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POLYTECHNIQUE FACTS 
AND FIGURES
•Over 10,000 students as of Fall 
2022 

• 29% women 
• 29% international students
• 24% graduate students

•2,150 diplomas awarded in 2021-
2022 

• 57,106 graduates since 1873
•Over 120 programs
•Over 300 professors 

• 19% women
•1,500 employees
•Annual institutional budget of $300 
million
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Satellite Networks - Now
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Satellites
• A satellite is a human-made object that is placed into orbit around Earth

• There are also satellites around other celestial bodies, such as Mars J

• Satellites are used for :
• Communication
• Navigation/localization ( e.g. GPS -Global Positioning System) 
• Earth observation/remote sensing 

• To gather data about the Earth and its environment
• This application included weather monitoring satellites

• Scientific/radioastronomy
• Military applications

• Overall, there are many different types of satellites that serve a variety of 
purposes, from communication and navigation to scientific research and 
military applications.
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Satellites 
according to 
altitudes

• Low-Earth Orbit (LEO)
• 300 – 1500 km

• Medium-Earth Orbit (MEO)
• 7000 – 25000 km

• Geostationary Earth Orbit 
(GEO) satellite
• 35 786 km

• High Elliptical Orbit (HEO)
• 400 – 50000 km
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Transformation in 
Satellite Industry (1/2)
• The momentum behind the satellite 

communications and networking area is substantial. 
• The ambitious plans about satellite mega-

constellations with thousands of low Earth orbit 
(LEO) satellites clearly demonstrate the rejuvenated 
interest in satellite communications and networking 
by the industry ecosystems and standardization 
organizations.

• These developments are further fueled by 
technological innovations in ;
• advanced payload architectures 
• active antenna systems, 
• microwave, digital and optical technologies, 
• solar panels and batteries 
• ground segment technologies  
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Transformation in Satellite Industry (2/2)

• One main difference between the legacy satellite systems and 
the mega-constellations of the 6G era satellite systems is the 
networking complexity.

• Next-generation satellite networks have very high-speed inter-
satellite links in addition to highly flexible resource allocation. 

• For efficient operation, the networks are expected to be autonomous, 
intelligent, resilient, self-organizing and self-controlling as much as 
possible to reduce the cost of human intervention in highly complicated 
settings. 
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Satellite Networks 
(SatNets)

• Many countries and companies 
have launched numerous 
satellites

• Forecasts of dense LEO networks:
• Starlink ~ 42,000 LEO
• OneWeb ~6,300
• Kuiper ~ 3,200
• Telesat ~ 1,600

Workshop on Communication in Extreme Environments for Science 
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Transition to LEO Mega-Constellations

• When orbital period decreases as satellites move from GEO to LEO 
and very low earth orbit (VLEO), there are several consequences (in 
terms of communications) for a ground station:

• There will be gaps in coverage unless a proliferated constellation of the same 
satellite is in orbit.

• Observation time per satellite decreases significantly as orbit altitude is 
reduced.

• The required complexity of earth station antennas decreases.
• There is reduced signal delay with decreasing altitude.
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102023-11-20



Workshop on Communication in Extreme Environments for 
Science and Sustainable Development

11https://crtc.gc.ca/cartovista/Call_3_Eligibility_map_en/index.html 2023-11-20

https://crtc.gc.ca/cartovista/Call_3_Eligibility_map_en/index.html


Can mega-constellations bridge 
the digital divide?
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Data rates?



Targets
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How can we enable high rate 
direct to cell connectivity?
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Solution#1: High Gain Antennas
(aperture: 693 square feet)
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Solution #2: Multiple Satellites

•Satellite Swarms
•Cell-free Massive 
MIMO
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Cell-Free Massive MIMO (1/2)
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Fig. 1: Proposed CF-mMIMO-based LEO SatNet architecture.

handover management processes such that the aggregate data
rate of UTs is maximized and their handover rate is minimized
while considering their different QoS requirements, based on
the proposed CF-mMIMO architecture. For this purpose, we
investigate the channel model, uplink training and channel
estimation, downlink data transmission, and problem formula-
tion. Finally, extensive simulations are conducted to evaluate
the performance of the proposed architecture and solutions,
and we compare the performance with that of conventional
approaches and architectures. To the best of our knowledge,
this is the first work to introduce and study CF-mMIMO in
LEO SatNets.

The paper is organized as follows. In Section II, we in-
troduce the CF-mMIMO-based LEO satellite network archi-
tecture and investigate various aspects of the network, i.e.,
time-division duplexing (TDD) operation, pilot assignment,
beamforming, and handover management. Then, we discuss
the joint power allocation and handover management problem
in Section III. In Section IV, we present and discuss the
results of the simulations to evaluate the performance of the
proposed CF-mMIMO architecture by comparing it with that
of traditional single satellite connectivity. Finally, conclusions
are presented in Section V.

II. CF-MMIMO-BASED LEO SATNETS

A. Architecture

Fig. 1 shows the proposed CF-mMIMO-based LEO SatNet
architecture with the satellites divided into clusters. To be
consistent with the CF-mMIMO terminology, each satellite
in the cluster is called a satellite access point (SAP). We
should add that for satellite nodes with multiple antennas, each
antenna is considered a separate SAP. The SAPs are connected
to a central processing unit (CPU) through ISLs for backhaul
purposes. This CPU can be deployed on a central satellite with

more advanced computing capabilities. We call these satellites
super satellite nodes (SSNs). The effect of the mobility of
the satellites on this topology can be negligible due to the
fact that all these satellites move as a group, and the relative
speed between them can be neglected. The selection of the
number of SSNs and the number of SAPs in each cluster can
be optimized on the basis of different performance objectives
and the associated deployment costs.

The exchange of the information between the SAPs and
the CPU can be restricted to payload data and power control
coefficients to reduce the backhaul signaling, as discussed in
[9]. However, backhaul signaling is not considered a challenge
in this case as in terrestrial networks. This is because ISLs can
use high-speed free-space optical (FSO) communications [10],
which enables information to be exchanged at very high data
rates and low latency.

B. TDD Operation

To exploit the reciprocity of the uplink (UL) and downlink
(DL) channels, TDD is the adopted duplexing mode in CF-
mMIMO systems [9]. For channel estimation, both UL and
DL pilots can be used [11]. However, considering only UL
pilots is adopted in most CF-mMIMO studies, e.g., [9], [12],
[13]. This is suitable for SatNets because the users may not
need to estimate their effective channel gain, and to use most
of the TDD frame for data transmission.

The channel coherence interval is defined as the time-
frequency interval during which the channel characteristics
can be considered static. This coherence interval depends on
the channel condition, the mobility of the satellite and UT,
and the carrier frequency. The channel uses are determined
in accordance with the coherence time, ⌧c, and divided into
three segments: the initial ⌧p

u
samples are used for UL pilot

transmission; the next ⌧d
u

samples are used for UL data
transmission; and the last ⌧d

d
samples are reserved for DL

data transmission. The guard intervals are excluded from this
coherence time interval. Utilizing the UL pilots, all the UL
channels are estimated at the SAPs locally without forwarding
them to the CPU. This supports the scalability of the network
since the signaling overhead is independent of the number of
SAPs. Due to reciprocity, these channel estimates are valid for
the DL direction as well. Therefore, the estimated channels are
used for DL data precoding and UL data detection.

C. Pilot Assignment

UTs can be assigned mutually orthogonal UL pilots to min-
imize the interference between them. However, this requires
the number of UL training samples, ⌧p

u
, to be more than the

connected UTs, which is difficult in SatNets due to the high
number of connected UTs. Therefore, every subset of the UTs
can be assigned one pilot from the mutually orthogonal pilot
set. This results in what is known as pilot contamination,
which needs to be taken into consideration when designing
the resource allocation procedure. The pilot assignment can
be implemented locally at the SAPs in a distributed manner
or centrally at the CPU. The pilot assignment information can

Authorized licensed use limited to: ECOLE POLYTECHNIQUE DE MONTREAL. Downloaded on September 06,2022 at 17:14:22 UTC from IEEE Xplore.  Restrictions apply. 

M. Abdelsadek, H. Yanikomeroglu, and G. Karabulut Kurt, “Future Ultra-Dense LEO Satellite Networks: A Cell-Free 
Massive MIMO Approach,” in IEEE International Conference on Communications (ICC) Workshop - SatMegaConst , 
Montreal (Virtual), Canada, 14-23 June, 2021.

Design aspects: 
• Duplexing technique, 
• Pilot assignment, 
• Beamforming, 
• Handover management,
• …
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Cell-Free Massive MIMO (2/2)
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Solution #3: Reflective Intelligent Surfaces (RISs)
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Fig. 1. It is possible to enhance the QoS for satellite-IoT systems by utilizing RISs. Therefore, the required power can be reduced for the same data rate
and error probability.

wireless communication while maintaining the same Quality
of Service (QoS) level [17]. Our previous work [16] has also
demonstrated that error probability can be reduced in LEO
intersatellite links by utilizing RISs.

B. Motivations

As the number of IoT applications and devices increases
exponentially, the need for ubiquitous Internet coverage is
becoming increasingly apparent. LEO satellites offer a promis-
ing solution for this. With a high number of satellites in
near-Earth constellations, it will become possible to ubiq-
uitously and continuously service users. The provision of
IoT services via LEO networks has been under investigation
not only by the research community but also by standards
organizations, such as 3GPP, and private companies, such
as Satelliot. Especially with the 5G standards, following the
3GPP TR 36.763 [18], IoT deployments involving satellites
will be a reality in the near future, not only for rural areas
that do not get sufficient coverage but also for improv-
ing the capacity in highly populated dense deployments in
mega-cities.

