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Abstract

While mobile communication users demand new high speed services with enhanced quality,
there will always be a need to optimize cellular networks. This work explores the behavior of
indoor and outdoor small cells while reducing the cell size to increase system capacity in both
links. After justifying evolution of the use of small cells, the concepts of ultra-dense networks
and heterogeneous networks toward 5G are then presented.

In the initial part of this work, we have chosen a 3GPP 5x5 grid geometry for indoor scenar-
ios. The average signal-to-interference-plus-noise ratio (SINR) has been studied for reuse
pattern two and two types of deployment topologies, one with 25 HeNBs and another with
4 HeNBs. We have also addressed the exponential effective SINR mapping (EESM) by ex-
tending the study for topologies with 5 and 6 HeNBs.

Based on an improved version of LTE-Sim, network performance has been evaluated in terms
of the goodput, packet loss ratio (PLR), delay, and the maximum number of supported users.
We have evaluated the performance by considering 4, 5, 6 and 25 HeNBs. Results complied
with the 3GPP recommendations for PLR and delay. One observed that system capacity is
higher for topologies with 25 HeNBs, followed by topologies with 6 HeNBs and 4 HeNBS,
and then the indoor deployments with 5 HeNBs.

Different packet schedulers have been considered. Results have shown that, with the con-
sidered applications and schedulers, it is possible to reduce the transmitter power of HeNBs
without compromising the small cell network performance.

In the final part of the work an urban micro line-of-sight cell scenario has been studied by
comparing the 2.6 GHz, 3.5 GHz, and 5.62 GHz frequency bands while considering the ITU-R
M.2135-1 dual slope path loss model (DS-PLM) in the system level simulations. Results have
been obtained for different values of the cell radius. System capacity has been determined
by considering the 3GPP quality target of 2% for video applications. For all schedulers and
frequency bands, for cell radius shorter than the breakpoint distance, the PLR increases when
the cell radius decreases. For cell radius (R) longer than the breakpoint distance and up to
the maximum considered cell radius the PLR increase and then decreases. By analyzing the
underlying results for the number of supported users, one concludes that the maximum-
largest weighted delay first scheduler allows for obtaining the highest goodput, which occurs
at 2.6 and 3.5 GHz for 300 < R < 500 m, while for the longest Rs the highest goodput occurs
at 5.62 GHz.

Keywords

Small cells, femtocells, goodput, delay, HeNBs, LTE-Sim, packet loss ratio, packet scheduler,
exponential effective SINR mapping, HeNBs deployment ratio, urban micro-cell, two-slope
model, frequency band.
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Resumo alargado

A disponibilizacdo de servigos de ritmo de transmissao elevado, com qualidade melhorada,
motiva a necessidade de optimizacao das redes celulares. Este trabalho explora o comporta-
mento de pequenas células em ambientes de interior e exterior. A reducio da area de cober-
tura das células permite aumentar a capacidade de sistema em ambos os sentidos de ligacao.
A justificacao da utilizacao de células com pequenas areas de cobertura, € seguida da apre-
sentacao do conceito de redes ultra-densas e heterogéneas, um passo rumo a 5G.

Na parte inicial deste trabalho, foi escolhida uma grelha de 5x5 apartamentos para o cenario
deinteriores definido pelo 3GPP. Estudou-se a relacao sinal-interferéncia-mais-ruido (SINR)
média para topologias com padrao de reutilizacdo dois, uma com 25 HeNBs e outra com 4
HeNBs. Também se estudou o mapeamento exponencial efectivo da SINR (EESM), esten-
dendo-o para topologias com 5 e 6 HeNBs.

Com base numa versao melhorada do LTE-SIM, avaliou-se o débito binario, taxa de perda
de pacotes (PLR), atraso e o nimero de utilizadores suportados. O desempenho foi avaliado
considerando 4, 5, 6 e 25 HeNBs. Os resultados obtidos cumprem as recomendacoes do 3GPP
para a PLR e o atraso. Observou-se que valores mais elevados da capacidade de sistema sao
obtidos para a topologia com 25 HeNBs, seguida pelas topologias com 6, 4 e 5 HeNBs.
Consideraram-se varias abordagens para a calendarizacao de pacotes. Os resultados mostram
que, para os escalonadores de pacotes considerados, é possivel reduzir a poténcia de emissao
dos HeNBs sem comprometer o desempenho da rede celular.

