to their easy deployment. Among
them, Sigfox [2] and the Long Range (LoRa) technology [3].
At the same time, the Narrowband IoT (NB-IoT) technology
is gaining widespread attention because its synchronization
and resource allocation strategy make it exceptionally effective
in applications requiring high reliability and connection qual-
ity [4]. Designed by the Third Generation Partnership Project
(BGPP) since Release 13, NB-IoT works on the licensed
spectrum. It inherits and simplifies most of the features of
Long Term Evolution (LTE), thus being compatible with
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existing infrastructure and significantly reducing deployment
complexity [5].

However, there are significant limitations with respect to
geographic coverage in traditional ground networks such as
mountains and marine areas. Moreover, in natural disasters,
wars, and other critical situations, the gateway on the ground
or the connection between the gateway and the server can
easily be disrupted. Thereby, backhauling IoT devices with
satellite networks has emerged as a significant advancement
towards the objective of global connectivity [6]. In this context,
the Direct-to-Satellite (DtS) architecture stands out. Due to
their proximity to Earth, Low-Earth Orbit (LEO) satellites are
particularly suitable for DtS IoT. They offer lower propagation
delays and stronger signals for efficient communication with
low-power devices. Recent advances in CubeSat technology
have also significantly reduced the cost of LEO satellites [7].
However, battery-operated LPWAN devices also pose signif-
icant challenges as they communicate directly with satellites.
The high maneuverability of LEO satellites causes significant
variations in Doppler effects and propagation delays, making
synchronization of NB-IoT networks challenging. Limited
satellite availability increases energy consumption, as devices
often wait for transmission opportunities. The standard solu-
tion [8], which relies on Global Navigation Satellite Systems
(GNSS) for real-time positioning and precompensation, in-
creases energy consumption, as GNSS modules must operate
frequently. Furthermore, the larger satellite coverage area re-
sults in congestion and high collision rates during the random
access phase of NB-IoT. To address these challenges, based on
the dissertation [9], this digest details several key contributions
to improving the efficiency and reliability of NB-IoT networks
integrated with LEO satellites.

o Performance Evaluation Framework [10]: A system-
atic framework is proposed based on key performance
indicators (KPIs) such as reliability, latency, throughput,
and energy efficiency. This framework provides a struc-
tured approach to evaluating and optimizing the perfor-
mance of satellite-based IoT (LPWAN) communication
systems. It balances trade-offs among various metrics to
meet application requirements.

e GNSS-Free Synchronization Method [11]: A novel
method for downlink synchronization is introduced, elim-
inating the need for GNSS modules. This approach signif-
icantly reduces device complexity by leveraging Doppler
prediction while maintaining synchronization accuracy in



the dynamic LEO satellite environment.

e GNSS-Free Wake-Up Strategy [12]: A GNSS-free
wake-up strategy is designed to further improve energy
efficiency. This strategy optimizes the management of
active and sleep states for User Equipment (UE). It allows
devices to preserve power during intermittent satellite
coverage and extend battery life without compromising
communication reliability.

« Early Collisions Detection Method [9]: An early colli-
sion detection method in high-density scenarios mitigates
congestion and reduces collisions during the random
access phase. This approach enhances the network’s ca-
pacity to handle many UEs, ensuring reliable connections
efficiently.

The remainder of the paper is organized as follows. Sec. II
briefly reviews related works, while Sec. III pictures the core
ideas of the dissertation in detail. Finally, Sec. IV concludes
and envisages future works.

II. RELATED WORKS

Integrating LTE technologies with LEO satellites has be-
come a popular research direction. [13] explores satellite-
enabled LTE systems within LEO constellations. [14], [15]
assume that each UE is equipped with a GNSS receiver and
uses the captured positioning together with the Two-Line
Element set (TLE) to determine the relative position of the
LEO satellite and use this information to predict the frequency
and time offset. Furthermore, 3GPP standards [8] base the
correct functioning of NB-IoT on the availability of GNSS
in UEs. The specification recognizes that GNSS is energy-
intensive, so the evaluation of energy consumption related to
some implementations is also detailed. Calculating and pre-
compensating frequency shifts and delays through GNSS and
TLE data is undoubtedly an accurate solution. However, from a
practical point of view, GNSS draws more current than needed,
adds complexity to circuit design, and eventually increases
the cost of low-power devices. Furthermore, from a technical
perspective, linking NB-IoT for LEO DtS communications to
the availability of GNSS makes such an architecture neither
resilient to outages nor viable in GNSS-denied environments.