As IoT devices have limited battery life, any boost in the
link budget will be useful in satellite networks. To address this
issue in this study, we propose the use of RISs on the receiver
end to improve received power levels. RIS units, which are
also called meta-atom, are composed of metasurfaces that are
controlled in real time to adjust the reflection phases [9].
The potential of RISs has already been discussed in recent
works, including [17] and [19]. In this study, we propose the
use of RIS on satellites that can be positioned jointly with a
reflective array as illustrated in Fig. 1. Due to the large sur-
face area under satellite solar panels, numerous RIS units can
be installed. By configuring the phase shift for each meta-
atom, the incident wave can be scattered or beamformed to
target users. Furthermore, by properly selecting phase shifts,
the coverage area can be adaptively adjusted with respect
to the stochastic geometry of IoT networks. In investigating
the use of RISs in satellite IoT systems, we show that it is
possible to reduce the power consumption and hardware costs

of IoT devices. This is made possible by the fact that RISs
can increase the received SNR and reduce computational com-
plexity by eliminating the need for complex signal processing
applications at the receiver end.

C. Contributions

The contributions of the paper on the way to provide ubiq-
uitous and dense connectivity demanded by 6G and beyond
are summarized in the following.

C1: A novel architecture is proposed for IoT networks based
on the use of RIS units with LEO satellites. These are
RIS units that can be placed under the solar panels or
replaced with reflect arrays.

C2: The SNR levels of LEO satellites for supporting IoT
networks is quantified, taking into consideration broad-
casting and beamforming modes based on transmission
characteristics, including carrier frequency.

C3: Through extensive numerical results, we quantify the
potential reduction of the transmit power using a realis-
tic transmission model. Based on our analysis, we sug-
gest design guidelines for future IoT networks served
by LEO satellites.

D. Outline

The remainder of this article is organized as follows.
Section II introduces the free-space path loss models for RIS-
assisted broadcasting and RIS-assisted beamforming schemes
as well as a case without RIS. In Section III, the system model
is described for RIS-assisted LEO satellites for IoT networks.
Section IV presents extensive numerical results and observa-
tions for non-RIS satellites and RIS-assisted satellites with
both broadcasting and beamforming schemes. Open issues are
discussed in Section V. Finally, the study is concluded in
Section VI.

II. PRELIMINARIES

Here, we discuss the mathematical and physical prelimi-
naries for RIS-assisted satellites for IoT networks. We begin
with an overview of free-space path loss for conventional

Authorized licensed use limited to: ECOLE POLYTECHNIQUE DE MONTREAL. Downloaded on September 06,2022 at 16:45:39 UTC from IEEE Xplore.  Restrictions apply. 
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Integration of Terrestrial and 
Satellite Networks
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FIGURE 2. LEO satellite–based mobile BS serving thousands of users.

future networks, it is expected that satellites, espe-
cially LEO satellites, will provide wide coverage and
support communication network capacity in densely
populated areas, as shown in Figure 2. In this situ-
ation, an LEO satellite–based mobile BS will serve
thousands of users. This will be empowered by the
integration of reconfigurable intelligent surfaces with
LEO satellites as well [34]. In this scenario, a wide
range of user device types can be served through LEO
satellites, including smart devices, machines, sensors,
autonomous vehicles, and cargo drones. The mobility
of LEO satellites at high speeds will result in trig-
gering location updates not only to the satellite–based
mobile BS but also to the thousands of users that are
connected to the LEO satellite. Although the users
might not move, changing their network access point
(i.e., the LEO satellite mobile BS) will trigger location
updates in classical mobility management protocols
(e.g., MIPv6). This is because, in IP networks, IP
addresses are used for both routing and addressing pur-
poses. Moreover, this unnecessary and massive number
of location updates will be triggered every 5–10 min-
utes approximately. Although satellite movement is
predictable, when a user device is located in over-
lapping satellite coverage areas it is difficult to predict
which satellite the user will hand over its connection
to. Different users may make the handover decision of
which satellite to choose based on different parameters
in order to satisfy the user QoS requirements.

2) An LEO Satellite Can Be Connected to Two or
More Networks Simultaneously: In future integrated
networks, besides being part of the network of satel-
lite mega-constellations, LEO satellites will be also
connected to terrestrial networks, aerial networks, or
both, as shown in Figure 3. When an LEO satellite is
connected to terrestrial and/or aerial networks, changes
in satellite position will trigger location updates in both
networks if each network has its own location manage-
ment system. In addition, the topology changes in LEO
satellite mega-constellations will also trigger frequent

FIGURE 3. LEO satellites connected to multiple networks.

location updates among satellites. In this scenario, the
LEO satellite can play the role of a mobile BS, a router,
or a terminal. However, the most complicated case is
when an LEO satellite functions as a mobile BS to
serve a large number of users through multiple back-
haul connections (space, aerial, terrestrial). Managing
the location updates in several networks and provid-
ing a mapping between the location systems of such
networks is considered a challenging issue.

III. OVERVIEW OF IP-BASED STANDARDIZED LOCATION
MANAGEMENT AND ITS LIMITATIONS IN FUTURE LEO
SATNETS
In traditional terrestrial cellular networks, mobility manage-
ment has been well studied. For location management, most
of the research has focused on tracking and paging. Tracking
in cellular networks is the process of identifying in which
cell a user (i.e., MN) is located in by using the user’s signal
strength received by nearby cellular towers. Paging is the
process of indicating a user position in a cellular network in
order to establish a connection with another user calling from
fixed or mobile equipment. The tracking area (location area)
used in 4G and 5G usually comprises a dynamic group of
cells. Location management solutions aim to find a balance
among tracking area division and location updates/paging
overhead. To communicate with other devices in a cellular
network, the MN device must establish an end-to-end user
plane path through the domain of the mobile operator. To

VOLUME 3, 2022 1041

6G is envisioned as a vertical network:

1. Terrestrrial Network 

3.  Satellite Network :
• VLEO/LEO/MEO/GEO

2.  Aerial Network :
• Drones (both as user equipement and 

base station)
• High Altitude Platform Stations (HAPS)
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of network operation and control. The ETSI Zero-
touch network and Service Management (ZSM) 
group is formed to accelerate the definition of 
the required architecture and solutions in order 
to achieve full end-to-end automation of network 
and service management in the context of 5G. 
The 3GPP SON concept provides the capabilities 
of self-configuration at the network deployment 
phase, self-optimization of network parameters, 
and self-healing to prevent/detect/correct network 
failures [4]. SON presents significant limitations 
relative to the challenges facing future networks. 
The challenges are summarized in Fig. 2. Table 1 
provides a comparison between the characteristics 
of SON and SEN. 

To fulfi ll the requirements of future integrated 
networks, network management should go beyond 
the concept of executing the pre-defi ned manage-
ment functions and should be able to automatically 
react to unknown environments and triggers. In 
SEN, network operation and service management 
automation will evolve through time. The network 
will not only learn the new environment but it will 
also be able to learn how to learn and what to 
learn.

The SEN framework has three main compo-
nents: the conflict avoidance and coordination 
management entity; the SEN evolution engine; and 

distributed and collaborative computing. Figure 1 
shows the SEN framework and its interaction with 
future integrated networks (e.g., I-VHetNet). The 
concept of SENs implements multi-level intelligent 
network management policies, which can perform 
across different networks, operators, and even 
ecosystems (e.g., cellular or satellites ecosystems). 
The SEN concept is supported by advances in ML 
(e.g., federated learning, online learning, continual 
learning), the availability of edge and distributed 
collaborative computing, the agility and mobility 
of network resources, and the softwarization of 
network resource management.

The fi rst component of SEN, the confl ict avoid-
ance and coordination management entity, works 
on multi-levels spanning from a single network 
domain to multiple operators and ecosystems. The 
main role of this component is to resolve confl icts 
and manage the coordination among the individual 
network entities (microscopic level) while they are 
interacting with each other in a distributed peer-to-
peer fashion, which will form the evolving structure 
and functionality of the overall SEN system (macro-
scopic level). 

The second component of SEN is the evolution 
engine shown in Fig. 3. The engine cycle starts by 
collecting data, such as network status, data traffi  c, 
and mobility patterns, through users and network 

FIGURE 1. The integrated SEN framework with the Intelligent vertical heterogeneous network (I-VHetNet) architecture. The terres-
trial layer consists of the conventional BSs. UAVs, fl ying aircrafts, and high altitude platform station (HAPS) systems are the main 
components of aerial networks. UAVs can be used either as an aerial BS or as user equipment. The I-VHetNet architecture not 
only integrates the terrestrial-aerial-satellite networks, but it also incorporates intelligence and provides a computation and caching 
platform to enable multi-level edge computing. The distributed computing resources in I-VHetNet form the core of the Distribute 
and Collaborative Computing component of SEN framework. The SEN framework utilizes such resources to fulfi l the computational 
requirements of the SEN evolution engine (i.e., to execute ML algorithms). 
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Towards 6G
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of network operation and control. The ETSI Zero-
touch network and Service Management (ZSM) 
group is formed to accelerate the definition of 
the required architecture and solutions in order 
to achieve full end-to-end automation of network 
and service management in the context of 5G. 
The 3GPP SON concept provides the capabilities 
of self-configuration at the network deployment 
phase, self-optimization of network parameters, 
and self-healing to prevent/detect/correct network 
failures [4]. SON presents significant limitations 
relative to the challenges facing future networks. 
The challenges are summarized in Fig. 2. Table 1 
provides a comparison between the characteristics 
of SON and SEN. 

To fulfi ll the requirements of future integrated 
networks, network management should go beyond 
the concept of executing the pre-defi ned manage-
ment functions and should be able to automatically 
react to unknown environments and triggers. In 
SEN, network operation and service management 
automation will evolve through time. The network 
will not only learn the new environment but it will 
also be able to learn how to learn and what to 
learn.

The SEN framework has three main compo-
nents: the conflict avoidance and coordination 
management entity; the SEN evolution engine; and 

distributed and collaborative computing. Figure 1 
shows the SEN framework and its interaction with 
future integrated networks (e.g., I-VHetNet). The 
concept of SENs implements multi-level intelligent 
network management policies, which can perform 
across different networks, operators, and even 
ecosystems (e.g., cellular or satellites ecosystems). 
The SEN concept is supported by advances in ML 
(e.g., federated learning, online learning, continual 
learning), the availability of edge and distributed 
collaborative computing, the agility and mobility 
of network resources, and the softwarization of 
network resource management.