Na parte final do trabalho, estudou-se um cenério com pequenas células em ambiente ur-
bano e linha de vista. Este estudo foi feito comparando as bandas de frequéncia de 2.6 GHz,
3.5 GHz e 5.62 GHz, considerando o modelo de atenuacgao ITU-R M.2135-1 de duplo declive
(DS-PLM). Obtiveram-se resultados considerando diferentes valores para o raio das célu-
las. Determinou-se a capacidade de sistema para servicos de video, considerando o limiar
de 2% para a PLR (do 3GPP). Para todos os escalonadores de pacotes e faixas de frequén-
cia, para distancias de cobertura inferiores a distadncia de quebra, a PLR aumenta quando o
raio de cobertura da célula diminui. Para raios de cobertura (R) superiores a distancia de
quebra, o valor da PLR, primeiro aumenta, e depois diminui. Conclui-se que o escalonador
de atraso maximo-superior ponderado primeiro (M-LWDF) permite obter taxas de débito
binario superiores, que ocorrem para as bandas de frequéncia de 2.6 GHz e 3.5 GHz no in-
tervalo de raios de cobertura 300 < R < 500 m, enquanto, para Rs mais longos, valores de
débito binario superiores ocorrem para 5.62 GHz.

Palavras-chave

Pequenas células, femtocélulas, débito binario, atraso, HeNBs, LTE-Sim, taxa de perda de
pacotes, escalonadores de pacotes, mapeamento exponencial efectivo da SINR, quociente de
implantacdo de HeNBs, micro-célula urbana, modelo de duplo declive, banda de frequéncia.
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Chapter 1

Introduction

1.1 Motivation and Approach

In his first outdoor experiments, toward the end of September 1895, Guglielmo Marconi con-
ducted the first outdoor radio transmissions. With waves of thirty or forty meters long, he
could send Morse code up to a distance of one kilometer. For longer distances, Alfonso, the
older brother of Marconi, was equipped with a pole with a white handkerchief at the top
to confirm the reception of the transmission. Marconi realized in the same period that his
invention only would have importance if it could be possible to cross natural obstacles like
hills and mountains. When it was possible to cross the mountains near Villa Grifone, Alfonso
needed to use a hunting rifle to confirm the reception of Marconi transmission [[1].

In 1901, Marconi made the first transatlantic transmission in Morse code, three dots, the
encoding of “S” character (heard by him and his assistant Kemp in their headset), which
covered an area of millions of square miles [2]]. Using that technology it could accommodate
only a single transmission on the Earth’s surface [2].

In 2000, Marty Cooper suggested that the number of voice calls has increased one million
times since 1950. From this million-times improvement, roughly 15 times resulted from us-
ing more spectrum (3 GHz versus 150 MHz), and five times was from frequency division, the
ability to divide the radio spectrum into narrower slices (25-kHz channels versus 120-kHz
channels). Modulation techniques (such as frequency modulation, FM, single side-band,
time-division multiplexing, and various approaches to spread spectrum) can contribute five-
fold more. However, Cooper suggested that the most significant improvement, with a factor
of about 2700, resulted from confining individual conversations to smaller and smaller areas
by spatial division or spectrum reuse, as shown in Figure[1.1] [2]. Shannon’s Law also con-

B Voice coding

B MAC and modulation
More Spectrum

® Smaller cells

Figure 1.1: Wireless network capacity gains form 1950 until 2001, values suggested by Marty Cooper, .

firms that the best way to increase capacity is to shrink cells because short-range improves
carrier-to-interference ratio, C'/I, while improving capacity and quality.

