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Summary
The spread of new forms of technologies such as the Internet of Things (IoT) and
Information and Communication Technology (ICT) will affect the future of the
mobile wireless connections. In the society of the future everything and everyone
will be interconnected: it is expected that by 2025 the number of connected devices
worldwide will rise to 75 billion. This increase translates into rapid growth in
mobile traffic, which poses two major problems. First, the new mobile networks
require more spectrum and vastly more spectrally efficient technologies. Second,
this growth raises doubts about the sustainability of mobile communications.
Industrial and academic synergies have begun to conceptualize the next generation
of wireless communication systems (i.e., sixth generation, (6G)) to cope with these
issues. However, the practical implementation of this new wireless communication
system presents some technical challenges. To address some of these issues, 6G
research is currently focusing on the development of Non-Terrestrial Networks
(NTNs) to promote ubiquitous and high-capacity global connectivity. With NTNs
it is envisioned a three-dimensional vertical heterogeneous architecture in which
terrestrial infrastructures are complemented by non-terrestrial stations including
Unmanned Aerial Vehicles (UAVs), High Altitude Platforms Stations (HAPSs) and
satellites.
In this thesis, we consider a portion of a future generation Radio Access Network
(RAN), in which we imagine integrating the ground network infrastructure of a
densely populated area like the city of Milan (Italy) and its suburbs, with an air
network formed by one HAPS. We plan to offer coverage for 16 traffic zones that
include urban and suburban areas of the city of Milan, each different from the
others in terms of surface extension, typical activities and traffic patterns. From
each traffic zone, we consider a sample cluster of base stations (BSs) powered with
photovoltaic (PV) panels, equipped with energy storage units, and a connection
to the power grid. Our study examines the impact of different strategies, such as
Resource on Demand (RoD) and HAPS Offloading strategies, to reduce the cluster
energy consumption and improve the Quality of Service (QoS) by adapting the
cluster capacity to traffic conditions. Using a detailed simulator, the results show
that by applying the RoD and HAPS Offloading strategies at the same time, with
iv

the presence of Renewable Energy (RE) supply both for the ground infrastructure
and for the HAPS, significant savings can be obtained in both energetic and
economic terms. Moreover the use of Machine Learning (ML) algorithms allow to
adapt the network capacity according to the traffic, increasing the QoS.
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Chapter 1

Introduction
This Chapter is about the mobile wireless connections of the present and how the
development and spread of new forms of technologies such as the Internet of Things
(IoT) and Information and Communication Technology (ICT) will affect the future.
Section 1.1 introduces a perspective on the global growth of wireless connectivity and how this trend associated with the theme of urbanization has led to the
development of the concept of smart society.
Section 1.2 gives an overview of the development of mobile cellular network
technologies, starting from the so-called pre-cellular or 0G systems up to today’s 5G.
Section 1.3 describes the three main use cases for the capabilities of 5G technologies defined by the International Telecommunication Union - Radiocommunication
Sector (ITU-R).
Section 1.4 discusses some emerging challenges of 5G, starting from the increase
in bandwidth demand and consequent demand for more spectrum, passing through
the problem of the proliferation of Base Stations (BSs) and up to the difficulties of
the physical network infrastructure.
Section 1.5 introduces the concept of sixth generation networks, discussing which
emerging trends and services have led industrial and academic to talk about next
generation wireless communication systems. Then some of the core requirements of
6G are discussed, and finally some of the candidate technologies with a particular
focus on Non-Terrestrial Networks (NTNs).
Finally, Section 1.6 explains the objective of this thesis work and how the rest
of the thesis is organized.
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Introduction

1.1

A hyper-connected future

The global wireless connectivity market is estimated to grow from USD 69.00
billion in 2020 to USD 141.10 billion by 2025, at a Compound Annual Growth
Rate (CAGR) of 15.4% [1]: this growth in the global market is closely related to
the spread of the IoT and ICT as basic technologies of the modern world. The IoT
is a growing network of objects that communicate between themselves and other
internet-enabled devices over the Internet [2]. Nowadays, the interconnection of
devices embedded in everyday objects is essential to obtain information from the
devices, connect with others and share data quickly through mobile devices and
other electronic devices [3]. This information is transmitted, received and processed
through ICT methods: today, ICT is deeply intertwined with almost every aspect of
economic and social activities, and it continues to hold the promise of tremendous
innovation and growth opportunities going forward if the right enabling conditions
are put in place [4].
The concept of global growth of wireless connectivity has a parallel connection
with the concept of urbanization, which is the gradual shift in residence of the
human population from rural to urban areas. The urbanization combined with the
overall growth of the world’s population could add another 2.5 billion people to urban areas by 2050, with an overall projection of about 68% of the world population
[5]. This global trend has inevitable environmental and social consequences. To
address the many challenges that urban population growth poses and to achieve
global sustainable development goals, smart city initiatives have often been cited
as one of the best strategies [6].
According to the European Commission definition, a smart city is a city that
adopts technological solutions to improve the management and efficiency of the
urban environment. The smart city concept is part of the broader smart society
principle: smart societies will make a more intelligent use of ICT to transform
cities and improve the quality of life of their inhabitants, to produce and distribute
energy more efficiently, to solve fundamental health , environmental, and transport
challenges. Therefore, smart societies have strong potential to improve the quality
of life and they are no longer a futuristic promise but a reality. Several governments
have started ambitious smart city projects around the world to address some of the
challenges brought about by the rapidly evolving digital world and the fast growth
of urbanization [7].
2
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Currently, the smart city concept has leveraged mostly wired and wireless conventional networks. However, the development of future smart cities is increasingly
being geared toward the provision of smart services. To implement the smartness
in a smart city, IoT technologies, ICT solutions and their corresponding service
delivery models, and various underlying wireless access technologies, should all be
seamlessly integrated [8].
Under these assumptions, in the society of the future everything and everyone
will be interconnected: based on the trends of the IoT, it is expected that by 2025
the number of connected devices worldwide will rise to 75 billion [9]. The growing
number of connected "things" defines the problem of increasing data traffic: the
term massive IoT perfectly describes the huge amount of IoT sensors and devices
that will communicate with each other. In this scenario, the network solution
capable of connecting millions of devices must ensure scalability and versatility,
offering high capacity and efficiency, providing advanced functions to facilitate the
expansion of new use cases.

1.2

An overview of existing mobile networks

Commercial wireless communications service began in 1979 and the release rate for
a new communications technology is one per decade. Prior to 1979, wireless communications services were reserved for professional services only, and systems using
this technology are retroactively defined as pre-cellular systems or zero generation
(0G) systems.
In 1979, the first cellular system in the world became operational by Nippon
Telephone and Telegraph in Tokyo, Japan. First generation (1G) cellular devices
were analog and used Advanced Mobile Phone System (AMPS) technology, first
launched in the United States and which used separate frequencies for each conversation. The AMPS system was assigned a bandwidth of 40 MHz in the 800-900
MHz frequency range and all systems offered handover and roaming capabilities,
but cellular networks were unable to interoperate between countries.
In the early 1990s, with the transition from analogue to digital technology, there
was talk of second generation (2G) cellular networks. 2G systems used digital
mobile access technology such as Time Division Multiple Access (TDMA) and
Code Division Multiple Access (CDMA). Briefly, TDMA divides signal in time slots
while CDMA allocates each user a special code to communicate over a multiplex
physical channel. The most common 2G technology was the TDMA-based Global
System for Mobile Communications (GSM): it makes international roaming very
3
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common between mobile phone operators, enabling subscribers to use their phones
in many parts of the world. Two technologies to enhance the second generation of
cellular networks were General Packet Radio Service (GPRS) and Enhanced Data
rates for GSM Evolution (EDGE). Through GPRS there has been a shift from
circuit to packet switching to increase the supported data rates: through traditional
circuit switching, data transfer was billed per minute of connection time, regardless
of whether the user was actually using capacity or was in a data transfer switch
state typically was charged per megabyte of traffic transferred. This has allowed
the spread of services such as access to Wireless Application Protocol (WAP),
Multimedia Messaging Service (MMS) and for Internet communication services
such as e-mail and access to the web. EDGE technology was an extended version
of GSM which has enabled clear and fast transmission of data and information
as an extension compatible with previous versions of GSM. For this, its use in
next-generation cellular networks was preferred over GSM due to its flexibility in
carrying packet-switched data and circuit-switched data.
With an ever-increasing demand to remove the distinction between fixed and
mobile networks in order to access the Internet from anywhere, the development of
third generation (3G) cellular networks was necessary. The first commercial 3G
networks were introduced in mid-2001 [10]: they used wideband-CDMA technology
also called Universal Mobile Telecommunications System (UMTS), based on the
GSM network. UMTS was based on the ITU which formulated a plan to implement
the global frequency band in the 2000 MHz range, which will support a single
ubiquitous wireless communication standard for all countries of the world but unlike
EDGE, UMTS requires new BSs and new frequency allocations. 3G technologies
enable network operators to offer users a wider range of more advanced services
like wide area wireless voice telephony, video calls, broadband wireless data, mobile
television, Global Positioning System (GPS) and video conferencing, while achieving greater network capacity through improved spectral efficiency. Reinforcement
technologies were also developed for 3G cellular networks, among which High Speed
Packet Access (HSPA) was particularly relevant. HSPA means the union of two
mobile protocols: (i) High Speed Packet Downlink Access (HSDPA), which is a
wideband-CDMA downlink packet data service with data transmission up to 8-10
Mbps and 20 Mbps for Multiple-Input and Multiple-Output (MIMO) systems over
a bandwidth of 5 MHz in wideband-CDMA downlink; and (ii) High Speed Packet
Uplink Access (HSUPA), which is a complementary service to HSDPA that has
improved advanced person-to-person data applications with higher and symmetrical
data rates, such as mobile email and real-time person-to-person games. With 3G
we moved from voice-centric systems to data-centric systems, defining the entry
into the new era of smartphones.
4
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The fourth generation (4G) of cellular networks was first released in 2009 in
Oslo and Stockholm. The technology behind 4G is not a simple upgrade of the
CDMA present in 3G, as it is based on Orthogonal Frequency-Division Multiplexing
(OFDM) mobile access which is a single-band receiver with the advantages of reducing or eliminating the interference between the signals, improving the spectrum
utilization and realizing low cost. The feature of 4G is that its communication
speed is much faster than that of 3G with a data rate up to 1 Gbps for stationary
users and a data rate up to 150 Mbps for moving users. It’s based on Long Term
Evolution (LTE), which is a standard for wireless broadband communication for
mobile devices and data terminals, based on the GSM/EDGE and UMTS/HSPA
technologies. Unlike previous cellular networks, 4G technologies have introduced
other spectra and frequency bands, namely those around 600 MHz, 700 MHz, 1.7
GHz, 2.1 GHz, 2.3 GHz and 2.5 GHz, with a bandwidth between 1.25 MHz and
20 MHz. 4G technology can offer support for interactive multimedia, voice, video
streaming, the Internet and other broadband services.
According to the GSMATM Global Mobile Trends 2021 Report [11], by 2025, 4G
will account for 57% of the global mobile customer base, by far the largest share.
Smartphone and 4G adoption are rising in many high growth emerging markets.
For example, in India, the world’s second most populous country, smartphone
penetration is now approximately 70%, with 85% of these smartphones running on
4G networks. This trend will continue over the next five years as smartphone prices
fall and there is an increase in availability of local content to make the internet
more relevant to users.

Figure 1.1: The timeline of mobile networks
5

Introduction

Despite the forecast of a consistent penetration of 4G technology in the world
population, fifth generation (5G) mobile networks have started to be implemented
as early as 2019, as can be seen from Figure 1.1. This because the existing 4G
network was primarily designed to enhance mobile data services, however it still
has numerous limitations, including poor support for concurrent connections, high
power consumption, and too high a price per bit. 5G is able to unleash the potential
of the IoT and become a driving force for the smart city, addressing and overcoming
these problems. Moreover, the transition from 4G to 5G will serve both consumers
and multiple industries: with global mobile data traffic expected to grow eight times
by the end of 2024 [12], there is a need for a more efficient technology, higher data
rates and spectrum utilization. New applications such as 4K/8K video streaming,
virtual and augmented reality and emerging industrial use cases will also require
higher bandwidth, greater capacity, security, and lower latency.

Figure 1.2: The world coverage map of commercial 5G networks as of 30 September
2020 [11]
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5G technology operates over a wide frequency range of the radio spectrum,
offering a wider range than previous cellular networks. 5G needs spectrum across
low, mid and high spectrum bands to deliver widespread coverage and support
a wide range of use cases [13]. By low bands we mean the spectrum below the
frequency of 1 GHz: Sub-1 bands support widespread coverage, even indoors, in
urban, suburban and rural areas. Mid-bands are also called Sub-6 bands because
they operate at frequencies below 6 GHz and offer a good mix of coverage and
capacity benefits. The Sub-1 and Sub-6 spectra are incredibly important, because
these low-frequency radio waves can travel long distances and penetrate walls and
obstacles: this means that carriers can implement much larger networks without
having to build a vast number of BSs. Finally, there’s millimeter Wave (mmWave),
which refers to the ultra-high-frequency radio waves, between 30Ghz and 300Ghz,
that are used to supercharge 5G connections and deliver download speeds of multiple
gigabits per second.
It is important to point out that these frequency bands have been defined by the
Third Generation Partnership Project (3GPP) as frequency bands for the 5G New
Radio (5G-NR) air interface, based on guidance from both the ITU and regional
regulators. In a nutshell, the 5G-NR is a new radio frequency portion of the circuit
between the mobile device and the active BS being developed for 5G designed
to significantly improve the performance, flexibility, scalability and efficiency of
current mobile networks, and to get the most out of the available spectrum, be
that licensed, shared or unlicensed, across a wide variety of spectrum bands [14].
Thus, it is clear that to ensure good coverage, high data rate, and low latency, 5G
deployment requires the use of both lower frequency and higher frequency. For this
reason, as reported in [15], considering that the existing 4G networks will be in
service for the near/medium future, 5G-NR distributed at lower frequencies must
coexist well with LTE in the same frequency band.
Taking up again what is reported in [11], despite the global pandemic and associated
economic constraints, new 5G networks continue to be deployed. As can be seen
from Figure 1.2, as of 30 September 2020 there were 113 operators with a 5G
network in 48 countries. These operators together represented 40% of the global
mobile subscriber base, presenting a large addressable audience and settlement is
expected with a stable rate of 8 new 5G networks per month.

1.3

5G and beyond’s main use cases

The ITU-R has defined three major use cases for the capabilities of 5G technologies and beyond [16]: (i) Enhanced Mobile Broadband (eMBB); (ii) Ultra
Reliable Low Latency Communications (uRLLC); and (iii) Massive Machine Type
Communications (mMTC).
7

Introduction

Figure 1.3: The use-cases of 5G and beyond [16]

Firstly, eMBB addresses human-centered use cases for accessing multimedia
content, services and data. In a future vision, this scenario will include new application areas and requirements in addition to existing mobile broadband applications
for improved performance and a smoother user experience. It covers a range of
cases, including large area coverage and hotspots: for the large area coverage case,
you want seamless coverage and medium to high mobility, with a user data speed
significantly improved over existing data rates; while, for the case of hotspots, i.e.
for an area with a high density of users, a very high traffic capacity is required,
while the mobility requirement is low and the user’s data speed is higher than that
of the coverage of an extended area.
Furthermore, uRLLC refers to using the network for mission critical applications
that require uninterrupted and robust data exchange: some examples include wireless control of industrial manufacturing or production processes, remote medical
surgery, distribution automation in a smart grid, transportation safety, etc. This
use case has stringent requirements for capabilities such as throughput, latency
and availability.
Finally, mMTC is characterized by a very large number of connected devices
typically transmitting a relatively low volume of non-delay-sensitive data. So,
this technology aims to provide connectivity to a huge number of devices such as
sensors that typically transmit and receive only small amount of data sporadically.
An mMTC network is designed to be latency-tolerant, efficient for small data
blocks to be transmitted or received, and to be sent on low bandwidth pipes. The
main performance requirement for a mMTC network service is to support a high
connection density, of up to 1 million devices per square km, which is 10 times the
maximum amount possible with 4G LTE.
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These three use cases are intended to be the top three application performance
indicators for 5G and beyond, so future technologies need to be envisaged to cover
these indicators.

1.4

Some emerging challenges

The Ciscor Annual Internet Report (2018–2023) [17], reports that 5G devices and
connections will be over 10 percent of global mobile devices and connections by
2023 and the fastest growing mobile device category is Machine To Machine (M2M)
followed by smartphones. The mobile M2M category - which is directly connected
to the growth of the IoT - is projected to grow at a 30% CAGR from 2018 to 2023,
while smartphones will grow at a 7% CAGR within the same period. Focusing on
global network performances, the average mobile network connection speed will be
43.9 Mbps by 2023 and 5G speeds will be 13 times higher than the average mobile
connection by 2023, reaching an average speed of 575 Mbps. Altogether, over
70% of the global population will have mobile connectivity by 2023 which means
a significant increase in bandwidth demand that requires the need for optimized
bandwidth management.
Moreover, the increased capacity and data rates due to 5G require more spectrum and vastly more spectrally efficient technologies, beyond what used in 3G and
4G systems [18]. Surely, some additional spectrum derives from the mmWave band,
which poses some difficulties due to the intrinsic characteristics of the propagation
of millimeter waves: these radio waves propagate over much shorter distances than
those of the Sub-1 and Sub-6 bands. Hence, the coverage of a specific area requires
a large number of BSs which increase the complexity of the infrastructure as well
as the need to install radio equipment on road services such as poles, traffic lights etc.
The installation of new 5G BSs throughout the territory is also necessary to
support all those services offered by this technology. One of the problems arising
from the proliferation of 5G BSs stems from the common understanding among
the population that such installations could lead to an uncontrolled increase in
radio frequency pollution. Although, many works in the literature (e.g., [19]) have
shown no scientific evidence of health effects triggered by radio wave exposure of
BSs working below the maximum limits, the public debate on the installation of
new 5G BSs makes the bureaucratic process for their establishment difficult.
Hence, spectrum is a scarce and very valuable resource, and there is fierce competition for spectrum at all levels of government, from regional to international.
Just as the radio spectrum is divided into frequency bands allocated for different
services, each band can only be used by services that can coexist without creating
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mutual interference.

Figure 1.4: An example of 5G BS

Another challenge arises from the connection links between the BS and the
backhaul of a 5G network, which rely on wireless and optical fiber technologies.
This is the result of using the same physical network infrastructure to provide
customized services for each of the use cases reported in Section 1.3. One key
technology required to accomplish these demands under the same infrastructure is
the network slicing, which is a concept that virtually separates the infrastructure
into many parallel slices that are isolated from each other to prevent congestion
and to prevent faults in one slice from affecting the others [20]. In this context, we
refer to the part of the communication system that implements the radio access
between the end-user device and the backhaul as Radio Access Network (RAN),
which can support Real Time (RT) and Non-Real Time (NRT) functions. As the
5G network architecture aims to flexibly and efficiently meet diversified mobile
service requirements, with (Software-Defined Networking) SDN and (Network
Function Virtualization) NFV supporting the underlying physical infrastructure,
5G cloudifies access, transport and backhauls: this cloud adoption enables so-called
End To End (E2E) network slicing [21]. An example of E2E network slicing for
multiple services based on one physical infrastructure proposed by Huaweir is
shown in Figure 1.5.
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Figure 1.5: The E2E network slicing for multiple services based on one physical
infrastructure proposed by Huaweir in [21]
As illustrated in the preceding figure, the physical infrastructure of the network
architecture consists of sites which support multiple modes (such as 5G, LTE and
Wi-Fi) and a three-layer cloud CD that consists of computing and storage resources.
In accordance with the requirements of eMBB, uRLLC, and mMTC, these use cases
are supported independently on a single physical infrastructure and network slices
that operate as logical arrangements and are separated as individual structures.
Despite this promising solution, considerable work is required for implementing
fiber services and ensuring availability of wireless backhaul solutions with sufficient
capacity.
Moreover, no single solution addresses the needs of all use cases: the hugely varying system requirements mean many solutions will be required. Case-by-case system
optimization will be needed and compatibility across different use cases must be
redefined. The current 5G network is not yet capable of meeting all the demanding
design needs of existing and emerging requirements, such as ultra-high reliability,
ultra-low latency, ultra-secure networks [22]. Motivated by this, prospects for future
physical layers and wireless systems: in addition to the terrestrial networks, also
infrastructures based on satellite and aerial platforms will be needed to support
the coverage and capacity requirements.
Finally, one of the most important problems deriving from the advent of 5G is
given by the considerable increase in energy consumption which is followed by an
increase in energy costs. This topic is under the magnifying glass of the networking
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research community, since the energy consumption of telecommunications networks
has a remarkable growth rate, about 12% per year [23]. This growth is closely
related to the proliferation of 5G BSs: numerous papers have studied methods for
reducing the consumption of BSs through the use of Renewable Energy (RE) or
resource management strategies such as Resource on Demand (RoD) strategies,
which use sleep modes on BSs in periods of low traffic, or other types of strategies
with the aim of supporting sustainability and reducing costs.