In fact, the need for GNSS-free DtS solutions has been
recognized in the scientific literature. [16] proposes a Doppler
precompensation of NB-IoT beacon signals that does not
require any change on the configuration of UEs: they do
not need either to be equipped with GNSS or to listen to a
broader spectrum to cope with Doppler effect. This strategy
is energy-efficient for UEs but requires significant changes
in the hardware and software of the eNB-equipped satellite.
Alternatively, [17] proposed to modify the physical layer of
NB-IoT about the structure of the preamble and the syn-
chronization procedure to achieve uplink synchronization. In
addition, there is no precompensation, thus requiring the UE to
keep receiving the synchronization signals until the first uplink
signal is sent. Both solutions require significant changes to ei-
ther the NB-IoT protocol or the hardware. Regarding Doppler
compensation without GNSS, a commonly used approach is

“Fast-tracking,” where a terminal on the ground should keep
receiving downlink beacon signals to calculate the real-time
Doppler offset [18]-[21]. However, these approaches require
high processing units and constant communication capabilities,
which do not match the desired behavior of low-power duty-
cycled IoT devices. Instead, the “predictive tracking” strategy
estimates the Doppler curve during the satellite’s passage
from the Doppler-shifted frequency of several consecutive
downlink synchronization signals. Once the Doppler curve
is understood, the expected trajectory is also known, so the
frequency shift does not need to be further estimated. [22]
uses the received signal combined with TLE satellite position
information to plot a Doppler curve, allowing prediction of the
Doppler shift at each moment throughout the process. Using
a mathematical model, the authors of [23] proposed a method
to calculate the Doppler curve using two downlink signals.
However, neither of these papers considered the impact of
the downlink signal measurement error on the Doppler curve
drawing. Building on these works, this digest introduces a
method (Sec. III-B) that avoids hardware-level modifications
for satellite and ground devices while accounting for downlink
signal measurement errors in Doppler curve prediction.

Regarding the availability problem, similar to the synchro-
nization issue, GNSS is used by devices to determine their
location on the Earth. Combined with satellite constellation
information, this allows the calculation of the next satellite
pass, allowing devices to wake up at the appropriate time.
After collecting the satellite orbital data transmitted by an
eNB-equipped LEO satellite through downlink messages, a
UE can calculate the trajectory of that satellite using al-
gorithms like the Simplified General Perturbations Model 4
(SGP4) [24]. In fact, given TLE sets, the SGP4 algorithm
can calculate the position of a satellite at a specific time. Its
high efficiency and accuracy make it a suitable choice for IoT
devices. For the UE’s position, some methods for locating
IoT devices, including terrestrial-based LPWAN techniques,
novel GNSS solutions, and innovative positioning techniques
leveraging LEO satellite constellations, have been summarized
and compared in [25]. Two methods are commonly proposed
for LEO satellites: uplink signals collected by satellites or
downlink signals collected by ground UEs. Both methods rely
on Doppler frequency shift measurements. The first method
requires ground stations to integrate uplink signals from mul-
tiple satellites, increasing complexity and preventing devices
from determining their location. Both methods also depend
on multiple satellites being simultaneously available, which is
impractical in scenarios with a single or limited number of
satellites.