The prediction of the exponential growth of wireless communications has driven future mo-
bile communication systems research to deal with aspects such as heterogeneous networks



(HetNets), millimeter-wavebands, and multiple-input multiple-output (MIMO) [3]-[6]. To
complement the traditional macrocell network to cope with the future services demands, ex-
isting networks are being complemented with low power nodes, creating HetNets. With the
reduction of the coverage area of cells, today, the cellular network is composed of an amal-
gamate of different cell types, as show in Figure[1.2] The type and main characteristics of the

@ Picocell

Femtocell

Figure 1.2: Ilustration of three types of cellular nodes, from macro to small cells.

different nodes are briefly summarized in Table

Table 1.1: Characteristics of different types of cells.

Type \ Placement \ Radius Transmitter Power
Macrocell Outdoor 500 m - tens of km 46 dBm
Microcell Outdoor 500 m 43 dBm

Picocell Outdoor or indoor 200 m 23-30 dBm
Femtocell Indoor 10 m 0-20 dBm

The diversity of cell sizes, network architectures, and the coalition of diverse technologies and
frequency bands are characteristics of HetNets that will contribute to the growth of wireless
data traffic [[7]]—[ol].

The common characteristic of macrocells, microcells, and picocells is the way how they are
installed. These nodes need radio frequency planning, site selection, deployment, and main-
tenance by the operator. Femtocell networks are unique since end users, themselves, usually
deploy them. The deployment of home eNodeBs (HeNBs)[|differs from traditional transmit-
ter nodes [10]] since they are consumer deployed with no planning.

Nowadays, 80% of the traffic occurs indoors, and most cellular networks are composed of
evolved NodeBs (eNBs)?} Providing in-building coverage with eNBs becomes a challenge.
Also, applications require higher throughput [[11], [12]. Authors from [|3] identify video stream-
ing as one of the applications with the highest throughput requirement. In the future, ultra-
high definition videos with virtual reality [4]] will require a significant long-term demand for
bandwidth. In the longer term forecasts from [4], the consumer segment will have 74% of

"HeNB is the hardware that provides radio signal within the femtocell.
2eNB is the hardware that provides radio signal within the macrocells.
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the total devices connected to the network. Machine-to-machine (M2M) nodes, the fastest
growing mobile devices, will be half of the globally connected devices. M2M communica-
tions applied to home environments include applications like video surveillance, smart me-
ters, healthcare monitoring, among an infinitude of possibilities. The consumption of video
streaming, the increase of M2M devices that include video in their capabilities, and the im-
pact of video devices on mobile network traffic justify the need for studying video perfor-
mance in mobile networks. Besides, in 4G, mobile broadband and M2M also generate sev-
eral types of traffic flows with different traffic requirements, from video applications with
a maximum delay of 150 ms to applications where the requirements for delay are not very
critical (e.g., home environmental monitoring) [13]—[15].

In urban microcell scenarios, indoor users can be served by outdoor eNBg3| These urban
environments are characterized by high user density and traffic loads focusing on pedestrian
and vehicular users. The microcellular test environment defined in [16]], [17] includes out-
door and outdoor-to-indoor users. Base stations are located outdoor and users communicate
indoors. The channel model for the outdoor urban microcell scenario is known as urban mi-
cro (UMi).

When high data rate indoor coverage is provided by outdoor eNBs, if high order modulation
and coding schemes are used, e.g., 64/128/256 QAM, the (external) walls from the building
make up an obstacle that is difficult to overcome or is impassable, creating indoor areas with
weak or none signal coverage. Another approach to increase system capacity is to adopt high
frequencies. However, higher frequencies will lead to the same problem of considering high
order modulation and coding schemes, as they also imply indoor areas with weak or even
no signal coverage at all. Besides, waves at higher frequencies do not go well through walls,
especially with windows covered by a metalized coat.