1.5

Towards 6G networks

To support the competitive advantage of wireless networks, industrial and academic
synergies have begun to conceptualize the next generation of wireless communication systems (i.e., sixth generation, (6G)) aimed at laying the foundation for
layering the communication needs of 2030s [24]. Moreover, the recent upsurge of
diversified mobile applications, especially those supported by Artificial Intelligence
(AI) technology, is spurring heated discussions on the future evolution of wireless
communications. Furthermore, in addition to the growth of AI, today’s exponential
growth of other advanced technologies such as robotics and automation will usher
in unprecedented paradigm shifts in the wireless communication. For these reasons,
in contrast to previous generations, 6G will be transformative and will revolutionize
the wireless evolution from connecting humans to connecting various things until
connecting intelligence, with even more stringent requirements. Inspired by these
trends, in [25] the authors attempt to conceptualize a road-map for 6G, which is
based on the strategic plans of various standard bodies and is also projected based
on the 5G status. The possible overview of the road-map is depicted in Figure 1.6.

Figure 1.6: A possible road-map for 6G [25]
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Following the aforementioned circumstances, Samsungr ’s 6G vision white paper
[26] proposes four major megatrends advancing toward 6G: (i) connected machines;
(ii) use of AI for the wireless communication; (iii) openness of mobile communications; and (iv) increased contribution for achieving social goals.
Regarding connected machines (such as vehicles, robots, drones, displays, appliances, smart sensors, etc.), the number of connected devices is expected to reach
500 billion by 2030, about 59 times larger than the expected population at that
time. It is also expected that devices such as Augmented Reality (AR) glasses,
Virtual Reality (VR) headsets and hologram projectors will be available in the mass
market. Even though in the development of 5G, machines and devices have been
considered in defining the requirements and technologies to be developed, new 6G
technologies must be developed specifically to connect billions of devices and must
be oriented towards the requirements of the devices rather than the requirements of
humans. This is because machines are considered extenders of the sensory abilities
of the human being: the abilities of machines do not have the physical constraints
that the perception abilities of humans have.
AI is expected to be a cornerstone for wireless communications applications: it can
improve performance of handover operation, optimize BS location determination,
reduce network energy consumption or predict, detect and enable self-healing of
network anomalies. The main problem is due to the limit of what is achievable
today, as the use of AI in communication networks was not considered in previous
versions of wireless communication systems such as 5G. For this, it is necessary to
consider AI as a fundamental concept in the development of future technologies, in
order to guarantee the improvement of the entire network in terms of performance,
cost and ability to provide various services.
Regarding the possibility of having open source software that implements network
functions, today open RAN is a hot topic in mobile telecommunications, as it aims
to create a multi-vendor RAN solution that allows separation between hardware
and software with open interfaces and virtualization, software hosting that monitors
and updates networks in the cloud. The promised benefits include supply chain
diversity, flexibility of solutions and new capabilities that lead to more competition
and further innovation. Therefore, the openness of mobile communications is a key
trend for the development of new mobile communication technologies.
Finally, the development of technologies that allow connection to an increasing
number of people, especially in those areas without network coverage, is a highly appreciated element by governments and international organizations. In this delicate
period due to the pandemic, 5G has made it possible to enable remote teaching,
allowing the possibility of improving educational equality. Despite the help of 5G,
regional and social disparities are still present and widespread. Hyper-connectivity
and ultimate experience delivered by 6G mobile communications will improve
and enable access to required information, resources (both virtual and physical),
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and social services without constraints of time and physical location, reducing
differences in regional and social infrastructure and economic opportunities and
thereby provide alternatives to rural exodus, mass urbanization and its attendant
problems.
Obviously, the three proposed use-cases for 5G, i.e., eMBB, uRLLC and mMTC
described in Section 1.3, are still valid for 6G and will continue to be improved and
updated. Due to advances in communications as well as other technologies, new
6G services will emerge and they will be introduced through hyper-connectivity
involving humans and everything. Again in [26], the authors propose three key 6G
services as depicted in Figure 1.7: (i) truly immersive Extended Reality (XR); (ii)
hologram mobile Hi-Fi; and (iii) digital replica.
XR has attracted great attention and opened new horizons in various fields and it
is expected that the market sizes for VR and AR will grow exponentially by 2030.
One critical obstacle between the potential and reality of XR is hardware: current
mobile devices lack sufficient stand-alone computing capability; this challenge can
be overcome by offloading computing to more powerful devices or servers. Another
challenge is sufficient wireless capacity: in order to provide truly immersive AR,
the density should be largely improved and it will require 0.44 Gbps.
Moreover, it is expected that mobile devices will be able to render media for 3D
hologram displays: in order to provide hologram display as a part of real time
services, extremely high data rate transmission, hundreds of times greater than
current 5G system, will be essential. In this context, to reduce the magnitude of
data communication required for hologram displays and realize it in the 6G era,
AI can be leveraged.

Figure 1.7: The three key 6G services proposed by Samsungr in [26]
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Finally, with the help of advanced sensors, AI, and communication technologies,
it will be possible to replicate physical entities, including people, devices, objects,
systems, and even places, in a virtual world, without temporal or spatial constraints.
The technical challenges are significant: only to be able for duplicating a 1 m x
1 m area, 0.8 Tbps throughput with a periodic synchronization of 100 ms and a
compression ratio of 1/300, is required.

1.5.1

The requirements of 6G

The new services in 6G era proposed in Section 1.5 require a large amount of
real-time data, a hyper-fast data rate and very low latency. The solution for
these requirements can not relying only on improvement of the communication
link performance, because there are two main problems: (i) the growth of the
computational capacity of the devices has a lower rate than the computational
capacity required by the services; and (ii) the battery life of mobile devices is not
optimal with respect to the demand for services, especially multimedia ones.
For this reason, it is necessary to define new performance-oriented requirements.
An example of Key Performance Indicators (KPIs) enhancement in the transition
from 5G to 6G is shown in Figure 1.8.

Figure 1.8: A comparison of KPIs between 5G and 6G [26]
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Only by considering the eMBB use case is it evident how its function imposes
high peak data rates: while 5G was designed to reach a peak data rate of 20 Gbps,
the development of new standards and protocols for 6G services (e.g., vehicular
networks) aspires to deliver a peak data rate of 1000 Gbps [27]. Moreover, the
user experienced data rate requirements are increasing since the birth of wireless
communications: as shown in Figure 1.1, 1G had data rates of a few kbps, which
further increased up to few hundreds of Mbps in 5G and it is expected to reach 1
Gbps with 6G technologies.
Since the next-generation wireless communication system will consist of massive
self-organizing and self-healing robots, high computation power will be required.
Therefore, the need for energy will be increasing with the increase in intelligent
robots: in such a scenario, an energy-efficient and scalable intelligent network
design will be required [28]. Furthermore, considering the growing concern about
environmental sustainability, the energy consumption of 6G networks should be
minimized, improving the energy efficiency by at least two times.
Another characteristic of the future wireless network is that it will comprise of
smart factories, smart hospitals, schools, universities, and autonomous robots. This
will require a highly spectral efficient network having high computing power: the
spectral efficiency of 6G networks is supposed to be 2 times higher than of 5G.
Then, to provide the ultimate experience of delay-sensitive real-time applications,
latency-related performance needs to significantly improve. Performance targets
include air latency less than 100 µs, E2E latency less than 1 ms and extremely
low delay jitter in the order of microseconds. Low latency is directly connected
to extremely-high reliability: smart cities will need to be connected to airplanes,
ships, bullet trains, and Unmanned Aerial Vehicles (UAVs) and some of the critical
applications which include health care, defense sector, monitoring, and surveillance
will require ultra-reliability and low delay. For this reasons, in 6G reliability will
improve by 100 times compared to 5G so that the error rate is 10−7 .
A final KPI is the connection density in terms of devices per square kilometer: the
explosive growth in the number of connected machines will require 6G to support
about 107 devices per square kilometer [16], which is ten times larger than the
connection density requirement of 5G. This requirement is directly connected to
the mMTC use-case and it’s the domain where IoT comes in.

1.5.2

Possible candidate technologies

As early as March 2019, the US Federal Communications Commission adopted
new rules to encourage the development of new communication technologies and
accelerate the deployment of new services in the spectrum above 95 GHz [29]. In
particular, to enable innovators and entrepreneurs to access this spectrum more
easily, the Spectrum Horizons First Report and Order has created a new category
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of experimental licenses for the use of frequencies between 95 GHz and 3 THz. In
the same period, 3GPP published a technical report on requirements studies for NR
systems above 52.6 GHz. To date, the latest version of this report was published
in March 2021 [30], underlining how the trend of mobile communications tends
towards use of terahertz bands in future wireless systems. Surely, the availability
of wideband spectrum is the main driver for terahertz communications since one
of the main challenge for the new mobile communication networks is given by
the scarcity of available bandwidth as described in Section 1.4. However, the
practical implementation of radio communications in the terahertz band presents
some technical challenges especially in the physical level.
In [26], the authors underline four main challenges:
(i) severe path loss and atmospheric absorption, due to the high frequencies1 ;
(ii) radio frequency front-end, photonics and data conversion, due to a lack
of existing efficient devices, which can generate and detect signals in
these frequencies;
(iii) antenna, lens, and beamforming architecture, because as a consequence
of the severe free-space path-loss, massive antenna arrays are necessary
to compensate for the path loss;
(iv) new waveforms, signals, channels, and protocols, because it is necessary
to explore alternative waveforms to support GHz-wide channels and
to develop proper design of signals, channels, and protocols, which are
effective yet of low complexity for terahertz operation.
In addition to the challenges listed above, it is important to report a lack in the
structure of the network topology: although terahertz technologies are promising
despite some difficulties, until now cellular BSs have typically been deployed
with fixed locations and connected by fixed networks. With such static network
topology and wireline backhaul and fronthaul, it is difficult and costly to establish
additional BSs to accommodate an increase of data traffic or to fill holes in coverage.
Moreover, existing cellular infrastructures show vulnerability to natural disasters:
1

Since the free-space path loss (FSPL) is the attenuation of radio energy between the feedpoints
of two antennas, it increases with the square of distance d between the antennas because the
radio waves spread out by the inverse square law and decreases with the square of the wavelength
λ of the radio waves. Considering that the frequency of a radio wave f is equal to the speed of
light c divided by the wavelength λ, the path loss can also be written in terms of frequency by
using the Friis formula:
3
42
4πdf
F SP L =
c
It is easy to see how increasing the frequency f leads to an increase in free-space path loss.
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connectivity outages during natural disasters, in particular, may slow down or
impede appropriate reaction, create significant damage to business and property,
and even loss of lives [31].
To address these issues, 6G research is currently focusing on the development
of Non-Terrestrial Networks (NTNs) to promote ubiquitous and high-capacity
global connectivity [32]. 6G envisions a three-dimensional vertical heterogeneous
architecture in which terrestrial infrastructures are complemented by non-terrestrial
stations including UAVs, High Altitude Platforms (HAPs) and satellites [33]. The
use of NTN components might be useful to provide coverage even in locations
where there is no terrestrial network, as illustrated in Figure 1.9.

Figure 1.9: A sketch of a possible inclusion of NTN components in a 6G network
scenario [26]
Moreover, since the architecture of 6G communication network should be developed so that it can resolve the issues arising from the limited computation
capability of mobile devices, a possible way to achieve this is to offload computation
tasks to more powerful devices or servers installed on these mobile aerial platforms.
In conclusion, realization of NTN technology necessitates consideration of new
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aspects absent from terrestrial networks, including support of moving cells, large
cell sizes, long propagation delays, large Doppler shift due to the high speed of
NTN components, and large path loss. Additional aspects may arise and need
to be considered, since the mobile industry is at the initial stage for developing
technologies to support NTN. As NTN components become widely deployed,
investigation of technologies will proceed, to improve the overall performance of
communications involving NTN components and to provide tight integration of
NTN components in overall operation of mobile communication systems.

1.6

In this thesis: goals and outline

This thesis work aims to analyze a new generation of mobile networks that integrate
aerial platforms (e.g., airships) in order to: (i) reduce the energy consumption, by
moving loads when the energy is expensive or scarce, and responding to the smart
grid; and (ii) improve the Quality of Service (QoS), by lowering traffic peaks, and
adapting the cluster capacity to traffic conditions. In this environment, we envision
that the aerial platforms can complement the terrestrial backhaul in dense regions
with high peak traffic demands, thus achieving load balancing.
The rest of this work thesis is organized as follows. Chapter 2 presents an
updated review of the documents and ongoing work on the integration of mobile
networks and aerial platforms. Chapter 3 discusses the methodology implemented
for the development of the simulations carried out, with particular attention to what
and how certain choices were made, in order to be able to evaluate the reliability
and validity of this research. In Chapter 4, a series of experiments are performed
and the experimental results are thoroughly analyzed. Finally, in Chapter 5 we
conclude the paper with a short summary and discuss possible future work.
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Chapter 2

State-of-the-Art review
In this Chapter a review is carried out on the updates in the literature regarding
NTNs and with particular interest in aerial platforms capable of creating HAP
stations (HAPSs) networks.
Section 2.1 introduces a view on the development of a NTN with a focus on the
types of non-terrestrial stations involved in this its architecture, which is consequently treated and analyzed.
Section 2.2 gives information about the HAPSs that are used as intermediate
layer of the NTN architecture and describes some of their intrinsic characteristics.
Moreover, a focus on the generation and implementation of the HAPS network is
carried out, with explanation of some important use cases.
Finally, Section 2.3 discusses some existing HAPSs projects in the world and
what are the main challenges encountered in their development.

2.1

An overview on Non-Terrestrial Networks

The development of NTN systems as an effective solution to complement terrestrial
networks in providing services over uncovered or under-served geographical areas
[34]. In [35], 3GPP defines an NTN as a network, or segment of networks using
radio frequency resources on board a satellite, or UAV platforms, or HAPs, which
we refer to as non-terrestrial stations.
A typical scenario of a NTN providing access to a terrestrial terminal (e.g., a user
equipment) is depicted in Figure 2.1.
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Figure 2.1: A NTN typical scenario [35]
As you can see from Figure 2.1, NTNs feature: (i) a terrestrial terminal that
could be a user equipment; (ii) a non-terrestrial station, which could operate
similarly to a terrestrial BS; (iii) a service link between the terrestrial terminal and
the non-terrestrial station; and (iv) a gateway that connects the non-terrestrial
access network to the core network through a feeder link.

2.1.1

Types of non-terrestrial stations

According to the type of the non-terrestrial station involved, a NTN may have
different deployment options. In [34], the authors group non-terrestrial stations in
two main categories that typically depend on the altitude: (i) spaceborne stations,
which are typically satellites orbit at an altitude over 200 km; and (ii) airborne
stations, which are typically UAVs or HAPs orbit at low altitudes up to 50 km.
Satellites are spaceborne stations which could be classified according to altitude
range, orbit and beam footprint1 size. Geostationary Earth Orbit (GEO) satellites
orbit on the Earth’s equatorial plane at an altitude of about 35800 km. Since
they are placed at such long distance, they experience large signal propagation
delay and attenuation. Nevertheless, they can cover large geographical areas with
a beam footprint size up to 3500 km and are continuously visible from terrestrial
terminals. Traditionally, GEO satellites have been used primarily for satellite

1

Satellites or aerial vehicles typically generate several beams over a given area. The footprint
of the beams are typically elliptic shape [36].
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communications as they avoid rapid movement between the terminals and the
satellite transceiver and allow for a large beam footprint size using a single satellite.
To enable efficient reuse of frequencies and high-speed broadband rates in the
coverage area, multibeam satellite systems have been developed. However, new,
more ambitious types of constellations are currently being developed, motivated
by advanced communication technologies and cheaper launch costs [37]. Following
this trend, Medium Earth Orbit (MEO) and Low Earth Orbit (LEO) satellites
have been developed, which orbit at lower altitudes than GEO satellites, as can
be seen from Table 2.1. Although they provide better signal strength and shorter
propagation delay than GEO satellites, MEO and LEO satellites have a circular
orbit around the Earth and are therefore non-stationary. For this reason, they must
operate within a constellation of satellites in order to ensure continuity of service.
In LEO satellites, in particular, the adoption of the Gallium Nitride technologies
[38] was a major breakthrough in the improvement of satellite technology, because
these technologies allow the development of nano- and pico-satellites contributing
to the creation of small LEO satellites mega-constellations. However, nowadays
the use of products with Gallium Nitride technologies is reserved for military
applications, because mass-market 5G devices use silicon wafers: it is expected that
the adoption of this technology also for commercial networks will be achieved with
the adoption of 6G [34]. Since the LEO mega-constellations have the ability to offer
high throughput and low latency broadband services, many of the most important
companies in the world employed in the technological innovation sector (eg, SpaceX,
Amazon, etc.) have announced their intent to activate NTNs through the use of
LEO satellites, in order to offer satellite Internet access. Among the projects under
development, the one that most of all seems to be ready to be activated is the
Starlink constellation of SpaceX: as of July 2021, 1470 LEO satellites have been
deployed with the aim of reaching a final constellation close to 12000 LEO satellites
[39].

Table 2.1: A comparison between the types of non-terrestrial stations
Station
Type
GEO satellite
MEO satellite
LEO satellite
HAP
UAV

Altitude
Range
about 35.800 km
2000-35000 km
200-2000 km
20-50 km

Orbit

Beam Footprint
Size
Fixed position
200-3500 km
Circular
100-1000 km
Circular
100-1000 km
Quasi-stationary 60-500 km
position
Few hundred me- Quasi-stationary 5-200 km
ters
position
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Among the airborne stations we find HAPs and UAVs. As can be seen from
Table 2.1, HAPs can operate in the stratosphere at an altitude of about 20 km.
The advantage of using HAPs is due to their quick deployment and the ability
to have a beam footprint size of up to 500km. These stations have begun to be
considered to support flexible deployment and cheaper wireless services compared
to the prohibitive costs of services offered by terrestrial infrastructure. Given that
networks created using HAPS are the main topic of this thesis work, an in-depth
study of them will be dealt with in Section 2.2. As far as UAVs are concerned,
such devices can create stations at low altitudes in the order of hundreds of meters.
Thanks to their flexibility, they can create a broadband wireless connection on a
large scale in disaster situations or for events of short duration. Another use of
UAVs is as relay nodes for mobile land devices. Although they can offer on-demand
services with a high energy saving compared to an always-on fixed land infrastructure, UAVs need a large energy storage because they are devices that need
propulsion to maintain and support movement. For this reason, they are devices
that can create non-terrestrial stations for situations that do not require long usage
times as they have high power management constraints.
In the sketch in Figure 2.2, it is possible to observe an example of the distribution
of non-terrestrial stations in the airspace.