The fi rst component of SEN, the confl ict avoid-
ance and coordination management entity, works 
on multi-levels spanning from a single network 
domain to multiple operators and ecosystems. The 
main role of this component is to resolve confl icts 
and manage the coordination among the individual 
network entities (microscopic level) while they are 
interacting with each other in a distributed peer-to-
peer fashion, which will form the evolving structure 
and functionality of the overall SEN system (macro-
scopic level). 

The second component of SEN is the evolution 
engine shown in Fig. 3. The engine cycle starts by 
collecting data, such as network status, data traffi  c, 
and mobility patterns, through users and network 

FIGURE 1. The integrated SEN framework with the Intelligent vertical heterogeneous network (I-VHetNet) architecture. The terres-
trial layer consists of the conventional BSs. UAVs, fl ying aircrafts, and high altitude platform station (HAPS) systems are the main 
components of aerial networks. UAVs can be used either as an aerial BS or as user equipment. The I-VHetNet architecture not 
only integrates the terrestrial-aerial-satellite networks, but it also incorporates intelligence and provides a computation and caching 
platform to enable multi-level edge computing. The distributed computing resources in I-VHetNet form the core of the Distribute 
and Collaborative Computing component of SEN framework. The SEN framework utilizes such resources to fulfi l the computational 
requirements of the SEN evolution engine (i.e., to execute ML algorithms). 
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Release 16: Not so distant future

Platforms Altitude range
Typical beam footprint 

size
Low-Earth Orbit (LEO) 

satellite 300 – 1500 km 100 – 1000 km

Medium-Earth Orbit 
(MEO) satellite 7000 – 25000 km 100 – 1000 km

Geostationary Earth 
Orbit (GEO) satellite 35 786 km 200 – 3500 km

UAS platform 
(including HAPS)

8 – 50 km (20 km for 
HAPS) 5 - 200 km

High Elliptical Orbit 
(HEO) satellite 400 – 50000 km 200 – 3500 km
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FIGURE 2. The three categories of satellite access use cases in 5G.

TABLE 2. Summary of 3GPP satellite related standardization activities.

• A5G system supporting both terrestrial access and satel-
lite access shall distribute user traffic between the tow
access types optimally.

• A 5G system with satellite access shall support services
with QoS indicators adapted to GEO-based satel-
lite access with RTT of 600-800 ms, MEO-based satel-
lite access with RTT of 125-250 ms, and LEO-based
satellite access with RTT of 30-50 ms [17]. These RTT
values include the delays of processing on both ground
and orbit as well as the variable propagation delays.
In satellite communication, propagation delay varies due
to changes in satellite and user positions, which lead to
different slant ranges.

• UEs with satellite access shall be able to reject or accept
connections with the satellite based on the supported
QoS indicators and the available accesses.

• A 5G system with multiple access shall have the capa-
bility of selecting the access technologies combination
that serves UEs based on access technology availability,
QoS parameters, pre-emption, and targeted priority.

IV. SATELLITE ACCESS IN 5G AND ITS ARCHITECTURE
ASPECTS
An essential requirement for the integration of satellite net-
works in 5G and beyond is to specify the architecture of
the integrated networks. The 3GPP community discussed

and presented several integration architectures that describe
different integration scenarios. However, the 3GPP archi-
tectures consider a satellite network as a component in the
5G network. It is worth investigating how the integration
architecture can be if a 5G network is considered as a compo-
nent in a satellite network. This section describes the 3GPP
architectures of integrating satellite access in 5G.
In TR 38.811 [10], the 3GPP community introduced two

types of satellite access networks:
• A broadband access network serving Very Small Aper-
ture Terminals (VSATs) mounted on a moving platform
(e.g. aircraft, vessel, train, bus). In this context, broad-
band refers to at least 50 Mbps data rate and even up
to several hundreds Mbps for downlink. The service
links operate in frequency bands allocated to satellite
and aerial services (fixed, mobile) above 6 GHz.

• Narrow- or wide-band access network serving terminals
equipped with semi-directional antenna (e.g., handheld
terminal). In this context, narrow-band refers to less than
a 1 or 2 Mbps data for downlink. The service links
operate typically in frequency bands allocated to mobile
satellite services below 6 GHz.

In terms of architecture, Figure 3 shows a comparison
between a typical satellite network physical architecture and
a 3GPP NG-RAN architecture. In the context of 5G commu-
nications, the N2 interface supports control plane signalling
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different integration scenarios. However, the 3GPP archi-
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5G network. It is worth investigating how the integration
architecture can be if a 5G network is considered as a compo-
nent in a satellite network. This section describes the 3GPP
architectures of integrating satellite access in 5G.
In TR 38.811 [10], the 3GPP community introduced two

types of satellite access networks:
• A broadband access network serving Very Small Aper-
ture Terminals (VSATs) mounted on a moving platform
(e.g. aircraft, vessel, train, bus). In this context, broad-
band refers to at least 50 Mbps data rate and even up
to several hundreds Mbps for downlink. The service
links operate in frequency bands allocated to satellite
and aerial services (fixed, mobile) above 6 GHz.

• Narrow- or wide-band access network serving terminals
equipped with semi-directional antenna (e.g., handheld
terminal). In this context, narrow-band refers to less than
a 1 or 2 Mbps data for downlink. The service links
operate typically in frequency bands allocated to mobile
satellite services below 6 GHz.

In terms of architecture, Figure 3 shows a comparison
between a typical satellite network physical architecture and
a 3GPP NG-RAN architecture. In the context of 5G commu-
nications, the N2 interface supports control plane signalling
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FIGURE 3. Comparison between the NG-RAN logical architecture and the
satellite network physical architecture.

5G, 3GPP TR 38.821 introduced the following three types
of satellite-based NG-RAN architectures:

• Transparent satellite-based NG-RAN architecture:
The satellite payload implements frequency conversion
and a radio frequency amplifier in both uplink and
downlink directions. Several transparent satellites may
be connected to the same gNB on the ground through
New Radio Uplink Unicast (NR-Uu).

• Regenerative satellite-based NG-RAN architectures:
The satellite payload implements regeneration of the
signals received from earth. The satellite payload also
provides ISLs between satellites. An ISL may be a radio
interface or an optical interface that may be 3GPP or
non-3GPP defined. The regenerative satellite-basedNG-
RAN architecture has two types:
– gNB processed payload (has both gNB Central-

ized Unit (gNB-CU) and gNB Distributed Unit
(gNB-DU))

– gNB-DU processed payload

• Multi-connectivity involving satellite-based
NG-RAN: This may apply to transparent satellites as
well as regenerative satellites with gNB or gNB-DU
function on board.

Figure 4 illustrates the aforementioned satellite access net-
work architectures and how the satellite access components
are mapped onto the 5G architecture. In the context of 3GPP
standards, N1 refers to a transparent interface that transfers
the UE information, related to connection, mobility, and
sessions, to the 5G core access and mobility management
function.

V. ADAPTING NEW RADIO FOR SATELLITE NETWORKS
The new radio access standard is developed by 3GPP for
the 5G mobile networks. Since NR was originally devel-
oped for terrestrial networks, some adaptations are required
to use NR in satellite access in order to cope with the
differences between terrestrial and satellite networks (e.g.,
high propagation delays, satellites as base stations moving
in high speeds, large footprints that may have millions of
users). Although 3GPP has introduced some adaptations and
potential solutions to meet the requirements of integrating
satellite networks in 5G, it is worth investigating the idea of
introducing a newer radio access standards that is specifically
designed for the future integrated 6G and beyond networks
(i.e., terrestrial, aerial, and space networks). This section

FIGURE 4. The three types of satellite-based NG-RAN architectures
described in [14].

discusses the constraints associated with satellite networks
and the NR impacted areas with some potential solutions.
The technical reports 3GPP TR 38.811 [10] and 3GPP

TR 38.821 [14] discussed channel modeling for satellites,
where channel model parameters were provided while taking
different user environments and atmospheric conditions into
consideration. Some design constraints are identified and the
impacted areas of NR are explained in the following two
subsections.

A. SPECIFIC CONSTRAINTS ASSOCIATED WITH SATELLITE
NETWORKS
Compared to cellular systems, there are some design con-
straints that need to be addressed when considering satellite
network deployment scenarios [10], [14]:

• Propagation channel: the channel has a different
multi-path delay and Doppler spectrum model. How-
ever, for narrowband signals and frequency bands
below 6 GHz, the time disparity may be ignored. Certain
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HAPS: A New (?) Network Element

• High altitude platform station (HAPS) 
systems operate in the stratosphere 
at an altitude of around 20 km  

• A rather well established concept
• Triggered by industry ecosystems & 

technological innovations:
• Autonomous avionics, 
• Array antennas, 
• Solar panel efficiency levels, 
• Battery energy densities
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SHARP took its maiden flight on 
September 17, 1987 at 
Communications Research Centre
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HAPS clusters serving as 
Satellite Network Interface will 
fuel the integration of 
terrestrial and satellite 
networks
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connectivity 
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Use RF and FSO communications 
together to benefit from the 
complementary characteristics:

• Mixed RF-FSO
• Hybrid RF/FSO

Cooperative communications : 

• Site diversity
• High-Altitude Platform Station (HAPS)
• HAPS Relay selection
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A Weather-Dependent Hybrid RF/FSO Satellite Communication
for Improved Power Efficiency

Olfa Ben Yahia , Eylem Erdogan , Senior Member, IEEE, Gunes Karabulut Kurt , Senior Member, IEEE,
Ibrahim Altunbas , Senior Member, IEEE, and Halim Yanikomeroglu , Fellow, IEEE

Abstract—Recent studies have shown that satellite communica-
tion (SatCom) will have a fundamental role in the next generation
non-terrestrial networks (NTN). In SatCom, radio frequency
(RF) or free-space optical (FSO) communications can be used
depending on the communication environment. Motivated by the
complementary nature of RF and FSO communication, we pro-
pose a hybrid RF/FSO transmission strategy for SatCom, where
the satellite selects RF or FSO links depending on the weather
conditions obtained from sensors and used for the context-
awareness. To quantify the performance of the proposed network,
we derive the outage probability (OP) expressions by consider-
ing different weather conditions. Moreover, asymptotic analysis
is conducted to obtain the diversity order. Furthermore, we
investigate the impact of non-zero boresight pointing errors and
illustrate the benefits of the aperture averaging to mitigate the
effect of misalignment and atmospheric turbulence. Finally, we
suggest effective design guidelines that can be useful for system
designers. The results have shown that the proposed strategy per-
forms better than the dual-mode conventional hybrid RF/FSO
communication in terms of OP offering some power gain.