Alternatively, predicting the next satellite pass can be done
using the SGP4 algorithm, which calculates the satellite’s
future position relative to the UE. Although accurate, this
approach demands significant computational resources, which
poses challenges for resource-constrained IoT devices. In [26],
the authors proposed a novel method to calculate the revisit
time of LEO satellites and applied it to the optimal design
of remote sensing satellites. Yet, this method focuses on



repeated ground track orbits [27], thus resulting applicable
only to a particular subset of LEO orbits. To provide a more
general solution, [28] proposed a semi-analytical method to
calculate revisit times for the Walker constellation [29] with
discontinuous coverage. However, only the maximum and
average revisit times are discussed. To face these challenges,
this digest discusses a strategy (Sec. III-C) that avoids the need
for positioning equipment and complex calculations to predict
the next satellite pass.

However, even with efficient wake-up strategies, the random
access procedure poses another critical challenge, particularly
in high-density scenarios where multiple devices attempt to
connect simultaneously, leading to collisions. Studies on early
collision detection mainly follow two approaches: modifying
only the eNB or redesigning the preamble structure. For the
first approach, [30] proposes a GNSS-free NB-IoT random
access scheme using a two-stage change point detection tech-
nique with an auto-encoder, while [31] employs a CNN-
based method for collision detection in LTE networks without
protocol changes. Both methods place high computational de-
mands on satellites, making them unsuitable for low-cost LEO
systems. For the second approach, [32] introduces Single Root
Preamble Sequences (SRPS) to improve collision detection
and preamble accuracy by enabling early detection, preventing
Msg?2 transmission during collisions. However, while all ex-
isting studies focus on detecting collisions, they do not reduce
the probability of collisions. So, In Sec. III-B, two methods are
introduced for addressing random access collisions, aiming to
reduce collision rates and improve the success of the random
access procedure through enhanced detection and optimized
design.

III. PROPOSED APPROACHES
A. KPIs for DtS IoT

Before resolving the challenges, it is worth designing a
basic framework to evaluate the performance of LPWANSs
(NB-IoT and LoRaWAN), which is the first step to effectively
compare their modes of operation. This section discusses only
these four most critical KPIs (reliability, latency, throughput,
and energy-efficiency) for LPWAN [10]. The importance of
evaluating all these aspects in choosing the most suitable
network technology can be intuitively understood. At the same
time, an extension to ground-to-satellite communications will
also be discussed.

First, a communication protocol is reliable if the transmitter
can be notified by an acknowledgment (ACK) that the correct
delivery of data frames from the receiver has occurred. The
lack of any ACK mechanism makes the communication pro-
tocol unreliable. This is the case of unconfirmed Class A Lo-
RaWAN frame transmissions. Instead, the portion of acknowl-
edged transmissions provides a measure of the reliability of
the communication protocol. This KPI can be evaluated for
LoRaWAN confirmed-based communications and NB-IoT. For
satellite LPWANSs, reliability is significantly influenced by the
visibility of LEO satellites. Packet losses often occur due to the
intermittent availability of the LoRa gateway (eNB). Although

LEO satellites provide wide coverage, the high density of
nodes in their footprint increases packet loss rates (PLR),
reducing reliability. However, with a constellation of LEO
satellites that ensures continuous coverage, reliability can be
equivalent to that of terrestrial systems.

Then, the time elapsed from the generation of the data
frame to its correct delivery (through a variable number
of retransmissions) is the latency of the network, which is
affected by the MAC schemes, together with the propagation
time and the average number of retransmissions. Due to
satellite movement, the propagation delay in satellite networks
is significantly longer and more variable than in terrestrial
networks. Additionally, intersatellite links (ISLs) contribute
to latency for LEO constellations, with more ISLs leading to
higher delays. For NB-IoT, synchronization delays are a signif-
icant factor and latency varies depending on the optimization
mode. Higher PLR increases the number of retransmissions,
resulting in higher latency. However, for confirmed messages,
acknowledgments are handled directly by the eNB, avoiding
additional satellite backhaul delays.

The throughput is the rate of successful packet delivery.
The traffic generated by each device, the density of nodes
and the PLR impact the throughput value. The network with
more density will generate more traffic, increasing the PLR.
Note that the ideal throughput is the traffic generated when
PLR equals 0. As in the case of reliability, the throughput
is also affected by the satellite availability time and the wide
coverage range. The unavailability of the satellite causes more
packet losses and, therefore, less throughput. Similarly, having
many devices (with higher density) in the satellite’s coverage
range translates into higher PLR due to data packet collisions
in LoRa and congestion during NB-IoT synchronization. As a
consequence of increased PLR, the throughput of the satellite
LPWAN decreases.