Figure 2.2: A sketch of the distribution of non-terrestrial stations in the airspace
with example of beam footprint size
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2.1.2

Towards a New Space era

With the development of the concept of NTNs, we are going into the direction
of a New Space era. In [37], the authors state that this concept implies a new
mentality towards air space which originates from three main aspects: (i) space
privatization; (ii) component miniaturization; and (iii) new services based on
space data. Space privatization refers to the manufacturing and the launching
of non-terrestrial systems by private companies, in contrast to the traditional
institutional approach. Then, component miniaturization allowed easy access to
space by launching multiple systems - especially satellites - into a single launcher.
Finally, the concept of new services based on space data is inspired by the fact
that New Space creates new opportunities in terms of collecting data from ground
sensors directly via non-terrestrial systems.
Furthermore, as mentioned in Section 1.5.2, existing cellular infrastructures
express vulnerabilities in harsh environments, such as unserved or crowded areas or
zones devastated by natural disasters: therefore, the use of non-terrestrial stations
in the airspace has a significant impact on the improvement of the offer of ondemand coverage with a reduction of installation costs. However, the New Space
concept is not limited to the activation of NTNs only for the cases mentioned:
the use of these new types of networks can guarantee services such as trunking,
backhauling, high-speed mobility and high-throughput in urban areas with existing
ground network infrastructure.

2.1.3

Some NTNs architecture proposals

In the literature various researches have proposed novel network architectures for
NTNs. For instance, in [40] the authors propose a novel network architecture for
an integrated nanosatellite-5G system operating in the mmWave domain, while in
[33] the authors envision a three-dimensional vertical heterogeneous architecture
in which terrestrial infrastructures are complemented by non-terrestrial stations
including UAVs, HAPs and satellites. Moreover, in [41] the UAVs were considered
to provide ubiquitous connectivity in public safety scenarios or in remote areas.
However, there are still several questions to be answered for proper network design. The papers presented typically focus on autonomous non-terrestrial stations
architectures, but a multi-layer network, in which heterogeneous non-terrestrial
stations cooperate at different altitudes in an integrated way, has not yet been
formalized. Thanks to the technological advance of the non-terrestrial systems,
intermediate layers of communications systems between terrestrial and traditional
satellite segments have emerged. In fact, the advent of systems like UAVs, HAPs
and LEO satellites enables a novel multi-layer architecture with multiple inter-layer
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links capable to overcome the most challenging scenarios.
An example of a three-layer network architecture called Vertical Heterogeneus
Network (VHetNet) depicted in Figure 2.3, is discussed in [42]: the three layers
are composed of the satellites space network, the aerial network and the terrestrial
network. In this context, UAVs combined with HAPSs and satellites, can operate
together to support more robust information broadcasting compared to a standalone
deployment by adding redundancy against single point of failure in the path [31].
By the scope of this thesis work, an in-depth study on the use of HAPS layers as
intermediate level of the proposed VHetNet will be discussed in Section 2.2.3.

Figure 2.3: A fully integrated VHetNet envisioned for 6G [42]
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2.1.4

Advantages expected from the adoption of NTNs

In [43], 3GPP defines three main advantages deriving from the adoption of NTNs: (i)
enhanced network reliability, by ensuring service continuity, in cases where it cannot
be offered by a single or a combination of terrestrial networks, which is especially
true in case of moving platforms (e.g., car, train, airplane etc.) and mission-critical
communications; (ii) service ubiquity in unserved (e.g., desert, oceans, forest etc.)
or underserved areas (e.g., urban areas), where a terrestrial network does not exist
or it is too impractical/cost-ineffective to reach; and (iii) service scalability due to
the efficiency of the satellites in multicasting or broadcasting over a very wide area,
offloading the terrestrial network, by broadcasting popular content to the edge of
the network or directly to the users.

2.2

The development of HAPS networks

As discussed in Section 2.1.3, HAPS is an essential component for the integration and
implementation of VHetNets. These types of tiered hierarchical networks consisting
of non-terrestrial flying stations are a promising solution for providing extended
coverage and enhanced security in future communications. In this architecture,
multiple types of flying layers cooperate to improve the space-to-ground link
reliability and capacity [44]. In particular, HAPS can serve both UAVs and ground
users from a high altitude and act as relay nodes from satellites when needed.
Although the conventional target of HAPS is to bring broad coverage to remote
areas or in disaster recovery cases, it is envisioned that HAPS can act as a Super
Macro BS (SMBS) to provide connectivity in a multitude of applications.

2.2.1

Which station can be defined as a HAPS?

According to Article 1.66A of the ITU’s ITU Radio Regulations [45], a HAPS is
a station located on an object at an altitude of 20 to 50 km and at a specified,
nominal, fixed point relative to the Earth. Therefore a HAPS is a network node that
operates in the stratosphere - see Figure 2.4 - at an altitude around 20 km and due
to the unique properties of the stratosphere, a HAPS can stay at quasi-stationary
position, providing significant benefits to the ubiquitous connectivity goal [42].
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Figure 2.4: The location of non-terrestrial systems in the atmosphere [46]

HAPs are mainly UAV platforms, such as balloons, RE-powered aircraft or
airships, which can be divided into two macro-categories: (i) aerostatic platforms;
and (ii) aerodynamic platforms.
The term aerostatic platforms refers to those platforms that are lighter than air
such as balloons and airships, which lift gas in an envelope to provide buoyancy
to float in the air and therefore they are not very robust to winds and turbulent
conditions.
More specifically, the balloons do not have a propulsion system and can operate at
an altitude between 2 and 20 km. For very low altitudes it is possible to think of
using tethered balloons, in order to increase the robustness to winds and turbulence,
compromising the coverage area. Their payload is around 20 kg which makes them
unsuitable for applications from 5G and beyond and they have an operating time
of up to several months. An example of balloon used as a HAPS is shown in Figure
2.6.
Airships, on the other hand, have a propulsion system and can operate stably in
the stratosphere at an altitude of 20 km. Given the large surface area available and
the absence of clouds, they have the ability to generate a large amount of energy
using large solar cells. This allows them to be suitable for a longer-term scenario
up to several years. Moreover, they have a large payload capacity of up to 450 kg,
making them suitable for 6G applications. An example of airship used as a HAPS
is shown in Figure 2.6.
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Figure 2.5: An example of balloon used as a HAPS [47]

Figure 2.6: An example of airship used as a HAPS [48]
The term aerodynamic platforms refers to those platforms that are heavier
than air, which float by exploiting dynamic forces created by the movement of
the air through electric motors and propellers, and therefore they are more robust
to winds and turbulent conditions than aerostatic platforms. These platforms
move forward and circle the area intended for coverage in order to maintain a
quasi-stationary position. For this, they need adjustments in antenna pointing
and communication beams. They usually have smaller dimensions than aerostatic
platforms and therefore have a limited payload capacity. Their small size, however,
translates into reduced deployment costs, greater flexibility in take-off/landing and
easier mobility control, which makes them more suitable for short-term use such as
disasters and emergency situations. An example of aerodynamic platform used as
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a HAPS is shown in Figure 2.7.

Figure 2.7: An example of aerodynamic platform used as a HAPS [49]

2.2.2

Theoretical characteristics of HAPS

Latency
According to [42], the relatively low altitude of HAPS systems corresponds to a
round trip delay of 0.13 to 0.33 ms which makes them a good option for low latency
such as URLLC applications. Hence, the HAPS constellation-based communication
system can overcome the inherent high-latency problem of the satellite networks.
Morover, it is expected a high downlink Signal-to-Noise Ratio (SNR), a favorable
link budget, and low path loss which allows to use a user equipment without the
need of specialized ground stations.
Operation time
As mentioned in Section 2.2.1, thanks to the presence of solar-powered RE it is
expected a long-term utilization up to several months or even years. However, there
may be a turnover to always guarantee the network architecture: this situation
does not appear to be problematic given the low launch costs and risks, and the
ease with which it is possible to return the platforms to Earth without releasing
debris into the atmosphere as is the case with satellites. Although the choice of
energy source was considered as a fundamental issue in HAPS, solar power coupled
with energy storage has been regarded as the primary means of providing energy
for HAPS since they have large surfaces suitable to accommodate solar panel films
[50].
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Beam footprint
According to ITU recommendations [51], a HAPS should have a wide footprint
of about 500 km in radius. Even though almost all HAPS projects have much
smaller coverage areas around 100 km, a network of few multiple HAPSs can extend
the coverage to serve a whole country. For example, while a 18 HAPSs system is
estimated to be sufficient to cover Greece including all islands [52], a constellation
of 16 HAPSs is considered to cover Japan [53].

Capacity Demand
The ITU in its report [54], provides the results of HAPS broadband applications
spectrum needs with an in-depth capacity demand analysis. The study used a
geospatial simulation-based approach for a selection of 32 countries, and is based
on the following assumptions: (i) 50 km radius coverage and 33 users/km2 , with a
number of users rounded to 250 000; (ii) a target availability level set to 99.5%; (iii)
a target connectivity level set to 30 GB; (iv) a end user throughput requirement
set to 2.5 Mbps; (v) a data volume of 30 GB per month per user; (vi) a busy
hour ratio of 1.55; and (vii) an utilisation rate of 60%. The analysis concluded
that the maximum capacity of HAPS is 60 Gbps, while analyzing the Cumulative
Distribution Functions (CDF) of the HAPS throughput and the number of users, it
has been shown that the 90th conservative percentile of HAPS will provide coverage
for 130 000 users with a capacity of 30 Gbps. The resulting CDFs are depicted in
Figure 2.8.

(a) CDF of number of users

(b) CDF of HAPS throughput

Figure 2.8: CDF resulting from the capacity demand analysis [54]
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Energy consumption
HAPS energy is consumed by: (i) the flight control system; and (ii) the communications payload system. The energy consumed by the flight control system includes
the consumption for stability and propulsion power and the consumption caused
by HAPS altitude and course control. Furthermore, the type of platform and its
characteristics, such as weight and dimensions, affect the energy consumption of
the flight system, as greater weights and dimensions increase consumption. Second,
the energy consumed by the communications payload system depends on the type
of communications payload and communications techniques. In general, since more
active components and calculation processes are included in the payload, heavier
loads are required and higher energy consumption is expected.
Energy sources
There are three types of energy sources that have been used for HAPS operations: (i)
conventional energy sources; (ii) energy beams; and (iii) solar energy [42]. Among
conventional energy sources we find fuel tanks and electrical batteries: HAPS
supplied by conventional energy sources have a very short flight duration of about
48 hours and require frequent landing for refueling [55], so their use is suitable
for a temporary solution or an emergency situation. Alternatively, energy beams
from the ground can be used to supply the HAPS energy system: due to the high
power irradiation risks by both microwave-powered and laser-powered platforms,
they are not regarded as safe solutions [55]. Finally, solar energy is a RE source
and is the main energy source considered by most HAPS projects. Solar energy
is appropriate for HAPS due to two basic reasons; (i) HAPSs are operated above
the clouds, where the natural solar energy is abundant there; and (ii) HAPSs are
typically huge platforms that can have large solar panels to generate large amounts
of energy.

2.2.3

The integration of HAPS into VHetNet

As explained in Section 2.1.3 and keeping in mind the architecture of a VHetNet
like the one in Figure 2.3, it was shown that HAPSs have the ability to complement
satellite networks by providing communication services on a regional scale. The
two major methods of cooperation between satellites and HAPSs are backhauling
and trunking [56].
Through backhauling, the downlink communication is split into two steps: (i) a
first hop between the satellite and the HAPS, which is prone to the use of high
bandwidth optical links, as it suffers little atmospheric effects; and (ii) a second hop
between the HAPS and ground, which having a much shorter path than the satellite
height, improves the link budget enabling smaller antennas or wider bandwidth.
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Instead, through trunking, HAPSs have a trade-off between regional coverage and
reduced signal degradation, making them a low-cost solution for broadcast services:
the user can connect directly to HAPS in its coverage area and connect to satellites
for communications between different coverage areas.
The proposed framework has three complementary communication segments:
(i) satellites-HAPSs; (ii) HAPSs-UAVs; and (iii) HAPSs-ground.
In the satellite-HAPSs segment, the HAPS layer enables long-distance communications between satellites, ensuring speed, reliability and efficiency. This type
of communication channel bypasses the need to install a large number of ground
stations [57]. Furthermore, it can also function as a distributed DC with the aim
of recording the orbit of satellites, monitoring their status and avoiding collisions,
that is, recording essential information to preserve the functionality of the megaconstellations of the satellites. On the other hand, satellites help the HAPS layer
in improving the handover2 performance.
Hence, in the HAPSs-UAVs segment, the HAPS layer is tasked with managing
the mobility of UAVs by providing intelligent edges3 , offloading heavy loads, and
assisting large-scale monitoring and detection, in order to ensure uRLLC and eMBB
communications.
Finally, in the HAPSs-ground segment, the HAPS layer provides a fast Internet
access and wireless communication services, such as IoT and distributed Machine
Learning (ML), to urban, suburban, and remote areas, reducing the reliance on
the terrestrial and satellite networks.
In exposing their vision of the possible architecture of a VHetNet, in [42] the
authors focus their study on the role of the HAPS layer on three main concepts:
(i) handover management; (ii) network management; and (iii) role of AI.
Handover management
Unlike the handover algorithms for terrestrial networks, in which the BSs are
stationary, in the HAPS networks the stratospheric atmosphere and the mechanical
2

Handover (also called handoff) is the process by which an active user equipment, in its active
state, changes its point of attachment to the network, or when such a change is attempted [58].
When a user equipment moves out of one BS coverage to the next, the communication will be
handed over from the first BS to the next without discernible disruption to the user equipment’s
call or data session.
3

Intelligent edge refers to the analysis of data and development of solutions at the site where
the data is generated. By doing this, intelligent edge reduces latency, costs, and security risks,
thus making the associated business more efficient. The three major categories of intelligent edge
are operational technology edges, IoT edges, and IT edges [59].
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design of the aerial platforms make the state quasi-stationary. These exceptions
cause changes in the size and location of the HAPS footprint4 , leading to instability
of communication links and increasing the likelihood of handover. Therefore, in
HAPS networks the handover can be inter-HAPS or intra-HAPS (i.e. inter-cell):
the first is caused by the passage from an area covered by one HAPS to another
covered by another, the latter can be caused by the movement of a user from one
cell to the next one or by the instability of the platform position [60]. A sketch on
the types of handover of the HAPS networks is shown in Figure 2.9.

(a) Inter-HAPS handover

(b) Intra-HAPS handover

Figure 2.9: A sketch on the types of handover of the HAPS networks [42]
Since HAPS networks are expected to provide coverage for network connected
entities moving at high speed, handover management solutions must work with
delay-sensitive applications. Authors in [42] propose intelligent and self-adaptive
handover solutions, with the use of dynamic beamforming techniques in order to
reduce the handover frequency given the high number of users expected.
Network management
As HAPS networks are expected to consist of a multitude of aerial platforms, it
is necessary to undertake a network management capable of coordinating and
making these platforms work together. Therefore, HAPS control and coordination
systems need to develop a good level of autonomy to make intelligent decisions in
a collaborative way. Authors in [61] studied the implementation of coordination
systems between semi-autonomous HAPs through the use of ML techniques: it was
found that swarm intelligence-based approaches may be more efficient and reliable
4

The HAPS footprint refers to the coverage area on Earth by the entire HAPS, intended as
the sum of the coverage cells provided by each beam.
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but with less optimal coverage results; while reinforcement learning algorithms will
achieve better coverage peaks but at the risk of occasional dips. Other solutions
that include network control and management softwarization, such as SDN [62]
and NFV [63], have been introduced in the literature.
It is envisioned that in future HAPS networks, through softwarization combined
with intelligent algorithms, the network control and management functions are
going to be distributed and automated to best meet the multi-dimensional service
requirements.
Role of AI
Since HAPS can be equipped with computational devices, enabling computations
in air without congesting the communication links towards the terrestrial DCs, and
HAPS can support computational offloading for some delay sensitive applications,
it is clear how AI plays a fundamental role for HAPS networks and, conversely,
HAPS networks are AI enablers. In fact, thanks to the possibility of offering a large
coverage area due to their aerial position, HAPSs collect an enormous amount of
data that are the engine for ML algorithms and for data analysis.
Moreover, as explained in the previous section, it is expected that HAPS systems
will consist of several HAPS of different types and characteristics: it is evident that
there is a high need to introduce automation in HAPS systems through exploiting
the power of AI algorithms.

2.2.4

HAPS as a Super Macro Base Station

From the previous discussion, it is clear that the HAPS layer has the characteristics
of providing enhancements for the development and enabling of essential functionalities for future applications of both terrestrial and satellite communications.
Given recent advances in research on the subject, the potential applications of a
HAPS can be much broader than conventional ones reserved for areas unserved or
underserved. A futuristic view on the fields of application of HAPS predicts that in
the 2030s these new networks will be able to provide large-scale communications,
offload computing, caching, data acquisition, and processing in densely populated
areas.
In [64], the authors envision HAPS as a SMBS5 (HAPS-SMBS) as another type
of BS in the multi-tier VHetNet architecture to be deployed particularly in dense
urban areas in line with the smart city paradigm, motivated by the urgency of
5

The BS is referred to as Super Macro BS because of its large coverage area, enhanced capacity
with multiple-MIMO, and the provision of supporting distinct features, such as data acquisition,
computing, caching, and processing.
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increasing traffic volume in complex urban scenarios as well as the problems of
deploying terrestrial BSs and LEO satellites constellations. This means that unlike
conventional HAPS, which targets broad coverage for remote areas or disaster recovery, next-generation HAPS-SMBS will have the necessary capabilities to address
the high capacity, low latency, and computing requirements especially for highly
populated metropolitan areas.

The utility of HAPS-SMBS development is defined by defining seven use cases:
(i) for delivering IoT services; (ii) for backhauling small and isolated BSs; (iii) for
covering unpredictable user events; (iv) as an aerial DC; (v) for defeating coverage
holes; (vi) for supporting and managing aerial networks; and (vii) for supporting
Intelligent Transportation Systems.
A representation of the use cases of HAPS-SMBS networks is depicted in Figure
2.10.