Index Terms—Hybrid radio frequency (RF)/free-space optical
(FSO), outage probability, satellite communication.

I. INTRODUCTION

NEXT-GENERATION communication networks will inte-
grate space communication with terrestrial infrastructure

for heterogeneous networks. In the near future, low Earth orbit
(LEO) satellites, which are able to cross over the continents
within a few minutes, are expected to play a key role in the
next generation networks, due to their intrinsic features. LEO
satellites introduce agility to the network and enable high
throughput broadband services with low latency [1].

To address the traffic demand of these services, the use of
free-space optical (FSO) communication has attracted con-
siderable attention from both the research community and
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Fig. 1. Illustration of weather-dependent hybrid RF/FSO SatCom.

industry for satellite communication (SatCom) networks. In
fact, the FSO technology provides several advantages such as
high data rates, high bandwidth, and low cost [2].

Furthermore, FSO communication requires perfect line-of-
sight (LOS) connectivity due to its narrow transmit bandwidth.
Despite its great potential, FSO communication can expe-
rience reliability and availability issues due to atmospheric
turbulence-induced fading, and sensitivity due to weather con-
ditions including dense clouds, fog, and snow [3]. However,
the impact of rain on FSO transmission is less significant com-
pared to fog. Another major impairment for FSO links is the
pointing error, which implies the possible displacement of the
beams due to large distances, wind, pressure, and temperature
variations [4]. Thereby, several techniques have been proposed
in the literature to mitigate these adverse effects [5]. The
use of radio frequency (RF) and FSO technologies together
is an attractive solution to address this gap [6]. This combi-
nation consists of two possible configurations. The first one
is the so-called mixed RF/FSO, in which RF communication
is used at one hop and FSO communication at the other in
a dual-hop or relay-assisted networks [6], [7]. The second
combination is hybrid RF/FSO communication, in which RF
link is incorporated in parallel with FSO link. In fact, the
FSO and RF links are sensitive to non-overlapping conditions
and considered to have a complementary nature [8]. So far,
different approaches have been proposed in this context by
considering soft-switching or hard-switching techniques [9]. In
soft-switching, both links might be active depending on their
availability, whereas in hard-switching, only one link can be
active at a certain time. In the current literature, only a few

2162-2345 c⃝ 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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papers have investigated hybrid RF/FSO communication for
satellite systems [10-13] and, neither of them investigated the
practical effects of weather conditions. Furthermore, pointing
error, which is a critical metric in FSO communication, is
barely investigated in hybrid RF/FSO configuration.

Different from the current literature, we provide a reliable
communication strategy for the downlink SatCom by using
hybrid RF/FSO communication considering soft-switching
technique according to weather characteristics. More precisely,
the proposed strategy enables us to switch between RF and
FSO links depending on the weather conditions which can be
obtained from the sensors on the satellite and used for the
context-awareness. In this concept, we assume that the satel-
lite detectors are able to scan the weather conditions of the
atmosphere within the LOS continuously. Then, based on the
extracted information, the satellite determines to activate the
most favorable channel immediately. By doing so, the over-
all performance of the proposed scheme can be enhanced as
the LEO satellite is aware of the weather conditions. For the
proposed setup, FSO communication is modeled with expo-
nentiated Weibull (EW) fading as it provides a better fit than
all other models for different aperture sizes [14], whereas
shadowed-Rician distribution is used to model the RF com-
munication. Furthermore, we study the effect of atmospheric
turbulence, scattering, and non-zero boresight pointing errors,
and consider the impact of shadowing on communication
performance. We also highlight the impact of aperture aver-
aging to mitigate the effect of turbulence-induced fading and
the misalignment of the transmitting beam to achieve better
directivity. Outage probability (OP) expressions are derived
for the proposed configuration. In addition, an asymptotic
performance analysis is conducted and the achievable diversity
gain is obtained. Finally, we compare our proposed strat-
egy with the conventional dual-mode RF/FSO soft-switching
communication and provide interesting design guidelines.

The remainder of this letter is organized as follows. Signals
and system models are presented in the following section. In
Section III, our proposed scheme is presented and the expres-
sions of OP are derived. Numerical results are outlined and
discussed followed by some design guidelines in Section IV,
and Section V concludes this letter.

II. SIGNALS AND SYSTEM MODEL

In this letter, we consider a downlink SatCom, where an
LEO satellite aims to communicate with a ground station
(GS) where both RF and FSO channels are used in parallel
to transmit identical rate information, based on their avail-
ability as shown in Fig. 1. More precisely, the LEO satellite,
which is deployed with context-aware by the measurements of
sensors, can detect the weather conditions on the ground con-
tinuously and adapt to the situation immediately. Thereafter, it
uses the most favorable channel or both channels at the same
time to transmit the information and accordingly adapts the
transmission power. In the state where both channels are acti-
vated, the received signals are combined at the GS using the
selection combining (SC) technique to maximize the overall
performance. Although the maximum ratio combining (MRC)
technique provides better performance, we consider SC due
to its practical relevance. Table I summarizes the proposed

TABLE I
PROPOSED SCHEME

scheme. The signal models for both channels are given in the
following subsections.

A. FSO Channel

The received optical signal1 detected by the photodetector
of the GS is modeled as y = ζ

√
P1Ix +n . 0 ≤ ζ ≤ 1 denotes

the optical-to-electrical conversion coefficient, P1 is the trans-
mit power of the satellite through the FSO link, I indicates the
irradiance of the channel where I = I t I pI a , where I t indi-
cates the atmospheric turbulence-induced fading [16], I p is
the pointing error and, I a defines the atmospheric attenuation
that includes Mie scattering and geometrical scattering [16,
eq. (10)]. x is the transmitted signal and n is the zero-mean
additive white Gaussian noise with one-sided power spec-
tral density N0. In clear weather conditions, the geometrical
scattering is mainly caused by thin cirrus clouds, and the
attenuation coefficient is expressed as given in [16, eq. (8)],
whereas under rainy conditions, the extinction coefficient can
be expressed as Θ = 1.067R0.67 [9], where R is the rainfall
rate in (mm/h). Thus, the instantaneous signal-to-noise ratio
(SNR) at GS can be expressed as

γFSO =
ζP1I

2

N0
= γFSO I 2, (1)

where γFSO = ζP1
N0

is the average SNR of the FSO link and
E[I 2] = 1. In FSO communication, we consider the combined
effects of atmospheric turbulence, non-zero boresight error and
jitter. Thereby, the cumulative distribution function (CDF) of
I can be given as [17]

FI (I ) =
αg2

β
exp

(
−
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) ∞∑

i=0

(−1)iΓ(α)

(1 + i)!Γ(α− i)

×
∞∑

j=0

( s2g2

2σ2
s β

)j

j !
Gj+2,1

j+2,j+3

⎛

⎜⎜⎜⎜⎝
T3(i)

∣∣∣
1,

(j+1)terms
︷ ︸︸ ︷
T1 + 1, . . . ,T1 + 1

1,T1, . . . ,T1︸ ︷︷ ︸
(j+1)terms

, 0

⎞

⎟⎟⎟⎟⎠
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(2)

where α, β denote the shape parameters [14], g = weq/(2σs)
is the ratio between the equivalent beam which is given as
w2
eq = w2

z
√
πerf(v)/(2ve−v2

) and the jitter standard devia-
tion σs , η is the scale parameter [14], s presents the boresight

1For FSO transmission, we consider intensity modulated direct detec-
tion (IM/DD) as it is largely used in practical urban networks owing to its
simplicity and low cost [15].
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similarly to [16, eq. (23)]. For State-2, the OP is given as

Pout,2(γth ) = 1−
m−1∑

p=0

p∑

q=0

µ(1−m)p(−δ)p

q!φp−q+1(Pthl
N0

)p+1p!
γq
th exp(−φγth ).

(7)

Finally, the average performance of our proposed model can
be given as Pout (γth) =

∑2
k=0 pkPout ,k (γth).

B. High SNR Analysis

In this subsection, we focus on the high SNR analysis and
obtain the diversity order to gain more insights into the system
behavior. The diversity order defines the slope of the OP versus
the average SNR at asymptotically high SNR [7]. To do so,
for FSO transmission in the absence of pointing errors, we
apply exp(−x/a) ≃ 1 − x/a into the CDF of EW fading
given in [16]. Thus, after a few manipulations, the asymptotic
OP can be obtained as

P∞
out,1 =

[(
γth

(ηI a )2

)αβ
2

](
1

P1/N0

)αβ
2 = Gc(γ)−GFSO

d , (8)

where Gc = ( γth
(ηI a )2 )

αβ
2 defines the shift of the curve in SNR

and GFSO
d = αβ

2 presents the diversity order.
For the RF transmission, we need to apply Maclaurin series

expansion [23] for the exponential function and consider
only the first term as the higher-order terms are neglected.
Accordingly, the OP at high SNR can be obtained as
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. (9)

Thus, the diversity order is GRF
d = 1 as we use a single

antenna. Therefore, for State-0, where SC is adopted on the
GS, the diversity gain is Gd = max(αβ2 , 1).