Finally, the network energy efficiency measures the number
of successfully transmitted bits per unit of energy consumed,
reflecting how effectively the system consumes energy. It is
influenced by network throughput and energy consumption,
which depend on factors such as PHY and MAC parameters
and the number of transmissions. In satellite networks, the
distance between IoT devices and satellites significantly in-
creases energy consumption for transmission and reception. In
contrast, the energy required for processing messages remains
similar to that in terrestrial networks. The energy consumed
for the synchronization process also becomes a significant
component, especially in NB-IoT systems, where energy
consumption varies depending on the adopted optimization
method and the number of uplink and downlink packets.
Clearly, the best performance cannot be achieved for all KPIs
at the same time. Therefore, a trade-off must be considered
based on the specific application needs.

B. Energy-efficient synchronization for DtS NB-IoT

The first and foremost challenge in effectively integrating
NB-IoT with satellite communication is the synchronization
issue. However, using NB-IoT for ground-to-satellite com-



munications is not cheap and energy efficient because some
technical barriers hinder its worldwide adoption. Due to the
high-speed motion of LEO satellites, communications are
affected by the Doppler effect, with a measured frequency
offset of 40 kHz for satellites elevated 600 km above the
ground [19]. As a result, the signal can be significantly
degraded, and link layer frames can be lost. In this sense, as
introduced before, starting from Release 17 [8], 3GPP has been
specifying how NB-IoT/eMTC (enhanced Machine Type Com-
munication) can support non-terrestrial networking and the
case scenario pictured above: each UE must be equipped with
a GNSS receiver and must be configured with the ephemeris
of the satellite using the TLE to pre-compensate the Doppler
shift and propagation delay. However, the need for a GNSS
receiver implies extra power consumption and an increased
cost of UEs. In this context, a new approach is proposed to
predict the Doppler effect by estimating the trajectory of the
satellite through the sky without GNSS capabilities [11]. This
is done through the observation of NB-IoT downlink signals.
The computed prediction is used to precompensate the Doppler
shift.

When a UE wakes up (or is bootstrapped), the first step is
to perform a cell search to obtain key information about the
network. This is done by waiting for a Narrowband Primary
Synchronization Signal (NPSS) received from an eNB in the
scope. The NPSS is a 1ms-long signal periodically broadcast
by any eNB every 10 ms. The UE uses such a signal for the
initial time and frequency synchronization.

With the method presented in [11], the UE constructs a
Doppler curve from multiple NPSS signals to precompensate
frequency shifts during satellite visibility. The Doppler effect
represents the frequency shift caused by the relative motion
between a satellite and a UE. In LEO satellite communications,
this shift depends on parameters such as the satellite’s altitude
and elevation angle. Errors affect the measured Doppler shift,
which is modeled as Additive White Gaussian Noise (AWGN)
with zero mean and adjustable variance. The measured shift
combines the actual Doppler shift and the measurement error.
The Doppler curve parameters, including the satellite’s trajec-
tory and maximum elevation angle, are estimated using the
least-squares method. The method uses the measured Doppler
shifts from multiple NPSS signals and aligns them with the
modeled Doppler curve based on the satellite’s motion. The
residuals between the measured and predicted shifts are cal-
culated and the Gauss-Newton algorithm iteratively minimizes
these residuals.

Fig. 1 shows how to interpret the simulation results. The
figure compares the original Doppler curve and the estimated
one calculated through the mathematical model. Here, the
standard deviation of the simulated AWGN-like source of
errors is set to 20 Hz, and the UE needs to receive 10
NPSS beacons to estimate the Doppler curve. Zooming in
on the evaluated time interval (see Fig. 1), it can be seen
that each signal is affected by a random error, and the final
fitting result is very close to the original Doppler curve, which
shows that the mathematical model is feasible. The simulation
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Fig. 1. Example of a sample simulation result [11].

results show that a UE needs to listen to about 10 beacon
signals in 1 second to accurately and robustly predict the
Doppler curve, thus enabling a lightweight (and eventually
truly energy-efficient) implementation of NB-IoT over ground-
to-satellite links.