Figure 2.10: A representation of the use cases of HAPS-SMBS networks [64]
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HAPS-SMBS for delivering IoT services
With the ever-increasing growth of the IoT, the current infrastructure and so far
considered methods of designing wireless access architecture will become incapable
of supporting the high demand of wireless systems and services. So, the wide
footprint of HAPS systems is ideal for providing larger coverage to a high number
of IoT devices, making HAPS-SMBS an attractive solution to complement terrestrial
networks to collect data from IoT devices and provide reliable uplink connections
with them.
HAPS-SMBS for backhauling small and isolated BSs
Small cell BSs’ fiber optic communications backhauling concept has been fully
utilized for 5G, but cannot be used in an ordinary way given the difficulties and
high costs. A cost-effective solution is given by the combination of mmWave
bands’ wider channel bandwidths and MIMO digital beamforming [65]. Despite
this, the latest advances in research into HAPS systems and Free-Space Optical
communication6 (FSO), have motivated the backhauling of small cell outdoor via
FSO and HAPS-SMBS: the results of [67] show that data rates in the multi Gbps
ranges can be obtained in clear weather conditions and that rain is the main
cause of communication degradation. For this reason, the authors propose to use
FSO when weather conditions are clear or foggy, and to switch to radio frequency
communication during rainy conditions.
HAPS-SMBS for covering unpredictable user events
Unexpected and temporary events such as thunderstorms can lead to network
congestion, especially in crowded cities. In these circumstances, the proposed
HAPS-SMBS architecture can provide additional coverage via additional spot
beams in order to support instant capacity requests in densely populated areas.
HAPS-SMBS as an aerial DC
HAPS-SMBS will enable aerial DCs providing a backup computational facility,
when and where the ground infrastructure fails to function, or to support agile
computational offloading, moving computations at the network edge near the end
user as the user terminals do not have sufficient computational power.
6

FSO is an optical communication technology in which data is transmitted by propagation
of light in free space allowing optical connectivity. There is no requirement of the optical fiber
cable. Working of FSO is similar to optical fiber cable networks but the only difference is that the
optical beams are sent through free air instead of optical fiber cable cores that is glass fiber [66].
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HAPS-SMBS for defeating coverage holes
Coverage holes are encountered when the terrestrial user equipments in an area
experience insufficient Signal-to-Interference-plus-Noise Ratio7 (SINR) from a terrestrial BS to run a high data rate application due to the blockage of physical
obstructions [68]. Since these blockage effects become more severe for mmWave
cellular networks, a HAPS-SBMS can supplement the existing terrestrial networks,
steering a beam to the targeted direction. Through their physical advantages,
HAPS-SMBS can perform 3D beamforming that enables the creation of separate
spot beams in the three-dimensional space at the same time for different users.
HAPS-SMBS for supporting and managing aerial networks
HAPS-SMBS can be equipped with processors capable of providing support for other
air elements in the network with limited computational resources. Furthermore,
such processors may be able to execute complex ML algorithms using as input all
the data collected from large portions of the air network, in order to dynamically
learn the state of the network, resources and topology and then control and manage
them intelligently.
Moreover, these processors can be essential to manage the swarm of cargo drones
that will likely disrupt the retail industry in the near future.
Another use may be to adopt HAPS-SMBS as an interface to provide seamless
communication to LEO satellites, because having a larger footprint than terrestrial
gateways it can cover more LEO satellites at the same time.
HAPS-SMBS for supporting Intelligent Transportation Systems
Intelligent Transportation Systems (ITS) together with the advent of autonomous
and connected vehicles are two paradigms that will forcefully enter everyday life.
Although these paradigms are still very much studied topics by academics and
industries, there is still no single communication network solution capable of
supporting data traffic requirements. Huge data fusion and processing are key
requirements for such applications, but vehicles are unable to process this data in
7

The definition of SINR is usually defined for a particular receiver (or user). In particular, for
a receiver located at some point x in space (usually, on the plane), then its corresponding SINR
given by
P
SIN R(x) =
I +N
where P is the power of the incoming signal of interest, I is the interference power of the other
(interfering) signals in the network, and N is some noise term, which may be a constant or random.
The SINR is often expressed in decibels or dB.
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a very short time given their limited capabilities. For this, HAPS-SMBS can be
an effective solution, as data from vehicles can be offloaded and processed in the
cloud. However, a problem could arise from the high mobility of vehicles, which
would interrupt offloading due to frequent handover. Fortunately, a HAPS-SMBS
offers coverage over a large area, which would eliminate frequent handovers and
offer a broad view of the vehicle fleet, which is an essential element in coordinating
vehicle-to-everything communications.
The potential of using the HAPS-SMBS system in ITS has been explicitly stated
in the case of platooning of cars or trucks. As stated in [69], platooning of cars or
trucks is one of the most relevant applications of autonomous driving, since it has
the potential to greatly improve efficiency in road utilization and fuel consumption.
These methods for jointly driving and coordinating a group of vehicles traveling
together on the same route have the aim of making the use of the road network
more efficient and less congested and optimizing consumption. Although traditional
network architectures for vehicle platooning are distributed, i.e. the computational
capacity is shifted aboard the vehicle fleet in order to ensure direct vehicle-to-vehicle
communications, through the development of Multi-access Edge Computing (MEC)
there is a tendency to shift the computational load to centralized structures, for
example by exploiting the BSs and implementing a centralized platoon controller.
From this point of view, the use of HAPS-SMBS would guarantee both a greater
exploitation of the centralized computational capacity and a more extensive visibility
given by a larger footprint than that of a BS, allowing greater control over the
moving platoons in that certain area and a reduction in handover problems.

2.2.5

HAPS implementation regulations

In the recent deployments, HAPSs have been frequently deployed at 17 or 18 km
above the ground [70]. Countries determine the maximum altitude of controlled
airspaces, and a typical value is 20 km [71].
The regulations referring to HAPSs are divided into two aspects: (i) aspects related
to aviation, managed by the International Civil Aviation Organization (ICAO);
and (ii) aspects related to the spectrum, managed by the ITU.
Regarding aviation regulations, although the regulations are still in progress, the
ICAO establishes a clear difference between aerostatic and aerodynamic platforms,
particularly in relation to RT management. Therefore, the regulations are implemented in accordance with the specifications of the developed project and with the
rules of the national civil authorities of each country. Therefore, it is essential to
develop a set of regulations on an international scale for a large-scale deployment
of HAPS.
Regarding spectrum regulation as reported in recently published reports by ITU
[72, 73, 74], it is concluded that a bandwidth of 396 MHz to 2969 MHz is needed for
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the ground to HAPS links. A bandwidth of 324 MHz to 1505 MHz is determined as
necessary for the HAPS to ground links. At World Radiocommunication Conference
2019, it is agreed to append the 31 - 31.3 GHz, 38 - 39.5 GHz bands for the HAPS
usage, in addition to the already dedicated 47.2 47.5 GHz and 47.9 48.2 GHz
bands for worldwide usage. These bands will be used in addition to the previously
dedicated International Mobile Telecommunications bands in the 2 GHz and the 6
GHz bands.

2.3

The current situation of HAPs projects

Between the 1990s and the 2000s many projects were developed to explore the
potential of the application of HAPs for both the telecommunications field and
remote sensing [70]. However, among the projects developed in those years, only very
few have had continuity. Instead, in recent times there has been a renewed interest
in the development of new projects more focused on the field of telecommunications,
but with some projects that focus on the development of platforms for varying
applications [75].

2.3.1

An up-to-date review of HAPs projects

The first flights into the stratosphere were made in the 1930s, using pressurized
aluminum capsules attached to a large hydrogen balloon manned by pioneers such
as the Swiss physicist Auguste Piccard [76]. The first experimental project specifically linked to a HAP dates back to 1969 when the US Navy supported the Raven
company in the construction of the High Platform II. It was an unmanned airship
that was intended to analyze the feasibility of such platforms for high-altitude
reconnaissance. The platform had a length of 25 m, a weight of 62 kg, an electric
propulsion powered by a propeller and a power of 300 W provided by solar cells.
The test trip was carried out in 1970: the duration was about an hour and a half
and the airship reached an altitude of about 21 km.
In the last 20 years, many research and development projects on HAPs have been
carried out, but the majority were unsuccessful as they were initiated by small or
medium-sized enterprises or by start-ups. Furthermore, since 2000, the number
of publications dealing with HAP has significantly increased. In [70], the authors
supported a bibliometric analysis, showing that in the world, excluding China, 850
publications were written in 2015 alone, compared to 600 in 2010. It is expected
that the market on HAPs will continue to grow at an annual rate of 8.7% by 2023
[77].
In recent years there have been significant developments in the design and
structure of the platforms, in addition to developments in the efficiency of the
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solar cells of the energy system, in the antenna system, in wireless communication
techniques, in applications and also in business models. An up-to-date review of
the HAPs projects is listed below.
SHARP
The idea for SHARP [78] was first conceived in 1980 and it was approved in 1982 by
the Canadian Department of Communications. The SHARP concept envisages the
use of pilotless airplanes as aerodynamic platforms for relaying telecommunication
signals, providing surveillance and monitoring services. The airplanes would circle
slowly for many months at an operating altitude of 21 kilometres and relay signals
within a diameter of 600 kilometres. Microwave power would be transmitted from
a large ground antenna system to a circling airplane and the power beam would
be accurately focused onto the airplane. On October 7, 1987 the first public
demonstration occurred in the presence of the Minister of Communications and the
press. This flight was recognized as being the first of its kind by the Fédération
Aéronautique Internationale and it demonstrated successful communication for one
hour flight duration.
ERAST
The United States ERAST Program was initiated in 1994 and conducted by NASA
in conjunction with industry, and it aimed to develop and demonstrate technologies
that enable an aircraft at high altitude to perform long-duration missions for
environmental monitoring. AeroVironment produced a family of three unmanned
solar energy aerodynamic platforms: (i) Pathfinder; (ii) Centurion; and (iii) Helios.
These platforms reached altitude records with the Pathfinder (21.48 km, 1997)
and Helios (29.52 km, 2001) [79], while in 2002, Pathfinder Plus demonstrated the
communication of high-definition TV signals, 3G mobile voice, video and data, and
high-speed internet connectivity. Due to a high demand for unanswered funds, the
ERAST Program was closed in 2004.
Japan’s Stratospheric Platform and SkyNet
Studies of Japan’s Stratospheric Platform Program started in 1998 with the ojective
to develop a system based on a large, unmanned, solar powered stratospheric airship
that could maintain a geostationary position at about 20 km altitude and conduct
a long duration mission to deliver a variety of telecommunications and Earth
observation services via the SkyNet telecommunication infrastructure [80]. Two
different sub-scale test vehicles were flown in 2003 and 2004: an unpowered balloon
made a single flight in 2003, reaching an altitude of 16 km, and a low altitude
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airship made eight flights in 2004. After failing to get financial support to develop
the first full-scale airship, the program was terminated in 2005.
CAPANINA
The European Union CAPANINA project ran between 2003 and 2006 with the main
goal to develop low-cost HAPs capable of providing coverage to users including
users travelling at speeds up to 300 km/h using an optical backhaul. The project
was coordinated by the United Kingdom’s University of York. The test to validate
communication links between the RF and the FSO communication system was
done on August 31, 2005: the balloon, flew at 22-26 km altitude, covering an area
of 60 km radius, and the systems worked well and the customers were satisfied with
the test results, which showed the equipment’s ability to operate at high altitudes
[81].
X-station
X-station is a HAP developed since 2005 by the Swiss company StartXX. The XStation’s first business application was to be an airship platform for delivering
3G/4G wireless communications and digital broadcasting services. At its operating
altitude of 21 km, the X-Station would have a service area about 1,000 km in
diameter for delivering different communication technologies such as TV and radio,
broadcast, mobile telephony, VoIP, remote sensing, and local GPS. It uses solar
energy and batteries, supports 100 kg payload for up to one-year flight duration
[82].
Elevate
Elevate is a balloon developed since 2009 by the Spanish company Zero 2 Infinity
[83]. It is a transportation service to lift payloads in the stratosphere for testing
and validation of new technologies. The vehicle can carry up to 100 kg for about
24 hours flight endurance.
Loon
Project Loon, from Google, started in 2012 and has the objective to create a
network of stratospheric balloons to provide Internet access in remote area and
to connect people everywhere using a network of HAPSs. The flight altitude is
about 20 km, lasting up to 100 days, using energy from solar panels. The idea is to
launch a constellation of several balloons, forming a ring at determinate latitude.
Several tests have been conducted with the release of dozens of balloons, in places
like New Zealand, Australia and northeastern Brazil. In February 2016, following
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an agreement with the government of Sri Lanka, Google started tests to provide
Internet access services in the country using the Project Loon balloons, in a joint
work with local operating companies. Another important event in 2016, in Puerto
Rico, was the test of an autolauncher crane specially built for the project, enabling
the launch of a balloon in just 30 minutes [84].
Zephyr S
In 2013, Astrium, currently Airbus Defence and Space, purchased the Zephyr
Project from QinetiQ. Airbus is developing the Zephyr S version (single-tail),
formerly Zephyr 8, keeping the payload in 5 kg, but with greater autonomy by the
use of new solar cells and batteries and structural weight reduction. It is the world’s
leading solar-electric stratospheric UAV, with a wingspan of 25m and weighs less
than 75kg. In February 2016, Airbus received from the United Kingdom’s Ministry
of Defence a request for the production and operation of 2 Zephyr S: this is the
first contract in the world for providing an operational HAP. Zephyr’s maiden flight
in 2018 exceeded performance expectations, confirming the significant potential
that the platform design offers. With evolutionary development in the Zephyr
DNA, work is underway to offer incremental enhancements to Zephyr-S tailored to
customer payload and geographical performance requirements [85].
Aquila
The Aquila UAV, developed from 2014 by Facebook, is a flying wing with a
wingspan of 42 m and a total weight of about 400 kg. The aircraft has four
propellers driven by electric motors, with power supplied by solar cells during the
day and rechargeable batteries at night. The Aquila will fly between 18 and 27
km altitude, for a period of 3 months. It will be taken to the stratosphere by a
helium balloon. It is expected the use of a laser connection to form a high-speed
communications network. In case of obstruction by clouds, a radio connection
will be used with some reduction in data rate [86]. More test flights have been
conducted to retrieve as much data as possible, but in June 2018 Facebook decided
to stop its program to work with partners like Airbus on HAPS connectivity and
their technologies like flight control and high-density batteries [87].
Stratobus
The Stratobus project is led by the Franco-Italian firm Thales Alenia Space and
it started in 2016. The Stratobus is a stratospheric, autonomous, solar-powered,
non-rigid airship intended for use as a pseudo satellite at a geostationary position
at 20 km altitude where it can perform a variety of functions, including Intelligence
Surveillance and Reconnaissance (ISR), communications, environmental monitoring
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and navigation [88]. A key point that makes Stratobus airships particularly
interesting in the field of NTNs, is that they are designed to communicate with
ground stations, satellites in orbit and other Stratobus airships to form an extended
airborne network. For this reason, its technical characteristics have been taken
into consideration for modeling the simulated HAPS in this thesis work and some
further considerations are made in Section xx.
Hawk30
Since 2017 HAPSMobile, which is a subsidiary of the Japanese SoftBank holding
planning to operate HAPS networks, is developing the Hawk30 solar-powered
unmanned aircraft for stratospheric telecommunications. The Hawk30 design is
a development of the NASA Pathfinder and NASA Helios high-altitude, longendurance unmanned aircraft built by AeroVironment for NASA. Its objective is
to provide 4G LTE and 5G direct to devices over a 200 km diameter area, and 40
aircraft could cover the entire Japanese archipelago. It should be interoperable with
terrestrial cell towers to expand their coverage and as a proxy for the SoftBankbacked OneWeb satellite constellation, when it is not suited for providing links
directly to devices. On 21-22 September 2020, the HAPSMobile Hawk30 (rebranded
as Sunglider) flew 20 hours from Spaceport America, and reached an altitude
of 19.1 km on its fifth demonstration flight. It tested the long-distance LTE
communications developed with Loon for standard LTE smartphones and wireless
broadband communications [89].
PHASA-35
PHASA-35 is a UAV developed by United Kingdom’s BAE Systems in collaboration
with Prismatic. Designed as a cheaper alternative to satellites, the aircraft can be
used for surveillance, border control, communications and disaster relief with a
potential ability to stay airborne for up to 12 months. Developed in less than two
years, the aircraft carried out its first flight in February 2020 and further trials are
currently ongoing. In January 2021, BAE Systems announced plans to carry out
a flight demonstration in the United States after acknowledging strong growing
interest in the aircraft from across the U.S. Department of Defense and federal
agency customer base [90].
Skydweller
In November 2019, the Italian company Leonardo S.p.A. announced that it has
invested in Skydweller Aero Inc., a US/Spanish start-up specializing in solar-powered
remotely piloted aircraft [91]. The initiative will lead to the development and use
of the Skydweller drone, the first remotely piloted solar-powered aircraft capable
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of carrying large loads with unlimited persistence in flight. Compared to existing
systems, Skydweller combines unique characteristics of persistence and range
with the flexibility typical of an airplane. It will be able to operate from air bases
located all over the world, covering unlimited distances in areas characterized by any
environmental condition. This innovative platform will be used for purposes ranging
from land and sea surveillance to environmental and infrastructure monitoring,
from geo-information services to telecommunications and precision navigation. The
system can be rapidly deployed to provide communications to support operators in
emergency and disaster situations. In April 2021, a successful flight demonstration
was carried out, with particular focus on the aircraft’s initial control, actuation and
sensor systems, following rigorous software design, installation and ground testing
[92].

2.3.2

The technological challenges of HAPs

The design of an aircraft that must operate in the stratosphere like a HAP imposes
some technological challenges such as: (i) lightweight structures; (ii) energy generation and storage; (iii) thermal management; and (iv) operations at low altitudes.
Regarding the structure, it should be emphasized that at an altitude of about 20 km
the air is thin, with a density of about 7% of that above sea level. For this reason,
in the case of aerostatic structures, typically lighter than air, the envelope material
must have low weight characteristics, high strength, high ability to withstand
damage, low permeability to lifting gas, maintain flexibility at low temperature and
low degradation with UV radiation and ozone [93]. Also for aerodynamic platforms,
lightweight structures are essential: a typical wing structure of a HAP airplane
consists of tubular spar and ribs using composite material (carbon fiber), rigid foam
leading edge and plastic film skin [79]. The weight of various components of a HAP
airplane is distributed along the wingspan to reduce the structural stress on the
wing. These optimized structures for high-altitude flights have the disadvantage of
fragility at gust conditions found at lower altitudes.
Energy generation and storage also present numerous challenges: like all aircraft,
HAPs require a power source for the propulsion system and the supply of electricity
to their systems and payload. The most commonly adopted solution for very
long life HAP is, during the day, solar energy converted into electrical energy by
photovoltaic (PV) cells , and part of this electrical energy is used to charge a
storage system. Although with promising advantages, it was one of the greatest
technological challenges: to date there are no standardized consumption models
applicable even in the simulation phase.
Thermal management and operation at low altitudes are two minor challenges than
the previous two. Thermal management research should be intensified since the
temperature influence can be in aerostatic lifting force or internal pressure, in the
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case of super-pressure airships. While, an important point in the HAPs operation
at low altitude, especially in phases of launch and recovery, is the choice of weather
windows where the weather conditions are appropriate.
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Methodology
In this Chapter the methods used to carry out the simulations of this thesis work
are discussed, with particular attention to what and how certain choices were made,
in order to be able to evaluate the reliability and validity of this research.
Section 3.1 introduces the basic configuration of the simulated scenario, in order
to give some information related to the composition of the scenario itself and
motivate why some choices have been made with the aim of reaching the goal.
Section 3.2 provides information on the mobile traffic zones considered in the
city of Milan and suburbs, with particular focus on the sample clusters considered.
Section 3.3 describes the structure of the terrestrial BSs, while Section 3.4
discusses the choices made for simulation of the HAPS object.
Section 3.5 explains the definition of the strategies used in order to reduce the
cluster energy consumption, providing some examples of the used pseudo-algorithms.
Furthermore, the different simulated scenarios are defined in detail.
Finally, Section 3.6 defines how the simulator is structured, which tools and
material were used, and how the data were collected and analyzed.

3.1

Basic scenario configuration

In this thesis work a portion of a future generation RAN is analyzed, in which we
imagine to integrate the ground network infrastructure of a densely populated area
with an air network formed by one HAPS, which performs as a HAPS-SMBS. A
representation of this scenario is represented in Figure 3.1.
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Figure 3.1: A representation of the basic scenario configuration [64]

We envisioned to offer coverage for 16 traffic zones of the city of Milan (Italy)
through the use of a single HAPS equipped with Massive-MIMO1 (M-MIMO)
technology, i.e. capable of offering a coverage beam for each of the traffic zones.
Furthermore, each traffic zone (or service area) consisted of a cluster comprising a
macro BS which defines a cell within the entire service area, and 6 micro BSs which
define small cells which provide additional capacity to the inside the coverage area
of the macro cell, when the traffic demand is close to the peak.
In order to achieve the goal of reducing the energy consumption of the ground
infrastructure by adapting the network capacity to the traffic demand, different
reduction strategies have been used. Therefore it was observed if and how the
use of an aerial support structure is actually useful to increase the power saving
without affecting the QoS.
In the following sections, the data relating to the configuration of the simulated
objects and the energy reduction strategies used are analyzed in detail.