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we evaluate the performance of our system
in terms of outage probability. The satellite is assumed to be
orbiting at an altitude of 500 km, communicating with a GS
located at 0.8 km above sea level. For the FSO link, λ = 1550
nm wavelength is considered, whereas the RF link is oper-
ating at f = 40 GHz. For FSO communication, the zenith
angle is set to ξ = 65◦, the nominal value of the refrac-
tive index is C0 = 5 × 10−14 [9], and the wind speed is
set to vg = 2.8 m/s for thin clouds condition. In the pres-
ence of heavy rain, we consider C0 = 0.4 × 10−14 [9],
vg = 11.176 m/s, and the specific attenuation of foggy
weather is considered as 339.62 dB/km. For the RF link,
we consider the presence of frequent heavy shadowing where
m = 1.0, b = 0.063,Ω = 8.94 × 10−4. Moreover, the trans-
mitter and receiver gains are set to GT = GR = 45 dB, the
oxygen scattering parameter ωoxy = 0.1 dB/km, and the rain
rate is given as R = 25 mm/h. Furthermore, in the presence
of non-zero boresight pointing errors, we set θ = 0.2 mrad,
σs = 20 cm and we consider different sizes of boresight and
aperture. In all simulations, the threshold is set to γth = 7
dB. Without loss of generality, we simply assume that the
different states of weather have the same probability of occur-
rence satisfying

∑2
k=0 pk = 1. Thereafter, the probabilities

Fig. 2. Outage probability performance of the proposed scheme.

Fig. 3. Outage probability performance of the proposed scheme in the
presence of non-zero boresight pointing errors.

are given as pk = 1/3 for k = 0, 1, 2. In addition, we com-
pare our proposed scheme with the conventional dual-mode
hybrid RF/FSO, in which the total power is always divided
into Pt/2 for all states. Finally, the derived expressions are
verified using Monte Carlo (MC) simulations, however, not
explicitly included to guarantee the clarity of the figure.

Fig. 2 illustrates the outage probability vs. transmit power
for the proposed strategy in the absence of pointing errors. As
we can see, the analytical results match the MC simulations
with good accuracy. In addition, the high SNR analysis shows
that for the heavy fog state, the overall gain is 1, whereas, for
the heavy rain state, the overall gain is close to αβ

2 = 2.2117.
Moreover, as can be seen in the figure, at lower transmit power,
the performance of foggy weather is better than the performance
of rainy weather. However, afterPt = 16 dBm, the performance
of rainy weather improves, causing a crossing point between
the two curves. We also compare our proposed strategy with
the dual-mode scheme. Furthermore, the figure shows that the
proposed strategy achieves better outage performance than the
conventional dual-mode hybrid RF/FSO communication.

Fig. 3 investigates the impact of non-zero boresight point-
ing errors and the impact of aperture averaging for the
proposed scheme. It is clear from the figure, that the average
performance of the proposed scheme highly deteriorates in the
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similarly to [16, eq. (23)]. For State-2, the OP is given as
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hybrid RF/FSO, in which the total power is always divided
into Pt/2 for all states. Finally, the derived expressions are
verified using Monte Carlo (MC) simulations, however, not
explicitly included to guarantee the clarity of the figure.

Fig. 2 illustrates the outage probability vs. transmit power
for the proposed strategy in the absence of pointing errors. As
we can see, the analytical results match the MC simulations
with good accuracy. In addition, the high SNR analysis shows
that for the heavy fog state, the overall gain is 1, whereas, for
the heavy rain state, the overall gain is close to αβ

2 = 2.2117.
Moreover, as can be seen in the figure, at lower transmit power,
the performance of foggy weather is better than the performance
of rainy weather. However, afterPt = 16 dBm, the performance
of rainy weather improves, causing a crossing point between
the two curves. We also compare our proposed strategy with
the dual-mode scheme. Furthermore, the figure shows that the
proposed strategy achieves better outage performance than the
conventional dual-mode hybrid RF/FSO communication.

Fig. 3 investigates the impact of non-zero boresight point-
ing errors and the impact of aperture averaging for the
proposed scheme. It is clear from the figure, that the average
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Fig. 1. Illustration of the HAPS node selection for hybrid RF/FSO
SatCom.

mitigate the performance degrading effect of point-
ing errors.

5) We derive the outage probability expressions and
validate them with Monte Carlo (MC) simulations.
Furthermore, asymptotic analysis is carried out to
understand the behavior of the proposed system at
high SNR. We also provide some important design
guidelines that can be helpful in the design of down-
link SatCom systems.

The rest of this article is organized as follows. The
signals and the system model are outlined in Section II.
Channel modeling and impairments are described in Section
III. The mathematical expressions of outage probability and
asymptotic analysis are derived in Section IV. In Section V,
numerical results are presented and discussed, followed by
design guidelines. Finally, Section VI concludes this article.

II. SIGNALS AND SYSTEM MODEL

We consider a hybrid cooperative SatCom model con-
sisting of an LEO satellite (S), a ground station (G), and
N DF HAPS (H ) nodes distributed randomly, as depicted
in Fig. 1. The direct link between S and G is unavailable
due to atmospheric attenuation or heavy shadowing. In
this setup, S selects the HAPS node denoted by (HJ ) that
can provide the best channel characteristics, based on the
channel state information feedback from the HAPS nodes
[2]. In the first hop, S transmits its information to HJ by
using FSO communication. In the second hop, HJ decodes
the optical received signal and forwards it to G by using
hybrid RF/FSO communication. At the destination node
G, the received signal with the highest SNR is selected
to maximize the utilization of the channel spectrum. In
the S-to-HJ communication, the Doppler shift effect can
be reduced to enable reliable communication. Furthermore,

TABLE I
List of Parameters

due to the appealing quasi-stationary position of the HAPS
node, tracking and precision problems can be ignored, as
well as the introduction of the Doppler shift. In this setup,
the FSO links follow EW fading, whereas the RF link is
modeled with the shadowed-Rician distribution. Table I
summarizes all the parameters used in this article.

A. Satellite–HAPS Communication

Considering the communication between S and Hj ,
stratospheric-turbulence-induced fading can be caused by
nonstatic stratospheric winds and temperature variations
due to altitude and pressure. By considering stratospheric at-
tenuation and stratospheric-turbulence-induced fading, the
received signal1 by Hj can be expressed as follows:

ySHj = ζ
√

PSISHj xS + nH (1)

where 0 ≤ ζ ≤ 1 is the optical-to-electrical conversion co-
efficient, PS is the transmit power of S, ISHj represents the
irradiance of the FSO channel, which can be expressed
as ISHj = Ia

SHj
It
SHj

, where Ia
SHj

stands for the stratospheric
attenuation, It

SHj
indicates the stratospheric turbulence, xS

denotes the transmitted signal, and nH is the zero-mean ad-
ditive white Gaussian noise (AWGN) with one-sided power

1As widely adopted in the literature, we assume a time-invariant statistical
model, so that we can obtain the outage probability in closed form.
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TABLE V
Parameters of FSO and RF Links

Fig. 2. Outage probability performance of different system models for
downlink SatCom under clear weather conditions.

less vulnerable to atmospheric attenuation. In addition, for
single-hop RF communication, the simulation results have
shown that the outage performance is highly degraded by
oxygen attenuation due to the large distance between the
satellite and the GS. Furthermore, we observe a validation
of the theoretical results with the MC simulations, which
justifies the correctness of our derivations. Finally, it is clear
from the figure that the outage probability decreases when
the transmit power increases.

Fig. 3. Impact of the HAPS selection scheme on the proposed model in
terms of outage probability.

Fig. 4. Outage probability performance of the proposed scheme for
various aperture sizes.

Fig. 3 depicts the outage probability performance for
several HAPS nodes in clear weather conditions. As we
can see from the figure, increasing N improves the overall
performance. At an outage of 10−5, we can observe a gain
of 5 dB between the curves of N = 10 and N = 1. Thus, the
proposed HAPS selection scheme significantly improves
the dual-hop HAPS-aided communication. Furthermore,
the theoretical results are validated with the MC simulations
for a different number of HAPS systems. In addition, the
figure shows that the asymptotic outage probability curves
almost match the exact outage probability curves for the
high-SNR region, which validates the obtained derivations.

B. Impact of Aperture Averaging

In this subsection, we analyze the impact of the aperture
averaging technique on the proposed model in terms of
outage probability.

In Fig. 4, we compared the performance of the proposed
setup for different aperture sizes for S-to-Hj communi-
cation under clear weather conditions for N = 3 HAPS
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in distinguishing small objects. In [11], a hybrid system
with space-borne microwave radar and ground-based radar
is proposed to eliminate the disadvantages on both applica-
tions. Space-born radar is investigated in terms of suitable
parameters for the detection of space debris in [12]. The
space-based radar concept required for the millimeter-scale
space debris object is proposed and the potential limitations
of the pulse and continuous-wave (CW) radars are discussed
in [13]. Space debris radar operating at THz frequencies
has been considered in [14]. Also, in [15], high-resolution
THz radar has been developed for proof-of-concept. On the
other hand, JRC has become a hot topic recently, as it
both reduces costs and provides spectral efficiency. In [16],
Fractional Fourier Transform based multiplexing in which
data is transported with different chirp subcarriers schemes
is presented. Information is embedded in the direction of
the linear frequency modulated (LFM) pulse, up-chirp and
down-chirp in [17]. A multifunctional ultra wideband (UWB)
communication and radar system is proposed [18]. However,
scenarios and suggested waveforms are generally handled by
focusing on automotive radars.

[19] introduced the joint space debris monitoring and satel-
lite communications concept proposing millimeter-wave cyclic
prefix orthogonal frequency division multiplexing (OFDM) as
the JRC waveform. However, due to its low power efficiency
from high peak to average power ratio (PAPR), the utilization
of OFDM in space-based JRC systems seems to be a long
shot.

B. Contributions

An optimal wireless communications setting in terms of
operational frequencies and waveform to achieve both space
debris detection and ISLs becomes necessary as the debris
problem is a growing concern. To this end, this study proposes
following solutions:

Contribution 1: In our work, we consider space debris
radar and ISLs as a pair as illustrated in Fig. 1. Space debris
detection is performed with the echoes during inter-satellite
communication. Thus, space debris can be detected in addition
to realizing communication between satellites.

Contribution 2: Space-based JRC structure at THz fre-
quencies is proposed for the first time. Since the reduced range
of the THz due to water vapor molecules becomes less of a
problem for low-orbit satellites, THz-band is a good candidate
for ISLs [4].

Contribution 3: The proposed waveform is suitable to
meet the high throughput requirement of THz ISLs, as it
is chosen as a chirp-based signal with relatively low PAPR.
In addition, since radar and communications receivers are
made of the same blocks, a two-way system can be built
without incurring an extra cost. In fact, it is suitable for
establishing a structure that will provide cooperative detection
and communication in mega-constellations.