C. A wake-up strategy for GNSS-free DtS NB-IoT

So far, to be able to get synchronized with a LEO satellite,
it has been assumed that the satellite is within the range of
a UE. Another challenge arises: ensuring that ground devices
wake up only when a satellite is within range and remain
in sleep mode without relying on GNSS. To address the
challenge of discontinuous coverage, the 3GPP standards base
the correct functioning of NB-IoT on the availability of GNSS
in UEs. The specification recognizes that GNSS is energy
expensive, so the evaluation of energy consumption related
to some implementations is also detailed. Calculating and
precompensating frequency shifts and delays through GNSS
and TLE data is undoubtedly an accurate solution. Still, as [12]
shows, GNSS-enabled devices are not the best choice for IoT
applications.

In [12], a wake-up strategy is proposed, and it can be
summarized as a “poll, learn, go” process. The “poll” part
is represented by a Network Search phase. When an NB-
IoT UE needs to send or receive data through the Internet,
it first needs to get synchronized with an eNB in its vicinity.
Ground UEs intermittently wake up and poll the radio for
beacon signals, i.e., NPSS NB-IoT signals. To save energy, the
UE uses an intermittent listening strategy, waking up regularly
and listening for NPSS signals for 11 ms before returning to
sleep. Through simulations, the optimal interval was found to
be approximately 150 seconds, roughly matching the satellite
pass window.

Once an NPSS signal is detected, the wake-up strategy
enters its “learn” part. During this phase, the UE tries to
predict when a LEO satellite will be within its range and
builds up a list of next satellite passes. The UE wakes up
at each expected satellite pass to check whether the prediction
was correct and to continuously update the list. In detail,
after receiving the first NPSS signal, the UE estimates the
satellite’s maximum elevation angle with the method proposed
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Fig. 2. Comparison of energy consumption during one year [12].

in the previous section and calculates two possible locations
for its position using Doppler shift measurements and orbital
information provided by the satellite. Then, the UE predicts
the next satellite passes based on its estimated position and
the satellite’s trajectory. Using these predictions, the UE can
enter sleep mode and wake up just before the predicted
satellite passes. The wake-up timing is adjusted to account
for uncertainties in revisit times and visibility windows. If no
NPSS signal is received during the predicted pass, the UE
will adjust its predictions and repeat the process for the next
satellite pass in the list. Finally, an algorithm is proposed to
refine the position of the UE over multiple satellite passes.

Once the UE verifies that its prediction is converging to
stability, the wake-up strategy enters into the *“go” part of
the strategy. As shown in 2, which compares the GNSS-free
wake-up strategy introduced in [9] (red) with the GNSS-based
solution of 3GPP (blue), showing that the energy consumption
of the GNSS-free strategy is lower than that of the GNSS-
based solution. Moreover, as daily transmissions increase, the
energy savings with the GNSS-free strategy become increas-
ingly significant.

D. Early detection in random access for DtS NB-IoT

The methods introduced, including lightweight synchroniza-
tion through Doppler effect prediction and energy-efficient
wake-up techniques, ensure that NB-IoT UEs maintain reliable
communication links with LEO satellites even in scenarios
where the GNSS is unavailable. These methods focus just on
energy consumption among the KPIs introduced in Sec. III-A.
The analysis that was conducted focused on the behavior of a
single UE since the number of UEs does not affect these meth-
ods because only downlink system messages and synchroniza-
tion signals are used. Satellites have a much larger coverage
area than traditional terrestrial networks, accommodating a sig-
nificantly higher number of UEs, thus increasing the likelihood
of congestion during the random access phase. The random ac-
cess procedure in LTE (NB-IoT) consists of Msgl, where UEs
transmit a random access preamble, followed by Msg2, where
the eNB responds with timing alignment and uplink resource
allocation. In Msg3, UEs send identification messages using
the assigned resources, and finally, Msg4, which eNB sends,
resolves the contention by confirming the successful access
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Fig. 3. Comparison of simulations with theoretical models.