1

M-MIMO is a type of technology applied to wireless communications in which base stations
are equipped with a large number of antenna elements to increase energy and spectral efficiency.
M-MIMO systems typically feature tens, hundreds, or even thousands of antennas in a single
antenna array. Other technologies, such as beamforming and space multiplexing, allow M-MIMO
to be one of the key technologies for current 5G NR systems and future communication systems
[94].
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3.2

Traffic zones

The considered scenario foresees the presence of a HAPS placed at an altitude of
20 km from the ground and able to provide coverage over a large area, e.g. with
a diameter greater than 40 km, by means of a number of smaller cells between
40 and 100 with a radius of between 2 and 3 km. In light of these considerations,
it was hypothesized to cover a high-density urban area such as the city of Milan
(Italy), through 10 beams or even more considering the suburbs as well. A scheme
of the assumed urban area is shown in Figure 3.2.
More specifically, 16 traffic zones that include urban and suburban areas of the city
of Milan were considered: the traffic data used in this work were provided by a
large Italian Mobile Network Operator (MNO). These data report the hourly traffic
volume of the BSs contained in a sample cluster for each of the 16 traffic zones, for
a total duration of approximately 2 months. These areas were selected for being
different in terms of surface extension, typical activities and traffic patterns, in
order to have a quite representative vision of the various zones that coexist in
a urban area. For the sake of simplicity, it was hypothesized to offer a distinct
coverage cell from the HAPS for each of the 16 zones, in order to have a one-to-one
correspondence between cell and traffic zone.

Figure 3.2: A representation of the coverage of the urban area of Milan (Italy)

3.2.1

Sample clusters

A traffic zone comprises 12 clusters made up of 1 macro BS and 6 micro BSs, i.e.
each cluster contains 7 cells. In this work, it was decided to consider a sample
cluster for each of the 16 traffic areas, thus having a total number of 112 cells (and
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therefore BSs) distributed in 16 clusters representative of their traffic area.
To get an idea of the distribution and size of the sample clusters over the city of
Milan, it was decided to trace the grid of the BS cells on the map. This result was
obtained starting from the EPGS:43262 coordinates of the cell vertices and plotting
these vertices on Google Maps using the Python gmplot library [95].

Figure 3.3: The map of the considered traffic zones over the city of Milan (Italy)
As can be seen from Figure 3.3, the distribution of traffic areas is wide, allowing
the analysis of the city of Milan and its suburbs. In addition, the traffic zones
are very different from each other. In the business area (brown) and industrial
area (dark-blue) traffic peaks are observed in the central (or working) hours of the
day, while in the residential area (purple and light-green) traffic increases during
the evening as it follows the typical behavior of people in their daily life. Other
areas such as San Siro (yellow), in which there is a famous football field, Rho (dark
red), in which there is an area that hosts major events, Theatre (magenta) and

2

European Petroleum Survey Group (EPSG) Geodetic Parameter Dataset (also EPSG registry)
is a public registry of geodetic datums, spatial reference systems, Earth ellipsoids, coordinate
transformations and related units of measurement. Each entity is assigned an EPSG code between
1024 and 32767. With EPGS:4326 it is intended the WGS84, which is the latitude/longitude
coordinate system based on the Earth’s center of mass, used by the GPS among others.
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Mediolanum Forum (dark-grey) have traffic activities that depend on the possibility
that events are held or not, so the traffic is bursty and variable. The Duomo di
Milano (dark-green) and Tourism Attraction (violet) are tourist areas, with high
traffic throughout the day. The FS (orange) area hosts the Milano Centrale train
station while the Linate (light-coral) area hosts the Milano Linate airport, therefore
they are characterized by high activity levels as they are very crowded areas. The
Politecnico di Milano (dark-cyan) area hosts a large campus with several students,
especially during working hours. Finally, Highway (cyan), Monza Park (light-grey)
and Agricultural Park (cerulean) are traffic areas in which the traffic is not very
intense given the small number of people present inside them.
The previous overview of traffic zones was useful to understand how in the area
considered there are different classes of traffic data with different QoS constraints,
linked to the requirements of speed, latency and computing capacity, where by
traffic data classes we mean data deriving from mobile, vehicular or massive IoT
communications.

3.3

Structure of the BSs

Each cluster is made up of 1 macro BS and 6 micro BSs: the macro BS defines the
cell for the entire service area, while the micro BSs offer additional capacity.
The cluster is powered by a series of PV panels3 and an energy accumulator, i.e. a
series of batteries: the cluster uses the RE generated by the PV panels and in the
event that the energy produced is greater than the energy required by the BSs, the
difference in energy is stored in the batteries; conversely, if the BSs require more
energy than that supplied by the PV panels, the difference in energy is taken from
the batteries. In the simulator, the series of PV panels and the series of batteries
are treated as single elements having the task of powering the 7 BSs of the cluster.
In the rest of this thesis work, the pair formed by the PV panel (PV) and the
battery (B) will be abbreviated with the writing (PV,B), which represents the RE
part. Furthermore, if the energy generated by the PV panel and that stored in the
battery is not sufficient to power the BSs, the difference in energy is taken from
the public electricity grid. It follows that one of the main objectives of this work
was to minimize the consumption of energy taken from the grid, in order to obtain

3

PV panels absorb and convert shortwave solar irradiance into DC electricity to charge batteries
and operate BSs. A 1-kWp PV panel typically has a 5 m2 area, and the lifetime of a typical PV
panel may exceed 25 years [96]. The power generated by a PV panel can be influenced by several
factors, such as the DC rating of the PV panel, the tilt angle of the PV panel, and the geographic
location or solar irradiation profile of the site at which the panel is located [97]
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a reduction in the cost of energy. The cluster is schematized in Figure 3.4.

Figure 3.4: A cluster formed by 1 macro BS and 6 micro BSs powered by (PV,B)
and power grid
In this work, assuming a PV panel efficiency equal to 16%, a 1-kWp PV panel
requires an occupancy area of 5 m2 [98]. Lead-acid batteries with a size of 20 kWh
were considered for energy storage. A maximum Depth of Discharge of 70% was
considered in this study and losses of 15% in energy efficiency due to the charging
and discharging process were considered.
We used consumption models for BSs taking as a reference what the authors
suggested in [99]. The proposed linear model is made explicit by the formula:
Pin = Ntrx · (P0 + ∆p Pmax ρ), 0 ≤ ρ ≤ 1

(3.1)

The model in 3.1 expresses how the trend of the input power (Pin ) necessary for
the operations of the BSs, linearly depends on the number of transceiver (Ntrx ), on
the power consumption when the RF power is zero (P0 ), the gradient of the load
dependent power consumption (∆in ), the maximum RF output power at maximum
load (Pmax ) and the traffic load (ρ4 ). More in detail, the power model parameters
for both BS types are summarized in Table 3.1.
4

It should be emphasized that the traffic load turns out to be
ρ=

Pout
Pmax

where Pout is the relative RF output power.
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Table 3.1: Power model parameters for both BS types
BS Type
Macro
Micro

Ntrx
6
2

Pmax [W]
20
6.3

P0 [W]
130.0
56.0

∆p
4.7
2.6

Finally, we have assumed a maximum bitrate for each of the BSs (both macro
and micro) equal to 150 Mbps: the reason why this value has been assumed will
be explained later in Section 3.4.

3.4

Structure of the HAPS

In the simulator, we envisioned the presence of a single HAPS (i.e. an airship) able
to cover all 16 traffic zones through the use of M-MIMO technology. As for the
ground infrastructure, HAPS was also powered by a series of PV panels and a series
of batteries. In this case, however, since there is no specific energy consumption
model for an aerial platform in the literature and considering the huge surface
available on the HAPS to host PV panels, we hypothesized that the RE is always
available in sufficient quantity on HAPS and the only limit is the HAPS band
capacity.
Regarding the HAPS band capacity, we assumed that the HAPS coverage radius
is equal to 50 km, from which a total area covered by the HAPS of about 7850 km2 ,
and that the total HAPS capacity was equal to 30 Gbps. Based on the ITU report
[54], in order to provide continuous coverage, we assumed a very high number of
cells, equal to 256 cells. Therefore, each cell can cover an area of about 30 km2 5
with a single cell capacity of about 117 Mbps 6 .
However, we assumed to have a lower number of cells with higher capacity each.
5

Since the total surface is Stot =7850 km2 and the number of cells is Ncell =256, we have the
surface covered by one single cell
Scell =

Stot
≈ 30 km2
Ncell

6
Since the total HAPS capacity is Ctot =35 Gbps and the number of cells is Ncells =256, we
have the single cell capacity
Ctot
Ccell =
≈ 137 M bps
Ncells
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The capacity is provided for each cell by one or more HAPS beams, that are
properly directed to cover the area served by each cell. Each cell provides coverage
over an area having a surface of about 30 km2 . Therefore, as it is possible to
observe in Figure 3.5, knowing that the surface covered by the city of Milan and
its suburbs is approximately equal to 560 km2 , the number of cells useful to cover
Milan and its suburbs is equal to 19 7 .
Finally, each of the 19 BS cells in Milan and its suburbs could contain about 12
clusters of 1 macro BS and 6 micro BSs each, and, in case of uniform distribution
of capacity, each cell can provide 1.8 Gbps 8 in the covered traffic zone. Therefore,
the available bandwidth per cluster is equal to 150 Mbps 9 . This value corresponds
to the actual maximum capacity of each BSs (both macro and micro).

7

Since the total surface of Milan and its suburbs is Stot =560 km2 and the surface covered by
one single cell is Scell =30 km2 , we have the number of cells useful to cover Milan and its suburbs

Ncell =

Stot
≈ 19
Scell

8

Since the total HAPS capacity is Ctot =35Gbps and the number of cells is Ncells =19, we have
the single cell capacity covering one traffic zone

Ccell =

Ctot
≈ 1.8 Gbps
Ncells

9

Since the single cell capacity is Ccell =1.8 Gbps and the number of clusters in one zone is
Nclusters =12, we have the cell capacity covering one cluster

Ccluster =

Ccell
Nclusters
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Figure 3.5: The coverage surface of the city of Milan and its suburbs

3.5

Definition of strategies for reducing energy
consumption

In order to reduce energy consumption, preferring the use of RE rather than
exploiting the energy deriving from the grid, we have considered two strategies: (i)
Resource on Demand (RoD); and (ii) HAPS Offloading.
The RoD strategies allow to dynamically adapt the available radio resources
according to the real instantaneous traffic demand of the network [100], limiting
the presence of redundant radio resources for considerable times, hence adapting
the network energy consumption the actual volume variations. In our case study,
the RoD strategy is applied by turning off unnecessary micro BSs when the load
deriving from user requests is low. More in detail, the RoD strategy applied in this
thesis is proposed in [101]: in case of low traffic (i.e., lower than a threshold), one
or more micro BSs are turned off, and their traffic is moved to the macro BS, as
long as the macro BS has enough capacity to handle the traffic. The load threshold
(ρmin ) is set equal to 0.37, according to what suggested in [101].
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In practice, the RoD strategy can be summarized through the following pseudocode.
Algorithm 1 : RoD strategy
1: for t = 1, T do
ó for each time step
2:
for µ = 1, m do
ó for each micro BS
t
t
t
3:
if λµ < ρmin · C and CM + λµ ≤ C then
4:
λtµ ← 0
ó turn off the micro BS
t
t
t
5:
C M ← C M + λµ
ó move traffic to the BS macro
6:
end if
7:
end for
8: end for
The following notations have been used in the pseudocode: λtµ indicates the
t
traffic managed by the micro BS µ at time step t, CM
indicates the currently
capacity used by the macro BS up to time step t, and C indicates the maximum
capacity of the macro BS.
The HAPS Offloading strategy is the aerial counterpart of the RoD strategy:
since the main topic of this thesis concerns the analysis of future communication
networks with the implementation of aerial platforms, when this strategy is selected,
we have chosen to assign a priority to HAPS for the offloading of mobile traffic, even
if the macro BS still has some capacity available. Using this strategy we offload
some traffic from the micro BSs to the HAPS, depending on QoS requirements
based on traffic types. For instance, we can move high bandwidth demanding traffic
in order to avoid congestion in the terrestrial network and make it available for
critical communications, or we can shift popular content, since the HAPS has huge
coverage and it can store contents, to limit duplicates in multiple locations still
having a reasonable delay. It is useful to underline that in this thesis no distinction
was made on the type of traffic data, but we have chosen to transfer all the traffic
that can be transferred to the HAPS.
If the HAPS cell capacity is saturated, the remaining traffic can be shifted to the
micro BS, as long as the RoD conditions for traffic offloading are respected.
When the HAPS Offloading strategy is applied, two different behaviour modes of
the beams were analyzed: (i) constant beam; and (ii) dynamic beam. In the case
of constant beam, the capacity provided by the HAPS beam (or beams) within
each cell is fixed a priori at the start of the simulation and remains so for the entire
simulated period. Conversely, in the case of dynamic beam, the capacity of the
beams varies dynamically over time: it is reduced by a given fraction (χ) if the
traffic is below a certain threshold (τ ), in order to adapt the beam capacity to traffic
conditions. In the latter case, an analysis was carried out to select the optimal
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values of the reduction fraction of the maximum beam capacity and threshold: the
results will be shown in the next chapter. These two modes of beam behavior were
analyzed in order to gain insight into if and how the application of energy reduction
strategies affects QoS.
In practice, the dynamic beam algorithm can be summarized through the following
pseudocode.
Algorithm 2 : Dynamic beam
1: for t = 1, T do
2:
Λt ← λtM
3:
for µ = 1, m do
4:
Λt ← Λt + λtµ
5:
end for
6:
if Λt ≤ τ · Cc then
7:
Cbt ← χ · Cbt
8:
end if
9: end for

ó for each time step
ó for each micro BS

ó reduce the max beam capacity

The following notations have been used in the pseudocode: Λt indicates the traffic
managed by the cluster at time step t, λtM and λtµ indicate the traffic managed by the
macro BS and the micro BS µ at time step t respectively, Cc indicates the maximum
capacity of the cluster, and Cbt indicates the capacity of the HAPS cell at time step t.
In all the performed simulations, we have chosen to always assume that the
RoD strategy for ground BSs is applied, with the aim of evaluating how the HAPS
Offloading strategy, if applied, affects the energy behavior and QoS of the analyzed
clusters. Furthermore, unlike what happens for HAPS, where we assumed to have
RE always present and available in sufficient quantity, for the ground network
infrastructure we decided to simulate two complementary scenarios, that were
with or without RE supply. If the RE supply on the ground was not taken into
consideration, the cluster was powered only through the power grid and therefore
we had (PV, B) = (0,0). Vice versa, with the presence of RE supply on the ground,
the cluster was powered both by the green energy pair (PV, B) and by the power
grid, i.e. the cluster had a scheme equal to the one presented previously in Figure
3.4. In the latter case, a detailed analysis of the effect of different dimensions of
(PV, B) will be dealt with in the next chapter.
Therefore, four different scenarios have been considered: (i) NO RE scenario, in
which only the RoD strategy was considered applied without the presence of ground
RE supply; (ii) RE on Cluster scenario, in which only the RoD strategy with the
presence of ground RE supply was considered; (iii) HAPS Offloading scenario,
in which both RoD and HAPS Offloading strategies was considered, without the
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presence of ground RE supply; and (iv) RE on Cluster + HAPS Offloading scenario,
in which both RoD and HAPS Offloading strategies was considered, with the
presence of ground RE supply. The four simulated scenarios are summarized in
Table 3.2.
Table 3.2: Summary of the simulated scenarios
Strategy

Scenario
NO RE
RE on Cluster
HAPS Offloading
RE on Cluster+ HAPS Offloading

3.6

RoD

HAPS Offloading

Ground RE

Yes
Yes
Yes
Yes

No
No
Yes
Yes

No
Yes
No
Yes

Structure of the simulator

In order to investigate the potential benefits of using an aerial platform to move
the traffic load from the BS to the ground in order to reduce energy consumption
and improve services, we recreated the working environment through a simulator
written in Python. The main structure of the simulator consists of a loop which,
for each of the sample clusters of the 16 traffic zones, updates the conditions of the
single cluster for each time step, based on the amount of traffic handled by each of
the 7 BSs in the cluster, in that specific moment.
The time horizon of the time loop is 1463 hours, with a granularity of 1 hour, i.e.
each time-step is 1 hour. More specifically, 60 days and 23 hours are analyzed, i.e.
8 weeks from Sunday to Saturday, 4 days from Sunday to Wednesday and 23 hours
on Thursday.

3.6.1

Input data

In our study we used mobile traffic data provided by a large Italian MNO: they
report the hourly traffic volume for each of the 112 BSs considered, in the city
of Milan and suburbs, for a duration of 1463 hours in 2015. More precisely, the
period considered runs from 00.00 on 1st March 2015 to 11.00 pm on 30th April 2015.
Moreover, to correctly map the position of the considered cell within the city of
Milan or its suburbs, the information was obtained from text files which contained
the data relating to the sample cluster considered for that specific cell. After having
carried out a pre-processing of this information, it was possible to obtain the data
relating to the coordinates of the vertices of the cells belonging to the traffic areas
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and their relative surface.
After that, in order to have realistic data on the production of RE energy on the
ground for the city of Milan, we used the database on the website of the PVWatts
calculator [102], which offers the possibility of downloading a CSV file that contains
the information of the parameters relating to hourly energy production.
Finally, to understand the economic impact deriving from the energy savings
of the cluster, we used data on the price of energy taken from the website of the
Italian Gestore dei Mercati Energetici (GME10 ) [103]. From GME it is possible
to find various databases with historical data relating to the market of the day
ahead, from 2004 onwards. We have chosen to consider three time periods: (i)
spring 2015; (ii) winter 2021; and (iii) spring 2021. The first period was considered
because it was equal to the period of the traffic data, while the others to see the
price differences five years apart and in two different periods of the year.

3.6.2

Performance indicators

For each of the simulated scenarios, a CSV file was generated containing, among
the others, the following three KPIs: (i) energy grid reduction; (ii) capacity demand
ratio; and (iii) traffic fraction handled by HAPS.
The energy grid reduction of the cluster, is a KPI that allows us to understand
the energy savings of a given cluster. More specifically, the energy grid reduction
is calculated as the ratio between two factors a and b, where: (a) is the difference
between the reference consumption of the cluster, i.e. the consumption that the
cluster would have considering the RoD strategy not applied and the BSs powered
only by energy taken from the grid, and the actual consumption of the cluster,
considering certain strategies applied; and (b) is the reference consumption of the
cluster. It is measured both as a percentage of energy savings and as an absolute
energy value (i.e., in Wh).
The capacity demand ratio allows to evaluate the relationship between the total
capacity offered to the users in the cluster area (including capacity, provided by
both BS and HAPS) and the total real traffic demand. It is a KPI that gives an
idea of how oversized the service is and if there are any untapped capabilities that

10

GME is the company responsible in Italy for the organization and management of the
electricity market, as well as for ensuring the economic management of adequate availability of
the power reserve.
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could improve the QoS.
The traffic fraction handled by HAPS gives information regarding the amount of
traffic that is handled by the HAPS when the HAPS Offloading strategy is applied.
This KPI is very useful to understand how much traffic is sent on HAPS in order
to analyze the effects that this load shift brings in terms of energy consumption
and QoS.
Other performance indicators will be evaluated in the next chapter, as they
relate to simulations of particular cases.
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Results
This Chapter discusses the results obtained from the simulations performed. It
is emphasized that the work environment has been simulated through a program
written in Python language, that has been further deployed as part of the thesis
work. The Chapter was structured in such a way as to clearly differentiate the two
phases of our work.
Section 4.1 describes the results obtained during the first phase of the simulation,
that is the parameter setting phase and the selection of basic configurations.
Finally, Section 4.2 shows the results obtained during the simulation phase,
commenting and critically comparing the values of the KPIs obtained in the various
scenarios modeled.