Contribution 4: Frequency modulated (FM) radars are
known for low-cost and high-resolution measurements. As
the bandwidth increases, the resolution improves. Thus, FM

Fig. 1: Proposed space-based JRC system for satellites.

radar schemes are suitable for wideband THz communications.
However, LFM radars suffer from the delay-Doppler coupling
effect when the target is in motion. Thus, range and veloc-
ity cannot be detected unambiguously in the moving target
scenario. In this study, we proposed a triangle LFM and V-
shaped LFM (V-LFM) pulse as modulation schemes; while
the shape of the waveform eliminates ambiguity, the frequency
modulation provides a fine resolution.

The rest of the paper is organized as follows; the system
model provided in Section II. Section III details the proposed
waveform technique and its implementation at THz frequen-
cies. In Section IV simulation details and results are presented.
Possible future work is described in Section V along with
conclusion of the study.

II. SYSTEM DESCRIPTION

The LFM radar signal is generated by frequency sweeping
over a specific frequency range and period. FM radars are also
divided into groups as frequency modulated continuous wave
(FMCW) and FM pulse radar. Pulse radars send short-time
pulses and calculate the distance of the target with the time
delay between the sent and received signal. During the pulse
radar transmitting, a strong leak occurs to the receiver [20].
Since it cannot perform the receive operation during the pulse,
objects at short distances cannot be detected, also called the
blind spot problem. Therefore, pulse radar is not suitable for
space debris detection. On the other hand, chirp signals are
sent continuously in FMCW radar and echoes are received
at the same time while transmitting. Since there is no blind
spot problem in this case, FMCW can be used for space
debris detection in the space-based JRC system. However,
the diversity required for bit transfer cannot be achieved with
FMCW. Therefore, in the designed JRC system, although
the signal form is in the pulse form, the pulse duration is
adjusted so that the echo returns before the pulse period ends.
Consequently, the proposed system is FMCW radar, but from
the communication perspective, it is pulse-based. The overall

Fig. 2: Block diagram of dual space debris radar and wireless communication system for communications satellites.

Fig. 3: Proposed dual radar communication waveform.

where x̃tri-LFM(t) and x̃V-LFM refer complex envelope of trian-
gle LFM pulse and V-LFM pulse, respectively. Finally, when
combined waveforms are used, the range and velocity can
be estimated without ambiguity as in Eq. (8) and Eq. (9) by
adding/subtracting Eq. (4) and Eq. (5).

R =
Tc

8�F
(fbeat,down � fbeat,up) (8)

Vr =
�

4
(fbeat,down � fbeat,up) (9)

In the following section, the ambiguity function of the
proposed waveform will be derived. The ambiguity function
not only provides information with the range and Doppler
resolution of the waveform but also allows determining which
applications the waveform is suitable for. The ambiguity
function of a radar signal [26] can be expressed as

|� (⌧, fd)|2 =

����
Z 1

�1
x̃(t)x̃⇤(t� ⌧)ej2⇡fdtdt

����
2

, (10)

where fd is Doppler frequency of the moving target, and
⌧ time delay that depends on range. In order to facilitate
the calculation of the ambiguity function of the proposed
waveform, considering the complex envelope of up-chirp as
x̃1 and down chirp as x̃2 complex envelope of triangle LFM
can be expressed as

x̃tri(t) = x̃1(t) + x̃2(t) ;�T < t < T. (11)

For triangle LFM waveform [27] x̃tri�LFM becomes

�tri(⌧, fd) = �u11(⌧, fd) + �u22(⌧, fd) + �u12(⌧, fd)

+e�j2⇡fd⌧�⇤
u12

(�⌧,�fd),

where �u11 and �u22 is self broadband ambiguity function of
up-chirp and down-chirp, respectively. �u12 is cross broadband
ambiguity function. By adapting the formulas in [27] to
electromagnetic waves

�u11(⌧, fd) ⇡ 1

4T
p

|µ|
e
j⇡

✓
f2
d

2µ�µ⌧2

◆

{[C (x2)� C (x1)]

+ sgn(fd) · j [S (x2)� S (x1)]},

where sgn(·) is the sign function, C(·) and S(·) denote the
cosine and sine integral. x1 = 2

p
|µ|[a(⌧) � fd/(2µ)] and

x2 = 2
p
|µ|[b(⌧) � fd/(2µ)] where a(⌧) and b(⌧) can be

expressed as
⇢

a(⌧) = �T � ⌧, b(⌧) = 0 �T < ⌧ < 0
a(⌧) = �T, b(⌧) = �⌧ 0 < ⌧ < T

(12)

�u22(⌧, fd) ⇡ 1

4T
p
|µ|

e
�j⇡

✓
f2
d

2µ�µ⌧2

◆

{[C (x4)� C (x3)]

� sgn(fd) · j [S (x4)� S (x3)]},

where x3 = 2
p
|µ|[a(⌧) + fd/(2µ)] and x4 = 2

p
|µ|[b(⌧) +

fd/(2µ)]. a(⌧) and b(⌧) can be expressed as
⇢

a(⌧) = �⌧, b(⌧) = T �T < ⌧ < 0
a(⌧) = 0, b(⌧) = T � ⌧ 0 < ⌧ < T

(13)

Finally, cross broadband ambiguity function can be calculated
as

�u12(⌧, fd) =
1

4T
p
|µ|

ej⇡µ⌧
2� j⇡f2

d
2µ {[C (x6)� C (x5)]

+j [S (x6)� S (x5)]},

where x5 = 2
p
|µ|[a(⌧) + fd/(2µ)] and x6 = 2

p
|µ|[b(⌧) +

fd/(2µ)]. a(⌧) and b(⌧) can be expressed as
⇢

a(⌧) = �⌧, b(⌧) = 0 0 < ⌧ < T
a(⌧) = �T, b(⌧) = T � ⌧ T < ⌧ < 2T

(14)

These results imply that the ambiguity function is dependent
on f0, �F , and T. Range and velocity resolution can also be
determined in the ambiguity function by examining the fd = 0
and ⌧ = 0 states, respectively [27].

IV. SIMULATION RESULTS

Contemporary satellite communications are carried out in
L-band, Ka-band, V-band [4]. However, due to the next
generation wireless network demands, massive number of low-
orbit satellites operating at millimeter waves, free space optics
(FSO), and THz frequencies are being proposed for ISLs.
There are quite a few studies on ISLs, but even less work from
the JRC perspective which can address multiple issues jointly.
Since this is the initial study examining JRC in space at THz
frequencies with a LFM waveform, comparison possibilities
are quite limited. Thus, in order to understand the value of the
proposed waveform and its performance, especially from the
radar point of view, velocity and range estimation comparisons
are made with respect to the FMCW radar. The exact same
radar receiver diagram in Fig. 2 is utilized for the FMCW
waveform to ensure the validity of the comparison of the
waveforms. The Monte Carlo simulation is carried out in
MATLAB. Space debris with a constant diameter of 1 mm
is modeled as a with range Xd ⇠ N (250, 702) m and with
a relative velocity Xv ⇠ N (10, 22) km/s. Radar performance
comparison of FMCW and proposed waveform is given in the
Fig. 4.

The range and velocity accuracy are defined as

%Raccuracy = 100� |R�Restimated|
R

x100 (15)

%Vaccuracy = 100� |V � Vestimated|
V

x100 (16)

The simulation results in Fig. 4a imply that the combined
use of up and down chirp eliminates the delay-Doppler cou-
pling. The accuracy plateau value of FMCW in Fig. 4a can
be increased by decreasing the pulse duration because longer
sweep time makes the range Doppler coupling more prominent
for FMCW radar. However, due to ambiguity, it will never
go higher than the accuracy of the proposed waveform. In
velocity estimation, even though the difference in performance
decreases to 0.5% after 10 dB, the superiority of the proposed
model over the low SNR region can be seen in 4b.

Communication performance comparison is carried out with
the bit error rate (BER) versus SNR simulation of the proposed
waveform and LFM pulses (up chirp-down chirp). Carrying the
bit with a chirp waveform in both waveforms actually creates
a sort of channel coding effect. Therefore, SNR has been
normalized according to chirp length so that the comparison
between the two waveforms can be made incisively. Please
note that since the satellites are assumed to be at the low-
orbit region, some level of atmospheric effects will still occur
thus the channel effect is modeled with Rician fading with
the shape parameter K = 10, as slightly NLOS status should
be considered due to the topological reasons and maneuvers
of the satellites. Also note that after dechirping the incoming
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Fig. 4: Simulation results for radar parameter performance of
the proposed method.

signal to demodulate LFM pulse waveforms, the samples are
integrated over one chirp period.

Fig. 5 indicates that the proposed scheme starts to improve
in terms of BER performance aroud 0 dB region and as
the SNR becomes positive BER improves exponentially at
every step. It can be seen that, especially after 8 dB, the
proposed waveform performs better than the LFM pulse. This
is due to the higher sample rate necessity of the matched filter
technique [28] used to demodulate the LFM pulse. Although
the need for the high sample rate is compensated by the noise
robustness of the matched filter at the low SNR region, the
dechirping process is performed better at the high SNR region.

V. FUTURE WORK AND CONCLUSION

Space debris detection gained much more attention with the
acceleration of space operations. In this study, space debris
radar and THz satellite to satellite wireless communications
are jointly investigated from the JRC perspective and a novel
solution is proposed; radar and communications are consid-

These results imply that the ambiguity function is dependent
on f0, �F , and T. Range and velocity resolution can also be
determined in the ambiguity function by examining the fd = 0
and ⌧ = 0 states, respectively [27].