for one UE. As introduced before, related work in this domain
has focused on utilizing various techniques to detect when an
eNB receives Msgl from different UEs on the same subcarrier,
allowing it to avoid sending Msg2. These methods can prevent
UEs from proceeding to Msg3 by preventing the transmission
of Msg2, reducing unnecessary energy consumption. However,
the problem with these approaches is that when multiple Msg1
signals are received simultaneously on the same subcarrier, a
collision inevitably occurs, making it impossible to identify
which UEs can transmit Msg3. As a result, even though the
energy costs associated with Msg3 are avoided, the probability
of a successful connection remains low, as only a few UEs can
ultimately connect to the eNB.

To address the limitations of current collision detection
methods, dissertation [9] introduces two novel methods, the
Closest First Method (CFM) and the Non-collided First
Method (NFM). CFM uses the Timing Advance (TA) value
returned in Msg2 to allow UEs to determine whether their
Msgl transmission was successful. By dividing the satellite’s
coverage area into regions corresponding to specific TA values,
UEs can match their location with the region associated with
the received TA value. Only UEs with a matching region
send Msg3, effectively detecting potential collisions early.
Additionally, CFM does not require hardware modifications in
UEs or satellites, while NFM is based on advanced techniques
that enable the satellite to distinguish between preambles from
different UEs [32]. After adjusting the delay precompensation,
the satellite can find the time slot containing only a single
preamble and return the corresponding TA value, ensuring that
Msg3 transmissions are free of collisions.

As shown in Fig. 3, some simulation results validated the
theoretical models and demonstrated that both methods signif-
icantly improve the random access success rates compared to
the standard approach, with NFM consistently outperforming
CFM. The impact of position estimation errors was also
analyzed, showing that higher errors reduce success rates,
particularly as the number of time slots increases. For severe
position errors, fewer time slots may yield better results by
minimizing the chances of misjudging areas.



IV. CONCLUSION

This dissertation comprehensively explores the integration
of NB-IoT with LEO satellites, addressing critical challenges,
and proposing innovative solutions to enhance performance in
satellite-based IoT networks. To effectively evaluate and opti-
mize satellite IoT communications, a mathematical framework
based on four key performance indicators (reliability, latency,
throughput, and energy efficiency) is proposed. To address
the synchronization challenges posed by LEO satellites, a
GNSS-free downlink synchronization method is introduced,
leveraging Doppler curve estimation to reduce energy con-
sumption and system costs. Furthermore, an intermittent wake-
up strategy for GNSS-free UEs is proposed, enhancing energy
efficiency while ensuring reliable communication, even in sce-
narios with intermittent satellite coverage. To address the issue
of random access collisions in high-density environments, two
innovative methods (CFM and NFM) are presented, enabling
more effective collision resolution and significantly improving
system throughput. These contributions collectively provide
practical and efficient solutions to enhance NB-IoT integration
with LEO satellite systems.

Future works will focus on hardware implementation, de-
tailed latency and reliability evaluation, and optimization of
resource allocation strategies. The hardware implementation
will validate the feasibility of the proposed methods, ad-
dressing complexities in Doppler curve estimation, wake-up
strategies, and random access performance. Evaluating latency
and reliability will help us understand the effects of satellite
dynamics and interference on communication, enabling pro-
tocol improvements. Another critical area for future work is
the optimization of resource allocation strategies. Although
this dissertation focused on increasing the number of devices
that can successfully perform random access, the challenge
of efficiently allocating resources during the data transmission
phase remains. Efficient resource management is essential to
handle the high density of devices and the dynamic nature of
satellite communications. Research should explore advanced
algorithms and techniques for dynamic resource allocation,
considering factors such as traffic patterns, device mobility,
and varying network loads. This helps maximize resource use
and enhance overall network performance.
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