4.1

Sizing Phase

In this section, we compare the results obtained for the choice of the optimal
values of the parameters that will be used in the subsequent simulation phase.
The parameters analyzed were: (i) the size of the PV panels and of the battery
(PV, B), in the case of presence of RE on the ground; and (ii) the threshold (τ )
and the reduction fraction of the maximum HAPS cell capacity (χ), in the case of
application of the HAPS Offloading strategy with Dynamic Beam. Furthermore,
we carried out an analysis of the traffic patterns of the 16 traffic zones, in order
to select 5 significant traffic zones, i.e. those zones with traffic statistics different
from each other and on which the simulations were carried out.
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4.1.1

Impact of the parameter (PV, B) on energy grid reduction

We now investigate the impact of the variation of the parameter (PV, B) on the
energy grid reduction, taken as percentage of energy savings. In this analysis,
only the scenarios in which the RE is present on the ground have been taken into
consideration, namely: (i) RE on Cluster; (ii) RE on Cluster + HAPS Offloading
with Constant Beam; and (iii) RE on Cluster + HAPS Offloading with Dynamic
Beam. The range of variation of the parameter (PV, B) chosen was between (1, 1)
[kWp, kWh] and (9, 9) [kWp, kWh], as it allows to observe the dynamics of the
energy grid reduction behavior and allows to have a good trade-off between costs
and autonomy of the system, as studied in [104]. To better catch the impact of the
variation of the parameter (PV, B), the energy grid reduction was calculated on all
16 traffic zones.
From the three graphs in Figure 4.1, that report the grid energy reduction
versus several different system sizes, in different traffic area and under various
scenarios, it is possible to notice how each of the 16 traffic zones reacts differently
to the variation of (PV, B)1 : this behavior is due to the fact that each of the
traffic zones has a different traffic load and that the aerial extension of the zones
is very different from each other, for example it goes from an extension of 69.14
km2 of Agricultural Park to 0.56 km2 of Duomo. Therefore, it is understandable
how large dimensions of (PV, B) have a more relevant impact on the energy grid
reduction of areas not very extensive. Then, with reference to a traffic area, it
is noted that starting from a size of the PV panel set at 4 kWp, keeping the size
of the PV panel fixed, there is an exponential increase in energy grid reduction
as the size of battery B increases. This trend is positive, because it allows us
to use larger battery sizes while keeping the size of the PV panel fixed, which
has a considerable cost. Furthermore, it is possible to exploit this property in
central urban environments (e.g., the Duomo area in the center of Milan) where
the space available for the installation of PV panels is limited. Moreover, this
behavior is at the basis of the reasoning according to which the application of
the HAPS Offloading strategy in addition to the RoD strategy with RE on the
ground improves energy savings. Let’s take again the Duomo traffic zone as an
example, which, as already defined, is a central urban area with a low surface
area but with a high amount of traffic throughout the day, as it is frequented by
many tourists. We have that by setting the dimensions of (PV, B) equal to (3
kWp, 4 kWh), which are realistic dimensions for this zone, the effect of adding
1

It is useful to remember that the power supplied by the PV panels is measured in kWp while
the battery B capacity is measured in kWh.
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the HAPS Offloading strategy is evident: we pass from an energy grid reduction
of 47% in the RE on Cluster scenario to an energy grid reduction of 62% in the
RE on Cluster + HAPS Offloading scenario with Dynamic Beam and 67% with
Constant Beam. We therefore have an increase of up to +43% of the energy grid reduction in the case of both strategies applied, compared to the RE on Cluster alone.
This result leads us to conclude that in those areas that have limited space, it is
possible to keep the dimensions of the PV panels relatively low, trying to increase
the size of the batteries. Furthermore, the use of HAPS greatly improves energy
savings and is an interesting solution not only for remote areas without ground
infrastructure, but also for central urban areas with high traffic density but with
little space available.
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Figure 4.1: Variation of the energy grid reduction for the 16 traffic zones as the
parameter (PV, B) varies
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4.1.2

Analysis of the mean energy grid reduction for the
selection of the standard configuration of (PV, B)

To limit the number of simulations, we chose to determine a standard size configuration of (PV, B) to be used in the subsequent analysis on the τ and χ parameters.
Therefore, considering the RE on Cluster + HAPS Offloading with Dynamic Beam
scenario, we calculated the energy grid reduction for each of the 16 traffic zones as
the average of the energy grid reduction values obtained in the previous analysis
and shown in Figure 4.1(c).
Looking at Figure 4.2, we have chosen three representative traffic zones, based
on the mean energy grid reduction values: (i) Rho, because it has the highest mean
energy grid reduction (i.e., 72%); (ii) Agricultural Park, because it has the lowest
mean energy grid reduction (i.e., 56%); and (iii) Mediolanum Forum, because it
has an average mean energy grid reduction (i.e., 62%). These three zones were
considered as representative traffic zones also for the subsequent analysis of the τ
and χ parameters.
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Figure 4.2: Mean energy grid reduction for each of the 16 traffic zones

Then, we collected the measurements of five different values of (PV, B) for the
three representative traffic zones. The summary of this collection is presented
in Table 4.1. Observing these results, we chose the 3 kWp dimensions for the
PV panels and 4 kWh for the battery B, as the standard configuration for the
subsequent simulations. This choice was made because the energy grid reduction
values in the case of (PV, B) = (3, 4) [kWp,kWh] are close to the mean energy grid
reduction value for the 3 representative zones.
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Table 4.1: Energy grid reduction of the three traffic zones for different (PV, B)
(PV [kWp], B [kWh])

Traffic Zone
Rho
Agricultural Park
Mediolanum Forum

4.1.3

(2,3)

(3,4)

(4,3)

(6,6)

(9,6)

65%
46%
54%

73%
56%
62%

75%
61%
66%

83%
70%
75%

86%
74%
78%

Analysis of the variation of τ and χ parameters

We now analyze the impact of the variation of the threshold on the traffic load
(τ ) and the reduction fraction of the maximum HAPS cell capacity (χ) when the
RE on Cluster + HAPS Offloading strategy with Dynamic Beam is applied. We
measure this impact over the three KPIs explained in Section 3.6.2, i.e., energy grid
reduction, capacity demand ratio, and traffic fraction handled by HAPS. Firstly,
we decide to vary τ between the following discrete values: [0.1, 0.25, 0.37, 0.5, 0.75,
0.87, 1]; and to vary χ between the following discrete values: [0.25, 0.5, 0.75].
The summary of the first configuration of the simulations is presented in Table 4.2.
Table 4.2: Summary of the first configuration of the simulations for the analysis
of the variation of τ and χ parameters
Scenario
Beam Algorithm
(PV, B)
τ
χ

RE on Cluster + HAPS Offloading
Dynamic
(3, 4)
[0.1, 0.25, 0.37, 0.5, 0.75, 0.87, 1]
[0.25, 0.5, 0.75]

Simulations were launched for the three representative traffic zones, for a total
of 21 simulations. For simplicity, we have decided to report only the plots of the
variation of the three KPIs with respect to the variation of the threshold τ and
for each of the fractions χ, only for the traffic area of Rho. As can be seen from
the plots of Figure 4.3, the variations in KPIs are zero or however negligible for τ
values greater than 0.37. For this reason we have chosen to narrow the range of
variation of τ between the following discrete values: [0.05, 0.1, 0.15, 0.2, 0.25, 0.3,
0.37].
The summary of the second configuration of the simulations is presented in Table
4.3.
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Table 4.3: Summary of the second configuration of the simulations for the analysis
of the variation of τ and χ parameters
RE on Cluster + HAPS Offloading
Dynamic
(3, 4)
[0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.37]
[0.25, 0.5, 0.75]

Scenario
Beam Algorithm
(PV, B)
τ
χ

Energy Grid Reduction
RE on Cluster + HAPS Offloading
Dynamic Beam; (PV,B) = (3,4)
Traffic Zone: Rho

0.8
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Figure 4.3: Variation of the KPIs as τ and χ parameters vary; Traffic Zone: Rho
The results of the variation of the three KPIs for each of the three representative
traffic zones are plotted in Figures 4.4, 4.5, and 4.6.
From the plots in Figure 4.4, it can be seen that the energy grid reduction
decreases as τ increases and, with the same τ , increases as χ increases, in each of
the three representative traffic zones. This behavior is completely compatible with
what we expected, because as the τ value increases there is more probability that
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the HAPS cell is reduced and therefore a greater probability that the traffic is managed by the BSs on the ground, leading to an increase in energy taken from the grid.
Then, from the plots in Figure 4.5, it can be seen that the capacity demand
ratio increases as the τ increases and, with the same τ , decreases as the χ increases,
in each of the three representative traffic zones. This decrease corresponds to a
greater expenditure in terms of energy taken from the grid, due to the fact that
the traffic is more managed by the BSs on the ground.
Finally, from the plots in Figure 4.6, it can be seen the traffic fraction handled
by HAPS decreases as the τ increases and, with the same τ , increases as the χ
increases, in each of the three representative traffic zones. In this case, an increase
in τ leads to a reduction in the traffic handled by the HAPS, because it is more
likely that the HAPS cell capacity will be reduced. Furthermore, in this situation
the difference in capacity managed by the HAPS is considerable as χ varies, given
a certain τ : this variation is even more accentuated for high values of τ , because it
is very likely that the traffic is less than the maximum for a high τ .
Observing these results, we have chosen to set standard values of τ and χ equal
to 0.15 and 0.5 respectively. This choice was made because these values allow us to
keep the capacity demand ratio below 4.0, thus guaranteeing a high QoS, and the
traffic fraction handled by HAPS and the energy grid reduction are high.
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Figure 4.4: Variation of the energy grid reduction as τ and χ parameters vary
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Capacity Demand Ratio
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Figure 4.5: Variation of the capacity demand ratio as τ and χ parameters vary
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Figure 4.6: Variation of the traffic fraction handled by HAPS as τ and χ parameters vary
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4.1.4

Selection of the sample traffic zones

To reduce the number of simulations to be performed without compromising the
reliability of the analyzes, we decided to select 5 traffic zones out of 16. The analysis
for the choice of these 5 sample zones was carried out on the traffic data pattern:
more in detail, the traffic for each cluster was considered as the sum of the traffic
managed by each micro BS and macro BS in each time step, that is, in each hour
of the 1463 hours analyzed (i.e., the time horizon). Then the statistics of the traffic
time series were calculated to select heterogeneous traffic zones, that is, in such a
way that each of the sample zones had its own peculiarities and different from the
other zones.
After this analysis, we selected the following five sample areas: (i) Rho; (ii) Business;
(iii) Residential; (iv) Industrial; and (v) Tourism Attraction. The traffic time series
for each of the 5 sample zones are plotted in Figure 4.7. Simply through a visual
inspection it is possible to observe how the traffic trend differs from area to area:
areas such as Residential, Business and Industrial tend to have a cyclical behavior, as
they are closely linked to working hours. In turn, they have almost complementary
traffic peaks: in the Business and Industrial area the traffic peaks are observed
in the central hours of the day, while in the Residential area the traffic increases
in the evening hours as it follows the typical behavior of people in everyday life.
The traffic of the Tourism Attraction zone maintains a very high level throughout
the observation time, due to the fact that being a tourist area it is visited by a
considerable number of people during all hours of the day. Vice versa, the traffic of
Rho has a relatively low average traffic but presents some spikes on some specific
days, probably due to the fact that in those days the area hosted a major event.
To have a more detailed view of the accumulated statistics, a summary of the most
relevant statistical traffic indices for each of the 5 sample traffic zones is shown in
Table 4.4.
Table 4.4: Summary of the statistical index for the five sample traffic zones
Sample Traffic Zones

Statistical Index
Mean [Mbps]
Std [Mbps]
Min [Mbps]
25% [Mbps]
50% [Mbps]
75% [Mbps]
Max [Mbps]

Rho

Business

Residential

Industrial

Tourisme

123,16
88,33
2,74
60,50
120,67
158,23
556,03

222,61
149,02
4,98
89,22
208,63
345,47
586,72

202,63
97,96
13,51
119,57
226,56
273,84
451,30

226,47
138,06
10,27
96,83
231,53
344,03
615,23

285,69
153,81
12,95
139,80
332,63
411,75
573,77
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Figure 4.7: Traffic time series in the five sample traffic zones
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Finally, in order to have a graphical answer relating to the statistics calculated
in Table 4.4 for each of the five traffic zones, it was decided to report in Figure
4.8 the histogram and the density plot of the traffic data. Figure 4.8(a) shows the
normalized histogram for traffic data: it shows the proportion of cases in which
traffic falls within each range of traffic quantities, with the sum of the heights equal
to 1. While, Figure 4.8(b) shows the density plot, which is a representation of the
distribution of the traffic variable: it is a smoothed version of the histogram and is
used in the same concept.
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Figure 4.8: Visualization of the traffic statistics of the five sample areas
The plots of Figure 4.8 show that each of the five traffic zones has a different
traffic profile than each other: this justifies the choice made and confirms the
reliability of the simulations performed.

4.2

Simulation Phase

In this section, we analyze the performance indicators deriving from the simulation
of different configurations. In detail, we start with the analysis of the simulations of
the basic scenarios, in which, where necessary, we have used the parameter values deriving from the previous sizing phase. Moreover, among the simulations carried out,
we have developed an analysis on the costs of the basic scenarios in three different
periods of time and we have also analyzed how a variation in the dimensions of the
PV panels and batteries leads to a variation in terms of energy and economic savings.
Then, we analyze the analysis of the performance indicators using more complex scenarios. Firstly, we evaluate the distribution of HAPS capacities among
the various HAPS cells in proportion to the surface of the traffic area. Secondly,
thanks to the results obtained from the previous simulations, we carry out a more
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complex simulation taking into account the energy demand, the availability of RE
and the price of the energy: thanks to these information, we produce a dynamic
strategy for the selection of the threshold (τ ) and of the reduction fraction of the
maximum HAPS cell capacity (χ), to trade off the data traffic with respect to the
actual situation of the cells, without wasting capacities and maintaining a high QoS.
Finally, we propose our solution for a realistic scenario in which we imagine to
work with two clusters together: in this case, differently from what done in the
previous analyzes, we envision to use the HAPS in a more dynamic manner, that is
adapting the HAPS cell capacities depending on the instantaneous traffic of each
cluster.

4.2.1

Analysis of basic scenarios

The first analysis concerns the study of the energy grid reduction for each cluster in
the city of Milan and suburbs, in order to have an idea of the impact of the presence
of RE or the application of the HAPS Offloading strategy. These simulations were
performed using the base scenario configurations, namely: (i) NO RE; (ii) RE
on Cluster; (iii) HAPS Offloading with Constant Beam and (iv) with Dynamic
Beam; and (v) RE on Cluster + HAPS Offloading with Constant Beam and (vi)
with Dynamic Beam. As a consequence of the sizing phase, for the scenarios with
RE on the ground we set the dimensions (PV, B) = (3, 4) [kWp, kWh], while for
the scenarios with the HAPS Offloading with Dynamic Beam strategy applied we
set the threshold τ = 0.15 and the fraction of reduction of the maximum beam
capacity χ = 0.5.
A general overview of the results obtained for each of the clusters of the 16
traffic zones is shown in Figure 4.9: for simplicity we have decided to number the
configurations from I to VI and for each plot in the figure we have chosen to include
the specifications of the parameters used in the title, as they are useful for the
analyzes carried out in the following chapters. Moreover, to make more specific
comments, we have chosen to collect in Table 4.5 the results of the energy grid
reduction for each of the six configurations, considering only the five sample traffic
zones selected in Section 4.1.4.
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Table 4.5: Summary of the energy grid reduction for the five sample traffic zones
in the basic scenarios
Sample Traffic Zones

Configuration
I
II
III
IV
V
VI

Rho

Business

Residential

Industrial

Tourism

31%
62%
51%
44%
78%
73%

19%
49%
40%
34%
69%
64%

13%
43%
36%
31%
64%
59%

15%
45%
34%
32%
67%
61%

12%
42%
32%
29%
61%
58%

From Table 4.5 it is possible to observe how the best configuration for all the
five sample zones is the configuration V, i.e. RE on Cluster + HAPS Offloading
with Constant Beam. This result is fully expected because with the presence of RE
on the ground we limit the withdrawal of energy from the grid favoring the use of
green energy, while with HAPS Offloading we make more use of HAPS, leaving less
load on the ground to manage. Moreover, the use of the Constant Beam algorithm
allows to associate a fixed capacity of 150 Mbps to each HAPS cell, so that each
cluster has the possibility to have 150 Mbps of additional capacity even if the
instant traffic is not high.
It is equally clear that configuration I is the one that has the lowest energy grid
reduction for each of the six sample zones: despite the presence of only the applied
RoD strategy, it results in an energy saving of 31% in the Rho zone, this result
is clearly lower in the remaining areas. The reason lies in the fact that the Rho
area on average has a low traffic, therefore the switching off of the micro BSs with
relative shift and traffic management to the macro BS is frequent, while in the
remaining areas the traffic is high and therefore the application of the RoD strategy
will be less frequent. For this reason, the presence of RE on the ground allows an
energy saving of 30 percentage points more: in configuration II, the presence of RE
is able to compensate for the waste due to the withdrawal of energy from the grid.
Finally, we notice that the presence of HAPS Offloading strategy (configurations
III and IV) without the presence of RE on the Cluster, worsens the performance
compared to configuration II, although providing a relevant grid energy reduction.
Despite this, an average improvement of 20 percentage points is observed compared
to configuration I: this is an excellent result obtained, because it suggests that the
HAPS Offloading strategy applied in traffic areas with little surface available for
mounting PV panels, improves significantly the performance in terms of energy
saving.
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Figure 4.9: Analysis of the energy grid reduction for the basic scenarios
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4.2.2

Cost analysis of the basic scenarios

In order to have an idea of the monetary savings by means of the presence of
sophisticated strategies like the RoD or the HAPS Offloading, we have performed a
cost analysis for the six configurations presented in the previous section. Moreover,
in order to have an overview of the variability of the energy price all over the years,
we decide to apply the cost analysis over three different periods: (i) winter 2021,
from 00.00 on Sunday 3rd January to 11.00 pm on Thursday 4th March 2021; (ii)
spring 2021, from 00.00 on Sunday 28th February to 11.00 pm on Thursday 29th
April 2021; and (iii) spring 2015, from 00.00 on 1st March to 11.00 pm on 30th
April 2015.
As already mentioned in Section 3.6.1, energy grid price data have been retrieved
from the GME website [103] and they are expressed in e/MWh.
In order to have an idea of how the energy grid price has changed over the
considered periods, we have decided to show the plot of the time series of the price
in Figure 4.10.
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Figure 4.10: Energy grid price time series

As can be seen from Figure 4.10(b), it is evident that passing from 2015 to 2021
the price of energy has increased. It is also noted that there is a minimal difference
between the orange curve in Figure 4.10(a) and the orange one in Figure 4.10(b).
Therefore, to have a better understanding of the cost in terms of energy provided
by the grid in each cluster, we have aggregated the results over the entire time
frame and for all three periods. The results are shown in Table 4.6.
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Table 4.6: Summary of the energy grid cost for each traffic zone in the three
selected periods
Traffic Zone
FS
Rho
Duomo
Polimi
San Siro
Business
Residential
Industrial
Residential 2
Highway
Mediolanum Forum
Tourism Attraction
Theatre
Linate
Monza Park
Agricultural Park