IV. SIMULATION RESULTS

Contemporary satellite communications are carried out in
L-band, Ka-band, V-band [4]. However, due to the next
generation wireless network demands, massive number of low-
orbit satellites operating at millimeter waves, free space optics
(FSO), and THz frequencies are being proposed for ISLs.
There are quite a few studies on ISLs, but even less work from
the JRC perspective which can address multiple issues jointly.
Since this is the initial study examining JRC in space at THz
frequencies with a LFM waveform, comparison possibilities
are quite limited. Thus, in order to understand the value of the
proposed waveform and its performance, especially from the
radar point of view, velocity and range estimation comparisons
are made with respect to the FMCW radar. The exact same
radar receiver diagram in Fig. 2 is utilized for the FMCW
waveform to ensure the validity of the comparison of the
waveforms. The Monte Carlo simulation is carried out in
MATLAB. Space debris with a constant diameter of 1 mm
is modeled as a with range Xd ⇠ N (250, 702) m and with
a relative velocity Xv ⇠ N (10, 22) km/s. Radar performance
comparison of FMCW and proposed waveform is given in the
Fig. 4.

The range and velocity accuracy are defined as

%Raccuracy = 100� |R�Restimated|
R

x100 (15)

%Vaccuracy = 100� |V � Vestimated|
V

x100 (16)

The simulation results in Fig. 4a imply that the combined
use of up and down chirp eliminates the delay-Doppler cou-
pling. The accuracy plateau value of FMCW in Fig. 4a can
be increased by decreasing the pulse duration because longer
sweep time makes the range Doppler coupling more prominent
for FMCW radar. However, due to ambiguity, it will never
go higher than the accuracy of the proposed waveform. In
velocity estimation, even though the difference in performance
decreases to 0.5% after 10 dB, the superiority of the proposed
model over the low SNR region can be seen in 4b.

Communication performance comparison is carried out with
the bit error rate (BER) versus SNR simulation of the proposed
waveform and LFM pulses (up chirp-down chirp). Carrying the
bit with a chirp waveform in both waveforms actually creates
a sort of channel coding effect. Therefore, SNR has been
normalized according to chirp length so that the comparison
between the two waveforms can be made incisively. Please
note that since the satellites are assumed to be at the low-
orbit region, some level of atmospheric effects will still occur
thus the channel effect is modeled with Rician fading with
the shape parameter K = 10, as slightly NLOS status should
be considered due to the topological reasons and maneuvers
of the satellites. Also note that after dechirping the incoming
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signal to demodulate LFM pulse waveforms, the samples are
integrated over one chirp period.

Fig. 5 indicates that the proposed scheme starts to improve
in terms of BER performance aroud 0 dB region and as
the SNR becomes positive BER improves exponentially at
every step. It can be seen that, especially after 8 dB, the
proposed waveform performs better than the LFM pulse. This
is due to the higher sample rate necessity of the matched filter
technique [28] used to demodulate the LFM pulse. Although
the need for the high sample rate is compensated by the noise
robustness of the matched filter at the low SNR region, the
dechirping process is performed better at the high SNR region.

V. FUTURE WORK AND CONCLUSION

Space debris detection gained much more attention with the
acceleration of space operations. In this study, space debris
radar and THz satellite to satellite wireless communications
are jointly investigated from the JRC perspective and a novel
solution is proposed; radar and communications are consid-
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Communication Aspects of NTN
• The use of spectrum in satellite layer 

(in the presence of high-mobility)
• New bands (?)

Spectrum

• Mobile users (e.g., drones )
• Base stations

Mobility 
Management

Support for diverse network 
protocols and 

heterogeneous interfaces
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T. Darwish et al.: LEO Satellites in 5G and Beyond Networks: A Review From Standardization Perspective

FIGURE 7. Additional standardization directions to achieve a full integration of SatNet and terrestrial 6G networks.

ETSI introduced a full set of standards to enable an open
ecosystem where Virtualized Network Function (VNF) can
be interoperable with independently developed management
and orchestration systems. Many major network equipment
vendors have announced support for NFV. On the other hand,
major software suppliers announced that they will be pro-
viding NFV platforms to be used by equipment suppliers to
build their NFV products. However, in the area of satellite
networks, the adoption of these concepts and technologies
is still in its infancy. Further investigations are required to
identify the requirements needed to adopt NFV in SatNets.
In addition, the support for NFV should be considered in the
design of satellite network components.

D. INTELLIGENT MANAGEMENT AND ORCHESTRATION
AI and ML will be an integral part of 6G networks, espe-
cially at the level of network management and orchestra-
tion. ETSI launched the Industry Specification Group (ISG)
on Experiential Networked Intelligence (ENI) in February
2017 [37]. ENI is an entity that provides intelligent net-
work operation and management recommendations and/or
commands to an assisted system (i.e., an existing system
leveraging the intelligent capabilities of ENI). ENI has two
operation modes: Recommendation mode and Management
mode. The former provides insights and advice to the operator
or assisted system, whereas the latter may also provide policy
commands to the assisted system [38]. In another effort to
advance network automation, 3GPP introduced the concept
of SON [39] where AI/ML can be applied to automate sev-
eral network management functions. However, both ENI and
SON concepts are still limited to the 5G context and may
not be sufficiently agile in coping with the immense levels
of complexity, heterogeneity, and mobility in the envisioned
beyond-5G integrated networks. To support the intelligence
and autonomous nature of 6G, the concept of Self-Evolving
Network (SEN) was presented in [40], [41]. SEN considers

the integrated architecture of 6G and beyond. SEN utilizes
AI/ML to make future integrated networks fully automated,
and it intelligently evolves with respect to the provision, adap-
tation, optimization, and management aspects of network-
ing, communications, computation, and infrastructure nodes’
mobility. SEN can be adopted to support real-time deci-
sions, seamless control, intelligent management in SatNets
to achieve high-level autonomous operations. Nevertheless,
SEN is quite a recent concept and has not yet been considered
by standardization organizations.

E. FAULT-TOLERANCE SOLUTIONS
Satellite network environment is very vulnerable to faults
and malfunctioning that are difficult to fix while the satellite
being in space. Satellites communication functionality might
get disabled which makes the satellite be as a dead node in
the network. In addition, upgrading a satellite base station
is not as easy as upgrading a terrestrial base station [42].
Moreover, the satellite scarce power supply my disturbs
the normal telecommunication functionality. Therefore, the
satellite network design should be based on the concept
of fault-tolerance in order to maintain the survivability of
the network. In addition, the satellite related standardization
activities should support the fault-tolerance concept in future
densely deployed satellite networks.

F. DYNAMIC SPECTRUM MANAGEMENT
Dynamic and efficient spectrum management is important
in SatNets due to the pervasive growth of wireless commu-
nications and the ever-increasing demands by bandwidth-
hungry UE [43]. The problem of spectrum scarcity is one
of the key challenges facing future SatNets as more satel-
lites are deployed and more applications are emerging. The
factors of unpredictable user mobility and satellite mobility
make dynamic spectrum allocation necessary but difficult as
well. Dynamic spectrum allocation needs to be considered
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FIGURE 1. The scope of this study.

have severe spreading in delay and Doppler shifts on the
transmitted signal (e.g., with different elevation angles, the
Rician K factor may be reduced to as low as 2 dB, and
the delay spread may reach 100 ns). Moreover, a gateway
on Earth has a very limited communication period with
an LEO satellite. Therefore, there is a pressing need for
efficient mobility management protocols to provide seam-
less communication between the satellite networks and the
Internet [5].

IETF introduced Mobile Internet Protocol (MIP) (i.e.,
MIPv4 and MIPv6) and Proxy Mobile Internet Protocol
version 6 (PMIPv6) to provide mobility management in ter-
restrial IP networks. IETF’s IP-based mobility management
protocols aim to maintain the Transport Control Protocol
(TCP) connection between a mobile node (MN) and a static
access point (AP) or base station (BS) while reducing the
effects of location changes of the MN. This is achieved
through the interrelated mobility management components,
namely handover management and location management.
Handover management is the process by which an MN keeps
its connection active while moving from one AP to another.
Location management has two components, location update
which is the process of identifying and updating the logical
location of the MN in the network; and data delivery (i.e.,
routing), which forwards the data packets directed to the
MN to its new location. This study focuses on the location
management side with its two components, location update
(binding update) and data delivery (routing), as described in
Figure 1.

Due to the differences between terrestrial networks and
SatNets in terms of topology, processing power, and com-
munication links, the application of standard IP mobility
management protocols—and more specifically their loca-
tion management techniques—to satellite networks has some
drawbacks [3]. IETF’s IP-based location management tech-
niques were designed to manage the logical location of MNs
(terminals) and deliver their data to wherever they move.
However, in LEO SatNets, both terminals and BSs (satel-
lites) move, which creates new challenges that cannot be
fully addressed using existing IETF location management
techniques. In addition, IETF location management tech-
niques are intended to work in centralized units that manage
both control and data traffic (i.e., routing) [6]. As a result,

IETF location management techniques have poor scalabil-
ity and may create processing overloads in core network
devices. Moreover, even in terrestrial networks, such stan-
dards pose several problems because of the low granularity of
their mobility management and their suboptimized routing.
What makes things more challenging is the characteristics
of future LEO SatNets, such as frequent and rapid topology
changes due to their high speeds and dense deployment in
a network of mega-constellations—and their complete inte-
gration with aerial, terrestrial, and deep-space networks. In
addition, future LEO SatNets are expected to service highly
populated areas where thousands or millions of heteroge-
neous user devices can communicate directly with an LEO
satellite (without going through a gateway). Hence, future
LEO SatNets will create unprecedented mobility scenarios
that require innovative solutions.

To overcome the limitations of IETF IP-based location
management, existing studies on location management for
LEO SatNets have followed one of three approaches. The
first approach attempts to enhance or extend the IETF IP-
based location management techniques [7], [8]. The second
approach is based on splitting the two roles of IP addresses
(i.e., locator/identifier split) [9], [10]. The third approach uses
a software-defined network (SDN) for topology (location)
management [11], [12]. However, existing studies have not
considered the unique characteristics of future LEO SatNets,
and the adoption of the existing solutions—as they are—
will not be adequate. By pointing out the advantages that
existing studies have and what is required for future LEO
SatNets, this study aims to steer the development of location
management needed for future SatNets.

A. EXISTING SURVEYS AND TUTORIALS
A number of excellent surveys and tutorials related to mobil-
ity management have been published over the past several
years. These include discussions of IETF’s mobility manage-
ment protocols and their proposed enhancements, reviews of
available location/identifier split architectures and mapping
systems, and various surveys on the exploitation of SDNs
for mobility management purposes.