Energy Grid Cost [e]
Winter 21

Spring 21

Spring 15

114.60
79.20
101.79
108.72
78.45
97.90
107.41
103.08
108.39
100.52
98.72
108.22
109.93
94.74
92.96
114.47

120.66
83.93
106.49
114.40
82.82
102.54
113.18
108.68
113.90
105.69
104.24
113.94
115.53
99.53
98.00
120.43

95.86
66.39
84.84
91.14
66.07
81.55
90.17
86.50
90.70
84.26
83.17
90.35
91.99
79.20
78.09
95.95

It is useful to underline that the costs presented in Table 4.6 were calculated
on configuration I (i.e., the NO RE scenario), as this configuration was used for
the calculation of the basic cost. Therefore, from this result it was possible to
calculate two KPIs: (i) the energy grid cost reduction; and (ii) energy cost savings.
More specifically, the energy grid cost reduction is calculated as the ratio between
two factors a and b, where: (a) is the difference between the reference cost of
the cluster, i.e. the cost shown on Table 4.6, and the actual cost of the cluster,
considering certain strategies applied; and (b) is the reference cost of the cluster.
It is measured as a percentage of economic savings. Instead energy cost savings is
simply the difference between the reference cost of the cluster and the actual cost
of the cluster. It is measured as energy savings in monetary terms, therefore in euros.
The cost analysis was carried out by analyzing the two KPIs described previously
for the five sample traffic areas selected in Section 4.1.4. To present the results
obtained we have chosen to divide the scenarios into configurations with Constant
Beam and Dynamic Beam, that is configurations II, III and V, and configurations
IV and VI respectively. The results are shown in Figure 4.11 and Figure 4.12.
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Looking at the graphs it is possible to see how, even in economic terms, the best
configuration for all five sample zones is the configuration V, i.e. RE on Cluster +
HAPS Offloading with Constant Beam.
Then, taking into consideration the plots of Figure 4.11, it can be seen how the
energy grid cost reduction worsens slightly in the case in which the Dynamic Beam
algorithm is applied: this behavior is understandable since through the application
of the Dynamic Beam we want to reduce the capacity of the HAPS cell, in such a
way as to be able to exploit the remaining capacity on other areas that require a
higher bit rate. Therefore, it is inevitable that there will be a greater consumption
by the BSs on the ground. However, a percentage reduction of only 1% of the
energy grid cost reduction in the Dynamic Beam case is to be considered a positive
result.
Furthermore, from the charts it can be seen that the behavior is almost the same,
as the period considered varies: even if the percentage value of energy grid cost
reduction in Figure4.11 tends to remain almost unchanged, the absolute amount of
euros saved, shown in Figure 4.12, has obvious differences. For example, taking into
consideration the Rho cluster, we have that in the three periods the configuration
III (i.e., HAPS Offloading with Constant Beam) has an energy grid cost reduction
always equal to 29%. However, this percentage reduction translates into three
different economic savings values, namely: (i) e23.31 in Winter 202; (ii) e24.20 in
Spring 2021; and (iii) e19.37 in Spring 2015.
Finally, it is noted that the value of economic savings tends to be higher in the
Spring 2021 period and that, in general, the configurations V and VI, i.e. the
RE on Cluster + HAPS Offloading with Constant and Dynamic Beam scenario
respectively, have savings much higher than the others.

4.2.3

Analysis of basic scenarios with other (PV, B) configurations

In this analysis we have chosen to evaluate the effect of two different configurations
of the dimensions of (PV, B) in terms of energy savings and monetary savings.
In order to reduce the number of simulations, we have chosen to consider only
the configurations with the Dynamic Beam algorithm active, i.e., RE on Cluster,
HAPS Offloading with Dynamic Beams , and RE on Cluster + HAPS Offloading
with Dynamic Beams, for each of the five sample traffic zones. The parameters τ
and χ have been set equal to 0.15 and 0.5 respectively. We have chosen to carry
out the simulation only for the Spring 2021 period.
Since the basic configuration of (PV, B) was chosen to be equal to 3 kWp and 4
kWh, as explained in Section 4.1.2, in order to observe the effects of different sizes
of PV panels and batteries, we have chosen to use (PV, B) = (2, 2) [kWp, kWh]
and (PV, B) = (6, 6) [kWp, kWh].
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Figure 4.13: Analysis of the energy grid reduction with different dimensions of
(PV, B)
The charts in Figure 4.13 show a plausible behavior: as the size of the PV panels
and batteries increases, there is a significant increase in energy grid reduction.
Furthermore, it is noted that using only the HAPS Offloading strategy, without
considering the presence of RE on the ground, the energy grid cost reduction
remains unchanged, since the dimension of (PV, B) remains in any case equal to
(0, 0) [kWp, kWh]. However, the choice to also plot the HAPS Offloading scenario
is not trivial. As can be seen from Figure 4.13(b), in the Residential and Industrial
traffic areas it is observed that the energy grid reduction is greater in the HAPS
Offloading scenario than in the RE on Cluster scenario. This result is very relevant,
because it allows us to state that in a traffic area where there is no space to install
large PV panels, it is much more convenient to use HAPS.
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Figure 4.14: Analysis of the energy grid cost reduction with different dimensions
of (PV, B)
Also in the case of energy grid cost reduction, we are witnessing a behavior
similar to that analyzed for energy grid reduction. It is important to note that in
Figure 4.14(b) we see the same performance seen for energy grid reduction. In this
case, in addition to the Residential and Industrial traffic areas, there is an increase
in monetary savings also in the Business traffic area, further demonstrating the
fact that in traffic areas where we do not have space for the installation of PV
panels, it is also economically convenient to make greater use of HAPS.
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4.2.4

Analysis of the interaction of HAPS beams with traffic zones surfaces

For the first analysis of a more complex scenario, we have chosen to distribute the
HAPS capacity among the various cells proportionally to the surface of the traffic
zone. The advantage of having the additional capabilities from HAPS over larger
areas is that through a single HAPS cell we are able to cover a very large area and
therefore we can make more use of the RoD strategy, more easily turning off the
unused micro BSs. On the other hand, we can decide to appropriately reduce the
infrastructure to the ground by choosing to exploit HAPS more: just think that
some initial implementations of NTNs were born precisely to provide access to the
network in very large remote areas where land were not available.
Knowing that in the basic scenarios we have associated a maximum bit rate
for each HAPS cell of 150 Mbps, in this analysis we have decided to adapt the
maximum capacity of the cell proportionally to the surface of the traffic area. In
this way, the surface of the traffic zone becomes the proportionality factor that
scales the maximum bit rate value based on the area of the zone. More in detail, we
calculated the value of the bit rate per square kilometer (k) equal to 67 Mbps/km2
2
and we multiplied this value by the surface of the traffic zone (Szone ), in order
to obtain the maximum bit rate scaled value for each HAPS cell. Furthermore, in
order not to allocate too high a bit rate for very large traffic areas, we have decided
to insert an upper limit equal to 500 Mbps. By the same principle, in order not
to allocate an extremely low bit rate for small traffic areas, we have decided to
insert a lower limit equal to 150 Mbps, i.e., the same maximum bit rate for each
cell in the basic scenario. For the sake of simplicity, we have called this algorithm
adaptive HAPS max bit rate method, while the maximum fixed bit rate algorithm
has been called constant HAPS max bit rate method.
In practice, the adaptive HAPS max bit rate method algorithm can be summarized
through the following pseudocode.

2

Assuming a single cell capacity Ccell = 1.8 - 2 Gbps and and the surface covered by one
single cell Scell = 30 km2 , we have that the bit rate per square kilometer is
k=

Ccell
≈ 67 M bps/km2
Scell
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Algorithm 3 : Adaptive HAPS max bit rate
1: for n = 1, N do
ó for each cell
2:
Cn ← k · Sn
ó adapt the cell capacity
3:
if Cn > CM AX then
4:
Cn = CM AX
ó set the cell capacity equal to 500 Mbps
5:
end if
6:
if Cn < Cmin then
7:
Cn = Cmin
ó set the cell capacity equal to 150 Mbps
8:
end if
9: end for
The analysis was performed on the RE scenario on Cluster + HAPS Offloading
with Dynamic Beam, since it is the target scenario of our thesis work. Furthermore,
the parameters have been set as for the basic scenarios, that is: (PV, B) = (3, 4)
[kWp, kWh], τ = 0.15 and χ = 0.5. The summary of the scenario configuration is
presented in Table 4.7.
Table 4.7: Summary of the configuration of the simulations for the analysis of
the interaction of HAPS beams with traffic zones surfaces
Scenario
Beam Algorithm
(PV, B)
τ
χ

RE on Cluster + HAPS Offloading
Dynamic
(3, 4)
0.15
0.5

The simulation has been performed for each traffic zone with both the HAPS
max bit rate methods applied. Then, the analyzed performance indicators have
been: (i) the capacity demand ratio; (ii) the energy grid reduction in relative and
(iii) absolute values3 ; (iv) the grid energy4 ; and (v) the traffic fraction handled by
HAPS.
The results obtained for each of the clusters of the 16 traffic zones and for both
the HAPS max bit rate methods applied is shown in Figure 1.9.

3

It is measured as the difference between the reference consumption of the cluster, i.e. the
consumption that the cluster would have considering the RoD strategy not applied and the
BSs powered only by energy taken from the grid, and the actual consumption of the cluster,
considering certain strategies applied. It is expressed in Wh.
4

It is the actual quantity of power taken from the grid. It is expressed in Wh.
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Figure 4.15: Analysis of the interaction of HAPS beams with traffic zones surfaces
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It is useful to underline that in Figure 1.9 the traffic zones have been positioned
on the x-axis in increasing surface order and that the value of the relative surface is
labelled in the figure. Furthermore, to get an idea of how the maximum capacities
of the cells have been adapted, we decided to collect the simulation results in Table
4.8: for each traffic zone the surface in km2 and the maximum bit rate of the cell
of the HAPS in Mbps.
Table 4.8: Result of adapting the maximum cell capacity using the Adaptive
Method algorithm.
Traffic Zone

Surface [km2 ]

Capacity [Mbps]

FS
Rho
Duomo
Polimi
San Siro
Business
Residential
Industrial
Residential 2
Highway
Mediolanum Forum
Tourism Attraction
Theatre
Linate
Monza Park
Agricultural Park

2.31
5.31
0.56
2.31
2.31
0.56
2.31
2.31
2.31
15.29
5.31
2.06
3.31
9.31
9.31
69.14

154
355
150
154
154
150
154
154
154
500
355
150
221
500
500
500

From Figure 1.9(a), it is clearly seen that in traffic areas with an area greater
than 3 km2 , the capacity demand ratio is very high, which means that the system
capacity is overdimensioned. In traffic areas such as Rho it is a waste to have too
much capacity available, also because the further increase in the relative reduction
of the energy network is very limited, as can be seen in Figure 1.9(c). In addition,
traffic areas such as Rho, Mediolanum Forum, Linate, Monza Park, Highway and
Agricultural Park, probably have lower basic consumption than other areas. In
fact, the relative increase of a few percentage points of reduction in the energy grid
demand corresponds to a slight increase in the reduction of the energy grid demand
in absolute terms, as can be seen in Figure 1.9(d), despite the fact that there is
a consistent reduction of the energy taken by the grid, as can be seen in Figure
1.9(b). Finally, Figure 1.9(e) clearly shows that the greater the capacity reserved
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for a cell, the greater the amount of traffic handled by the HAPS, confirming the
fact that the HAPS Offloading strategy is functional.
In conclusion, we can say that through this simulation it is clear that the
advantage of allocating a certain amount of capacity based only on the extension
of the surface is not relevant. In very large areas but not very loaded with data
traffic, it is a waste to allocate a large amount of capacity and there is the risk of
oversizing the system, as happens in the case of the Rho traffic area. Therefore, it is
better to reserve the available capacity for the areas that have the most traffic and
which would therefore benefit more in terms of saving of grid energy in absolute
quantities.

4.2.5

Analysis of the strategy for the dynamic choice of τ
and χ

Among the more complex strategies, we have developed a strategy of dynamic
selection of the threshold τ and the reduction fraction of the maximum capacity
of the HAPS cell χ. We have chosen to develop this strategy to try to further
improve the performance of the system, making it adaptive to traffic conditions
and responsive to the smart grid.
More specifically, we have chosen to vary τ within four discrete values: [0.05,
0.15, 0.25, 0.35]; and to vary χ within four discrete values: [0.25, 0.50, 0.75, 1].
For the selection of the optimal instantaneous value of τ , we considered: (i) the
instantaneous energy demand of each cluster, that is the reference consume of each
cluster assuming all BSs active and no applied strategies; and (ii) the price of
instantaneous energy, which is the same for all clusters. Instead, for the selection
of the optimal value of χ per time step, we considered the energy available per
time step, which is calculated as the difference between the energy demand of each
cluster per time step and the RE available for each cluster per time step, i.e. the
amount of RE generated instantaneously from PV panels.
For the selection of τ with respect to the instantaneous energy demand (dt ),
we have selected a minimum (dmin ) and a maximum of the energy demand (dmax ),
taken as the minimum and maximum of the energy demand among all the clusters
of the city of Milan and suburbs, throughout the period considered. After that, we
divided the range between the minimum and maximum of the energy demand by
four, i.e. equal to the number of discrete values of τ , thus defining the granularity
of the energy demand (µ). Therefore, for each time step, we have associated to the
cluster the optimal value of threshold with respect to the energy demand (τdemand ),
as defined by the following algorithm.
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Algorithm 4 : Selection of τdemand
1: for t = 1, T do
2:
if dmin < dt < dmin + µ then
t
3:
τdemand
← 0.35
4:
else if dmin + µ < dt < dmin + 2µ then
t
← 0.25
5:
τdemand
6:
else if dmin + 2µ < dt < dmin + 3µ then
t
7:
τdemand
← 0.15
t
8:
else if d > dmin + 3µ then
t
9:
τdemand
← 0.05
10:
end if
11: end for

ó for each time step

It should be emphasized that the algorithm for choosing τdemand is repeated for
each of the 16 traffic zones.
An example of the result of assigning the value of τdemand following the application
of the algorithm is shown in Figure 4.16.

Energy Demand [Wh]

Varying Threshold with respect to Energy Demand
Cluster: Residential - 72 hours
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Figure 4.16: Selection of the optimal τdemand values for the Residential cluster
over a 72 hour period
The reason why we made these choices for the value of τdemand is given by the
fact that when the energy demand is low, we increase the value of the threshold.
This means that with much more probability we will reduce the capacity of the
HAPS beam by a fraction linked to the value of χ. As can be seen from Figure
4.16, during the night hours (i.e., between 2 am and 7 am) in a residential area, the
energy demand is very low. For this, we are going to increase the threshold value,
so that we increase the probability of reduction of the capacity of the HAPS cell
and we can allocate the saved capacity for another cluster that perhaps requires
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more energy.
After this analysis, we carried out a search for the selection of τ with respect
to the instantaneous energy price (pt ). We have selected a minimum (pmin ) and
a maximum of the energy price (pmax ), taken as the minimum and maximum of
the energy price for the city of Milan and suburbs, considering historical data on
the price of energy in the period considered. After that, we divided the range
between the minimum and maximum of the energy price by four, i.e., equal to the
number of discrete values of τ , thus defining the granularity of the energy price
(φ). Therefore, for each time step, we have associated to the cluster the optimal
instantaneous value of threshold with respect to the energy price (τprice ), as defined
by the following algorithm.
Algorithm 5 : Selection of τprice
1: for t = 1, T do
2:
if pmin < pt < pmin + φ then
t
← 0.35
3:
τprice
4:
else if pmin + φ < pt < pmin + 2φ then
t
← 0.25
5:
τprice
6:
else if pmin + 2φ < pt < pmin + 3φ then
t
7:
τprice
← 0.15
8:
else if pt > pmin + 3φ then
t
9:
τprice
← 0.05
10:
end if
11: end for

ó for each time step

It should be emphasized that the algorithm for choosing τprice is repeated for
each of the 16 traffic zones.
An example of the result of assigning the value of τprice following the application
of the algorithm is shown in Figure 4.17.
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Figure 4.17: Selection of the optimal τprice values for the Residential cluster over
a two months period
The reason why we made these choices for the value of τprice is given by the fact
that when the energy price is low, we increase the value of the threshold. This
means that with much more probability we will reduce the capacity of the HAPS
cell by a fraction linked to the value of χ, because it is more convenient to take
energy from the grid or in any case manage the traffic from the ground infrastructure.
After these two analyzes, we assign the optimal instantaneous threshold value
by means of the following weighted average:
t
t
τ t = 0.65 · τdemand
+ 0.35 · τprice

(4.1)

We have chosen to assign more weight to τdemand because the energy demand
value is more linked to the cluster, while the value of the energy price is the same
for all clusters, therefore less characteristic.
At the end of this process, we have obtained the optimal τ values per time step:
this implies that for each time step (i.e., for each hour) each cluster will have
assigned a τ value adapted to the cluster conditions.
After that, for the selection of the optimal value of χ per time step, we considered
the energy available per time step (E t ), which is calculated as the difference between
the energy demand of each cluster per time step (dt ) and the RE available for each
cluster per time step (RE t ), i.e., the amount of RE generated from PV panels per
time step. More specifically, the energy available per time step, is calculated as
follow:
|E t | = |RE t − dt |
(4.2)
Therefore, we assign χ = 0 in the event that the instantaneous energy produced
by the cluster exceeds the energy demand of the cluster: this means that we decide
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to completely switch off the HAPS cell for the period of time considered because
the ground infrastructure has a quantity of renewable energy such as to manage all
the energy demand. Then, for the assignment of the other instantaneous values of
χ, we selected the maximum of the energy demand (dmax ) and the minimum of
the RE generated (REmin ), taken as the maximum and minimum among all the
clusters of the city of Milan and suburbs, throughout the period considered. So,
we divided the range between the minimum of the RE generated and maximum
of the energy demand by four, i.e., equal to the remaining number of discrete
values of χ, thus defining the granularity of the energy available (Ô). Therefore, for
each time step, we have associated to the cluster the optimal instantaneous value
of reduction fraction of the maximum HAPS cell capacity (χ), as defined by the
following algorithm.
Algorithm 6 : Selection of χ
1: for t = 1, T do
2:
if RE t > dt then
3:
χt ← 0
4:
else
5:
if |E t | < Ô then
6:
χt ← 0.25
7:
else if |E t | < 2Ô then
8:
χt ← 0.5
9:
else if |E t | < 3Ô then
10:
χt ← 0.75
11:
else if |E t | < 3Ô then
12:
χt ← 1
13:
end if
14:
end if
15: end for

ó for each time step

It should be emphasized that the algorithm for choosing χ is repeated for each
of the 16 traffic zones.
An example of the result of assigning the value of χ following the application of
the algorithm is shown in Figure 4.18.
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Figure 4.18: Selection of the optimal χ values for the Residential cluster over a
72 hours period

The reason why we made this choice for the value of χ is that when the RE
produced by the cluster is in a sufficient quantity to supply energy we decrease the
value of the reduction fraction. This means that we reserve HAPS capabilities for
other clusters that need a greater supply of energy. From Figure 4.18, it can be
seen that when the energy availability curve (red curve) is greater than zero, the
value of χ is equal to 0. This means that the HAPS beam directed towards the
Residential cluster will be turned off from 12 pm to 15 pm, to then increase its
range until the RE produced by the cluster is close to zero.
For completeness, we decided to verify the correctness of the algorithm for
selecting the optimal χ values even in a scenario where there is no RE production
on the ground. For this, we analyzed the results obtained on the HAPS Offloading
with Dynamic Beam configuration. The results for the Residential cluster are
shown in Figure 4.19.
As can be seen from Figure 4.19, the values of χ tend to be at least equal to
0.75. This behavior is fully expected because as it can be seen from the trend of
the energy generation curve (orange curve), there is no energy production so we
tend to exploit HAPS more. For this reason, we choose to reduce the capacity of
the HAPS cell only if the energy demand (blue curve) is low, i.e. at night, between
3 am and 6 am.
So at the end of these processes, we got a combination of optimal τ and χ
values for each cluster, thus making HAPS adaptable to real cluster conditions.
Consequently, we verified the effect of these changes by analyzing the KPIs for the
five sample areas.
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Figure 4.19: Selection of the optimal χ values for the Residential cluster over a
72 hours period - Configuration: HAPS Offloading with Dynamic Beam
We have analyzed two different scenario configurations: (i) HAPS Offloading
with Dynamic Beam; and (ii) RE on Cluster + HAPS Offloading with Dynamic
Beam. For each of the two configurations we compared the scenario with application of the dynamic strategy of selection of τ and χ (called for simplicity
Dynamic Threshold Strategy), and the scenario without application of this strategy
(called Fixed Threshold Strategy for simplicity). Furthermore, where necessary,
the parameters have been as follows: (PV, B) = (3, 4) [kWp, kWh], τ = 0.37, and
χ = 0.5.
The results obtained for the simulation of scenarios with HAPS Offloading with
Dynamic Threshold configuration are shown in Figure 4.20.
The plots show that through the adoption of the dynamic choice strategy of τ
and χ there is an improvement in the results of the KPIs. In particular, it can
be seen from the graph in Figure 4.20(a) that in all five sample areas we have a
reduction in the value of the capacity demand ratio. This result is closely linked
to the trend of Figure 4.20(e), which shows us that HAPS manages on average
30% more traffic in the case of the Dynamic Threshold strategy applied. Therefore,
these two results suggest that the capacity provided by HAPS is exploited in a
better way than when the Dynamic Threshold strategy is not applied, because
despite the capacity demand ratio is almost identical, the HAPS is exploited more,
keeping stable the QoS. By moving more traffic to the HAPS, there is inevitably a
conspicuous reduction in the energy taken from the grid, as can be seen in Figure
4.20(b). This reduction involves an interesting increase in energy grid reduction
both in relative and absolute value, as shown in Figure 4.20(c) and (d). A final
consideration must be made on the energy grid cost reduction. As can be seen from
Figure 4.20(f), we are witnessing a significant increase in cost reduction. The result
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obtained on Rho is particularly interesting: there is an increase of approximately
53% in cost savings. This saving is remarkably high and allows us to establish
that in traffic areas such as that of Rho, where the traffic is very variable and does
not have a cyclic pattern, it is very convenient to use a strategy like the one we
propose that adapts the use of the HAPS to the dynamically varying real time
conditions of the area.
Finally, the results obtained for the simulation of scenarios with RE on Cluster
+ HAPS Offloading with Dynamic Threshold configuration are shown in Figure 4.21.
Looking at the graphs in Figure 4.21, we note that generally the behavior is
very similar to what is obtained in the HAPS Offloading with Dynamic Beam
configuration. Quantitatively, the results are better thanks to the presence of the
RE supply on the ground, while the difference between the two strategies is smaller
than in the previous configuration.
In conclusion, we can confirm that the adoption of the strategy based on the
dynamic choice strategy of τ and χ has significantly improved the performance of
the considered clusters. The use of the proposed algorithms has made it possible
to develop a strategy capable of adapting the capacity of the HAPS to the traffic
conditions of the cluster, to the trend in the price of energy and the quantity of
RE produced automatically and in real time.
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Figure 4.20: Analysis of the strategy for the dynamic choice of τ and χ with the
HAPS Offloading with Dynamic Beam strategy applied
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Figure 4.21: Analysis of the strategy for the dynamic choice of τ and χ with the
RE on Cluster + HAPS Offloading with Dynamic Beam strategy applied
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4.2.6

Analysis of a realistic scenario: interaction between
two clusters

In this last analysis we suppose to simulate a realistic scenario, in which we imagine
to offer coverage to two distinct clusters, having different characteristics, through
the same HAPS. Unlike the analyzes carried out so far, in which we have not
imagined cooperation between the clusters and therefore each cluster had its own
directed HAPS beam, in this study we assume that the capacity provided to each
of the two clusters depends on the traffic conditions of the cluster itself and the
other cluster. To have a clearer view of the scenario we have simulated, it is useful
to observe the diagram in Figure 4.22.

Figure 4.22: Schematic of the scenario for the analysis of the interaction between
two clusters at the same time
The diagram in Figure 4.22 shows that a single HAPS offers additional capacities for two clusters, called for simplicity cluster A and cluster B, simultaneously
through two distinct HAPS beams. The purpose of this simulation is to study the
behavior of the HAPS in a realistic situation, i.e. in which the HAPS is able to
instantly adapt the capacity of the cells based on certain variables, such as data
traffic, energy availability and others.
In the case in question, having two clusters at the same time, we assumed the
maximum available capacity equal to 300 Mbps, which is double the capacity
assumed for a single cluster in the first part of this work, as demonstrated in
Section 3.4. The total available capacity is not necessarily uniformly distributed
among the clusters, but a cluster can be assigned a higher amount of capacity than
the other.
To determine the effectiveness of the proposed algorithm, we choose to simulate
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two distinct scenarios: (i) scenario S1, in which the Business and Residential clusters are considered; and (ii) scenario S2, in which the Business and Rho clusters are
considered. In the S1 scenario we perform two further configurations: (i) configuration A, in which we assign RE on Cluster + HAPS Offloading with Dynamic Beam
configuration for both clusters; and (ii) configuration B, in which we both assign
the HAPS Offloading configuration with Dynamic Beam configuration. In the S2
scenario, on the other hand, we assigned the HAPS Offloading configuration with
Dynamic Beam to the Business cluster and RE on Cluster + HAPS Offloading with
Dynamic Beam to the Rho cluster. We made this choice to observe how the system
reacts when the two clusters have two different configurations, due to possible
physical or bureaucracy constraints that may limit the free PV panel installation in
some areas, and how much this scenario produces different results than the one in
which the two clusters have the same configuration. Furthermore, the S2 scenario
was developed to analyze the system performance in areas with spatial constraints
(e.g. Business), where it is difficult to install PV panels, compared to areas without
any restrictions (e.g. Rho).
It should be emphasized that in both simulations we used the algorithm for the
dynamic choice of the instantaneous values of τ presented in Section 4.2.5, while for
the selection of the instantaneous values of χ we have developed another algorithm.
Moreover, it should be emphasized that we have chosen to compare the results
obtained in the analysis with the interaction of two clusters, with the results
obtained in the analysis in which the clusters are treated individually.
The first part of the algorithm for the selection of the instantaneous values of
χ, concerns the definition of the state of the clusters. Suppose it is the nth cluster
and we check the amount of instant traffic present in the cluster (λtn ). If λtn is less
than the total capacity of the cluster (Cn ) times the instantaneous threshold (τnt ),
determined a priori through the dynamic selection algorithm of the threshold, then
we define that cluster n is below threshold, otherwise we define that cluster n it is
above the threshold. Assuming we have N clusters, at the end of the algorithm a
vector (X) of zeros and ones is generated, which determines whether a cluster is
above or below the threshold.
In practice, the cluster state selection algorithm can be summarized through the
following pseudocode.
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Algorithm 7 : Cluster state
1: for t = 1, T do
2:
X ←0×N
3:
for n = 1, N do
4:
if λtn ≤ τnt · Cn then
5:
Xn ← 1
6:
else
7:
Xn ← 0
8:
end if
9:
end for
10: end for

ó for each time step
ó cluster state vector initialized to zero
ó for each cluster
ó cluster n is below the threshold
ó cluster n is above the threshold

The presented algorithm is scalable for any number of clusters. In our case,
having only two clusters at the same time, we have three cases at the end of the
process:
(i) both clusters are below the threshold, so we adopt the reduction strategy
for both, considering τ and χ initialized through the dynamic choice
strategy of the threshold;
(ii) one cluster is below the threshold and the other is above the threshold,
which means the cluster above the threshold will need more capacity
from the HAPS, so we allocate to that cell χ equal to 2 minus χ of the
sub-threshold cluster, the latter obtained using the dynamic selection
method presented in Section 4.2.5;
(iii) both clusters are above the threshold, so have chosen to allocate all the
available capacity in proportion to the amount of traffic of each cluster,
so as not to have unused HAPS capacity.
Below, we report the results obtained for the analyzes on the Business and
Residential clusters, and on the Business and Rho clusters.
A. Scenario S1: Business and Residential clusters
To make the two clusters impartial, we have decided to associate the dimensions
of (PV, B) to each cluster, which allow for the same percentage of energy grid
reduction in both. Taking up the results obtained in Figure 4.1, we have chosen to
associate 3 kWp with Business for PV panels and 3 kWh for batteries, while with
Residential 4 kWp for PV panels and 3 kWh for batteries, because both guarantee
the same percentage of energy grid reduction, i.e., around 70%.
The result of applying the dynamic choice strategy of the threshold τ and the
fraction χ, based on the state of the clusters, is shown in Figure 4.23.
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The charts in Figure 4.23 show the variation of the beams capacity in a specific
week for the two clusters considered. Observing the profile of the residential area,
it is noted that in some hours on Sunday all the available capacity is allocated,
i.e. 300 Mbps, while, in the same hours, the beam directed to the business area is
turned off: this behaviour is optimal, because on Sundays people stay at home and
therefore workplaces are presumably empty.
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We have chosen to collect the results obtained on the KPIs in tables, in order to
quantitatively observe the variations obtained. In particular, we defined configuration A, the RE on Cluster + HAPS Offloading with Dynamic Beam configuration,
and configuration B, the HAPS Offloading with Dynamic Beam configuration.
Furthermore, for the results obtained from the analysis in which the clusters are
treated individually we used the strategy with fixed τ and χ, in which we used the
following parameters: (PV, B) = (3,4) [kWp, kWh] (only for configuration A), τ =
0.37, and χ = 0.5.

(b) Residential

Figure 4.23: Allocation of HAPS capacity for the two Business and Residential
clusters
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Table 4.9: Result of the interaction between two cluster in the Business cluster
with the RE on Cluster + HAPS Offloading with Dynamic Beam configuration
Configuration A
KPI

Cluster: Business

Capacity Demand Ratio
Energy Grid Reduction [%]
Traffic Fraction Handled by HAPS [%]
Energy Grid Cost Reduction [%]

Single Cluster

Scenario S1

3.13
64
44
55

3.03
65
53
55

Table 4.10: Result of the interaction between two cluster in the Residential cluster
with the RE on Cluster + HAPS Offloading with Dynamic Beam configuration
Configuration A
KPI

Cluster: Residential

Capacity Demand Ratio
Energy Grid Reduction [%]
Traffic Fraction Handled by HAPS [%]
Energy Grid Cost Reduction [%]

Single Cluster

Scenario S1

2.29
59
39
53

2.13
64
50
57

Regarding the configuration RE on Cluster + HAPS Offloading with Dynamic
Beams, as can be seen from Tables 4.9 and 4.10, in both clusters there is a decrease
of about 15% in the capacity demand ratio, while we have an increase in the traffic
fraction handled by HAPS of 20% on Business and 28% on Residential. These
results show us that in the case of cluster interaction, the distribution of traffic
changes, as HAPS manages more traffic, but the capacity demand ratio undergoes
an acceptable variation and still remains in high values. This implies that the
QoS is not affected: on the contrary, the available capacity is better exploited.
Instead, as far as savings are concerned, we observe a different behavior in the two
clusters. In detail, we see that in Business there is no variation in the energy grid
cost reduction and an increase of only 1.5% in the energy grid reduction. In the
Residential zone we have 8% increases in the energy grid cost reduction and 9% in
the energy grid reduction. This situation is plausible, because as can be seen from
Figure 4.23, in the Residential area more capacity is allocated by HAPS while in
the Business area only in some central working hours of the week, χ reaches 1.25,
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i.e., more capacity is allocated than to Residential.
In general, we observe that the results obtained through the interaction of two
clusters simultaneously are better than the results obtained in the case of analyzing
the clusters individually, demonstrating that the application of properly designed
algorithms for the management and dynamic allocation of capacities improves the
performance in the case of a more realistic scenario.
Table 4.11: Result of the interaction between two cluster in the Business cluster
with the HAPS Offloading with Dynamic Beam configuration
Configuration B
KPI

Cluster: Business

Capacity Demand Ratio
Energy Grid Reduction [%]
Traffic Fraction Handled by HAPS [%]
Energy Grid Cost Reduction [%]

Single Cluster

Scenario S1

3.13
34
44
19

3.01
40
56
25

Table 4.12: Result of the interaction between two cluster in the Residential cluster
with the HAPS Offloading with Dynamic Beam configuration
Configuration B
KPI

Cluster: Residential

Capacity Demand Ratio
Energy Grid Reduction [%]
Traffic Fraction Handled by HAPS [%]
Energy Grid Cost Reduction [%]

Single Cluster

Scenario S1

2.29
31
39
21

2.15
35
48
26

Regarding the configuration HAPS Offloading with Dynamic Beam, as can
be seen from Tables 4.11 and 4.12, for the capacity demand ratio and for the
traffic fraction handled by HAPS the same considerations made for configuration
A apply. However, as regards the savings, it is noted that the benefit of using the
Multi-cluster strategy is more evident than the RE on Cluster + HAPS Offloading
scenario. The advantage both in terms of energy saved and costs is also evident in
the cluster of the Business zone: in this configuration, we have an increase of 32%
of the energy grid cost reduction and of 18% of the energy grid reduction, while in
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the configuration A these increases have been null or only of 1.5% . Furthermore,
focusing on Residential, in the case of HAPS Offloading we have a cost reduction
that has an increase of 24%, while in the case of RE on Cluster + HAPS Offloading
we have had a cost reduction increased by only 8%.
Finally, we can confirm that the results obtained, especially in the case of
applying the HAPS Offloading configuration, are satisfactory. These results in fact
show us that in traffic areas where it is not possible to have PV panels available, the
use of the HAPS Offloading strategy with dynamic capacity management results
in very high economic and energy benefits. Furthermore, observing also the KPI
related to the system capacity, it is observed that the QoS is not affected, on the
contrary there is a better exploitation of the available resources.
B. Scenario S2: Business and Rho clusters
In this simulation we have chosen to reproduce an even more realistic scenario. In
fact, we thought of observing how the system reacts in the case in which the two
clusters have different intrinsic configurations. For this reason, we have chosen
to apply the RE on Cluster + HAPS with Dynamic Beam configuration to Rho:
being a peripheral area with an area of 5.31 km2 available, we have decided to
use PV panels with size 6 kWp and batteries with size 6 kWh. Instead, being
Business a central area with little space available, as it has an extension of 560 m2 ,
we have chosen to apply the HAPS Offloading with Dynamic Beam configuration,
i.e. without the presence of RE on the ground.
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The result of applying the dynamic choice strategy of τ and χ, based on the
state of the clusters, is shown in Figure 4.24.

(b) Rho

Figure 4.24: Allocation of HAPS capacity for the two Business and Rho clusters
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The results shown in Figure 4.24 show us that on Rho χ is at most equal to
1, that is, the strategy of reducing the percentage of beam of the active HAPS is
always applied, precisely due to the fact that (PV, B) larger. On the contrary, on
Business, since there is no RE on the ground, HAPS is exploited more often with χ
which is more often grater than 1, i.e., more capacity is provided. These results are
very positive, because they show us that the applied strategy is able to correctly
manage the amount of HAPS capacity to be allocated to each cell, based on the
cluster configuration.
Also in this case it was decided to collect the results obtained on the KPIs
in tables, in order to quantitatively observe the variations obtained. The tables
compare the results obtained for each cluster, in the case of clusters treated together
and individually. More precisely, for the results obtained from the analysis in which
the clusters are treated individually we used the strategy with fixed τ and χ,
set equal to 0.37 and 0.5 respectively. For Rho, in the case of cluster treated
individually, we have selected (PV, B) = (3, 4) [kWp, kWh].
Table 4.13: Result of the interaction between two cluster in the Business cluster
with the HAPS Offloading with Dynamic Beam configuration
Cluster: Business

KPI
Capacity Demand Ratio
Energy Grid Reduction [%]
Traffic Fraction Handled by HAPS [%]
Energy Grid Cost Reduction [%]

Single Cluster

Scenario S2

3.13
34
44
19

2.87
44
64
31

Table 4.14: Result of the interaction between two cluster in the Rho cluster with
the RE on Cluster + HAPS Offloading with Dynamic Beam configuration
Cluster: Rho

KPI
Capacity Demand Ratio
Energy Grid Reduction [%]
Traffic Fraction Handled by HAPS [%]
Energy Grid Cost Reduction [%]

Single Cluster

Scenario S2

4.09
73
50
61

4.02
74
48
63

The results obtained and reported in Tables 4.13 and 4.14 show that the system
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reacts very well even in situations where we have two clusters configured differently
from each other. Starting from the Business cluster, it can be seen that with an 8%
reduction in the capacity demand ratio, the traffic managed by HAPS goes from
44% to 64%. By moving more traffic to the aerial platform, energy savings of 44%
are achieved, which is about 30% more than if the Business cluster is managed
individually. This energy saving translates into an economic saving of over 63% if
the cluster is managed individually. Furthermore, the positive aspect lies in the
fact that the Rho district also obtains better results if treated simultaneously with
the business district. Although Rho’s data traffic is mainly managed on the ground,
there is still a slight increase in energy and monetary savings. Once again we can
confirm that the use of the HAPS Offloading strategy implies relevant benefits
affectiong energy, economic and QoS performances, not only for those clusters that
have more capacity reserved, but consequently also for the clusters that are covered
by the same HAPS.
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Conclusions
In this thesis work, we simulated to integrate a mobile network with a ground
infrastructure with an air network formed by a HAPS acting as HAPS-SMBS. We
plan to offer coverage for 16 traffic zones which include urban and suburban areas
of the city of Milan (Italy). For each traffic zone, we consider a sample cluster of
7 BSs (i.e. 1 macro BS and 6 micro BSs) powered by PV panels, equipped with
energy storage units and connection to the electricity grid. We have studied the
effectiveness of resource management strategies, such as RoD and HAPS Offloading,
modifying the parameters and analyzing increasingly complex scenarios, in order
to reduce the energy consumption from the grid and limiting the operational cost,
without significantly impairing the QoS.
With our analysis, we have shown that in areas with a low traffic load, such
as rural areas or remote areas, it is better to take advantage of HAPS instead
of putting a more expensive infrastructure on the ground. Furthermore, we have
shown that in high-density urban areas, where it is not possible to install large PV
panels, it is possible to exploit more HAPS to have excellent results, obtaining an
energy saving greater than about 30% compared to that obtainable with a small
supply of RE and achieving excellent levels of QoS.
Finally, through the analysis of a realistic scenario, in which we have dynamically
adapted the HAPS capacity on two clusters, it was possible to evaluate the correctness and the efficiency of the dynamic algorithm for the choice of the threshold
values and the fraction of reduction of the maximum capacity of the HAPS beam,
within the type of traffic zone. The results highlight the potential of HAPS in terms
of flexibility in the dynamic distribution of capacity in space and time, in order to
effectively adapt to changes in external factors. Furthermore, the results focus the
importance of developing appropriately designed resource and energy management
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strategies and fine-tuning the setting parameters, in order to optimize the effectiveness of the presence of a HAPS-SMBS and the green energy produced on the ground.
As a future work, it could be planned to simulate the behavior of this new type
of mobile network with more than two clusters considered together. This may
require the development of a more complex algorithm, which tends to simulate an
increasingly realistic scenario to furthermore enhance the benefits introduced by
the presence of HAPSs as complementary aerial network nodes in future mobile
networks.
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