A comprehensive tutorial on mobility management in data
networks was introduced in [13]. In [14], the authors dis-
cussed suitability of the existing mobility management solu-
tions introduced by standardization bodies (e.g., IEEE, IETF,
3GPP, and ITU) to be applied to 5G and beyond networks.
In [15] several mobility management issues and potential
solutions were discussed in the context of 5G networks with
a focus on handover management aspects. Reference [16]
introduced a review on the architectures, designs, bene-
fits, and potential drawbacks of the Host Identity Protocol
(HIP), which is an inter-networking architecture and an
associated set of protocols developed at the IETF. The
mobility management services in mobile networks were
surveyed in [17]. For networks with self-organizing and self-
configuring characteristics, the applicability of IETF mobility
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UNPRECEDENTED LOCATION MANAGEMENT
SCENARIOS

• LEO Satellite–Based Mobile BSs Moving at 
High Speeds and Service Thousands of User 
Devices

• An LEO Satellite Can Be Connected to Two or 
More Networks Simultaneously

T. Darwish, G Karabulut Kurt, H Yanikomeroglu, G. Lamontagne, and M. Bellemare, “Location Management in Internet Protocol-
based Future LEO Satellite Networks: A Review,” in IEEE Open Journal of the Communications Society, vol. 3, June 2022.
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Cross-Layer Design 

• How to share the information among the layers ?
• benefits by optimizing the different layers, but it requires the availability of 

the information of each layer. 
• It is challenging  to design the interactions and sharing of the information 

among the different layers. This needs further investigation. 

• Combined direct and indirect design
• Combining the direct and indirect cross-layer design can be utilized to design 

an optimized system with high levels of adaptability and scalability. 
• However, this requires developing sophisticated  models that consider the 

different parameters, status, and operating conditions. 
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been orbiting the Earth for more than 40 years [15]. Specifically,
surveying the Earth from space is an effective strategy in wars and
gathering information about other countries [15]. With the revolution
in space technology, we highlight the idea of eavesdropping on satellites
for next-generation networks. To the best of the authors’ knowledge,
this threat has not yet been studied in the literature.

The current literature demonstrates a growing interest in security
issues for FSO communication systems. However, these works are
limited to optical terrestrial communications. Only [16] investigated the
optical eavesdropping in non-terrestrial networks by considering both
HAPS and UAV eavesdropping. Motivated by the significant gap in PLS
performance for optical communications in non-terrestrial networks,
we make the following contributions:! We introduce a new approach for optical satellite eavesdropping,

where a spacecraft is eavesdropping on an LEO satellite.! We investigate the secrecy performance of optical communication
under two realistic scenarios. At first, we assume a downlink
(DL) communication between an LEO satellite and a HAPS
node. Secondly, we consider a UL communication from the
HAPS to the satellite. In both cases, we assume that the external
observer (eavesdropper spacecraft), which intends to intercept the
communication, is located very close to the satellite, within the
convergence area of its optical beam.! We study the impact of power leakage and adverse stratospheric
conditions on secrecy performance.! We obtain novel closed-form expressions of the secrecy outage
probability (SOP) and average secrecy capacity (ASC) for ex-
ponentiated Weibull (EW) fading while considering the amount
of power captured by the eavesdropping spacecraft. In addition,
secrecy throughput (ST) analysis is provided.

The remainder of the paper is organized as follows. Channels and
system models are presented in Section II. In Section III, the secrecy
performance expressions are provided. Numerical results are outlined
in Section IV followed by a related discussion. Finally, Section V
concludes the paper.

II. CHANNELS AND SYSTEM MODEL

In this paper, we propose a novel scenario of eavesdropping attacks
in space. As shown in Fig. 1, we assume an LEO satellite S that
communicates with a HAPS H node in the presence of sophisticated
eavesdropping spacecraft E located very close to S. We first consider
S to H DL communication, where E is within the convergence area of
the optical beam of S so that it can eavesdrop on the transmitted beam.
Secondly, we consider H to S UL communication, where E tries to
capture the H’s information. Due to the HAPS node’s quasi-stationary
position, tracking and accuracy issues, and the Doppler shift can be
tolerated for the communication betweenS andH. In both scenarios,E
can capture only a small fraction re of the transmitted signal, whereas
the intended receiver collects more power resulting in a fraction rb,
where re + rb ≤ 1. Note that the parameters rb and re depend on the
aperture size of each device along with the beam divergence angle.
In the analysis, we assume that the locations of satellite, HAPS, and
eavesdropper spacecraft can be used to extract the channel’s physical
model, which is representative of the channel state information [17].

For S to H communication scenario, the received signal at H
can be given as yH =

√
rbPSIHxS + nH, and for H to S commu-

nication, the received signal at S can be written similarly as yS =√
rbPHISxH + nS . For both scenarios, the received signals at E sent

by node j, j ∈ {S,H} can be written as yE =
√

rePjIExj + nE .
PS , PH denote the transmit power of S and H respectively, IH, IS ,
IE indicate the received irradiance at H, S, and E respectively. xS ,

Fig. 1. Illustration of the satellite eavesdropping.

xH are the transmitted symbols with unit energy, and nH, nS indicate
the additive white Gaussian noise (AWGN) with one-sided noise power
spectral densityN0. Thus, the instantaneous signal-to-noise ratio (SNR)
at H can be given as

γH =
rbPS

N0
I2
H = γHI

2
H, (1)

where γH = rbPS
N0

defines the average SNR at H with E[I2
H] = 1,

and the instantaneous SNR at S and E can be expressed similarly after
changing the subscripts asγS = rbPH

N0
I2
S = γSI

2
S andγE =

rePj

N0
I2
E =

γEI
2
E with E[I2

E ] = E[I2
S ] = 1. We assume that the turbulence-

induced fading follows EW distribution. EW fading has been shown to
be the best fit for various aperture diameters for weak-to-strong turbu-
lence levels, especially when aperture averaging is used to mitigate the
impacts of turbulence and increase overall performance [18]. Hence, the
probability density function (PDF) of the irradiance I for node k where
k ∈ {S,H, E} is expressed as in [18,eqn. 11]. Furthermore, the cumu-
lative distribution function (CDF) ofγk can be expressed as [19, eqn. 9]

Fγk
(γ) =

∞∑

ρ=0

(
αk

ρ

)
(−1)ρ exp

⎡

⎣−ρ

(
γ

η2
kγk

) βk
2

⎤

⎦ , (2)

whereαk,βk, andηk indicate the shape parameters and the scale param-
eter, respectively, which depend on the scintillation index [18]. For the
DL communication, the scintillation index σ2

IDL
at H can be written as

σ2
IDL

= exp

⎡

⎣ 0.49σ2
R

(1 + 1.11σ
12
5
R )

7
6

+
0.51σ2

R

(1 + 0.69σ
12
5
R )

5
6

⎤

⎦− 1, (3)
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Fig. 2. Reference architecture for future SpaceNets. EOSN: Earth Orbit Satellite Network, SN: Space Node, SNT: Space Network Terminal, ISNL: Inter SN
Link, DTN: Delay Tolerant Network, ISS: International Space Station.

2) Interplanetary network consisting of Small Satellites: An interplanetary network (IPN) can be established by placing
hundreds and thousands of small satellites which are equipped with propulsion, telecommunication systems, and sensor payloads
in the solar system [15]. In this vision, interplanetary superhighway (Fig. 3), which is a network of gravitationally determined
paths within the solar system that a spaceship may follow with relatively minimal energy, can be used to deploy small satellites.
In interplanetary highway, Lagrange points are used so that paths across the space may be altered with little or no energy. In
this envisioned IPN model, the interplanetary highway is used to carry multiple number of small satellites to the Lagrange
points near the Moon, Mars, Jupiter, and other planets’ orbit where both the planet’s and sun’s gravitational force provides the
centripetal force for spacecraft to orbit. This technology have already been examined by the Jet Propulsion Laboratory (JPL)
and the Japanese Space Agency. In IPN, small satellites are favorable as they provide important advantages. As for example,
CubeSats which is an example of small satellites, are inexpensive, can be easily deployed, and quickly adopt the new space
technology. Furthermore, when compared to other counterparts, they have the potential to give excellent scientific results with
low cost. In this model, CubeSats will be deployed with an optical communicator, attitude determination system, and solar
panels so that they could operate autonomously. The application areas of the envisioned IPN structure can be summarized as
four-fold : 1) High speed communication can be established between Earth and Mars. 2) Massive number of CubeSats deployed
in the Lunar orbit can detect exoplanets where life can exist. 3) The charged particles streaming off the sun can be detected,
and analyzed. 4) The delay free communication infrastructure can be organized for the mining purposes in space [16].

3) Solar System Internet: The requirement for robust SpaceNets will become unavoidable as humans expand their boundaries
further into deep space. Over the next 100 years, the Interplanetary Networking Special Interest Group (IPNSIG) ambition is
to extend networking to space, moving away from a point-to-point and bent-pipe communication design toward a store-and-
forward system in which many nodes and networks communicate in an automated way. As described in [17], this concept is
referred to as the Solar System Internet (SSI) and is conceived as a network of regional internets that implement a generalized
suite of protocols in order to achieve end-to-end communication through multiple heterogeneous regions in a variable-delay
and frequently disrupted environment. This suite of protocols is known as Delay/Disruption Tolerant Networking (DTN) and,

2023-11-20 Workshop on Communication in Extreme Environments for 
Science and Sustainable Development

53

M. Y. Abdelsadek, A. U. Chaudhry, T. Darwish, E. Erdogan, G. Karabulut Kurt, P. G. Madoery, O. Ben Yahia, and H. Yanikomeroglu, 
“Future Space Networks: Toward the Next Giant Leap for Humankind,” IEEE Transactions on Communications, vol. 71, no.
2, February 2023, (Invited Paper).

Deep-Vertical 
Networks



Conclusions

•Simple repetition of the terrestrial evolution in space 
will not be efficient

§ New designs should target: 
oSustainability
oFlexibility
oAutonomy
oand also security
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