Microcellular solutions do not solve all the identified issues since they do not eliminate the
physical barriers between eNBs and the destination nodes (usually known as User Equip-
ment, UE), e.g., walls or urban obstacles. Efforts to achieve cells with small coverage areas
lead to developing new cells, such as picocells or femtocells. As mentioned above, HeNBs
are one of the smallest cellular nodes and provide radio coverage within these femtocells.
HeNBs deal with indoor coverage in areas where traditional eNB networks are ineffective
[18]. HeNBs are defined in [[10] as small, inexpensive, low-power indoor base stations that
are consumer deployed. This possibility of consumers deploying HeNBs, and the variety of
previous cell types with irregular sizes, originates chaotic and random coverage shapes [[10].
HeNBs are not only deployed in private houses but can also be deployed in offices, shopping
centers, and industrial environments [[19]], [20]]. In these cases, we refer to HeNBs as Enter-
prise HeNBs. The nature of the uncoordinated and disordered deployment of HeNBs differs
from the existing network deployments. This deployment may originate new and more com-
plex interference problems in both down and uplinks [21].

This work, apart from addressing the radio resource management problem in 3GPP small
cell indoor scenarios, mainly by modeling and simulation approaches, also explores different
deployment ratios while seeking optimal deployments. As outdoor deployment in the context

3These eNB are the radio equipment that provide coverage within the microcell and picocell.
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of heterogeneous small cells are also important toward 5G, urban small cells in the so-called
UMi scenarios are also analyzed by comparing different sub-6 GHz frequency bands.

1.2 Growth of the Mobile Communications Sector

The growing use of smartphones and the demand from users to be always connected any-
where, has led to expand physically the network and an exponential increase in traffic. The
dimension and complexity of this network that enables smartphones to deliver voice and data
services are invisible to the users [|22]. Connected devices outpaced the number of people on
Earth in 2014, and in 2016, approximately three decades after the invention of the mobile
phone, there were 7.6 billion connected devices. From these devices, 3.7 billion were unique
subscribers [|22]. At the time of writing this thesis, and under [23]], there are 10.5 billion
connected devices, 5.3 billion unique mobile subscribers. The total world population is 7.8
billion people [24].

Human users are used to be the only player on the mobile network. From years apart and
more rapidly in the future, mobile networks are also being invaded by machines [3], [4].
Internet of things (IoT) generates machine-oriented data traffic. This type of traffic not only
demands network capacity as well as imposes additional requirements, mainly in end-to-end
latency [22]].

The trend on the needs and about what we desire leads to have most of the data traffic laid up
on the Internet. Currently, the physical location of this data could be very far from the user.
The latency is the primary limiting factor to access this data. With fiber optics, the limit is
the speed of light. To address this problem, well-planned cloud computing infrastructures,
adaptive network management, and congestion control systems need to be implemented.
These will help get data traffic closer to the user helping to control latency, opening up the way
to a new type and more efficient communications. With this evolution, the future network is
becoming our primary interface with the virtual world [25].

Apart from dealing with constant proliferation and more capable mobile devices, the indus-
try also has to deal with the expectation of always providing connections and access to all
services anywhere and anytime, which leads to an exponential increase in cellular capacity
demand. This capacity demand is not only imposed by humans. It is expected that machines
will outnumber human users in the future. Predictions presented in [22] considering the
period from 2010 to 2025 expect growth between 61 times to 112 times in the global bearer
traffic.

In 2007, the Worldwide Information and Communication Technologies (ICT) carbon foot-
print was 2%, equal to 830 tons CO2 and comparable to the global aviation industry, and
it was expected to grow to 4% by 2020 [26]. The International Telecommunication Union
(ITU) Telecommunication Standardization Bureau releases the objectives of the new ITU
standard to reduce greenhouse gas emissions by 45% in 2030 [|27]. This reduction consti-
tutes an extra challenge to the industry.

The improvement of network capacity considering the Shannon-Hartley theorem [28]] could
be made (in a simplified way) by densification, bandwidth, or spectral efficiency [22]]. A
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macrocell serves multiple users, so the user shares the bandwidth. If the density of users is
high, each user is only to have a small portion of that bandwidth. By reducing the cell size,
more base stations (BS) have to be deployed to cover the same area. They result from that
each BS is going to serve fewer users. Since each BS serves fewer users, the bandwidth per
user will increase. If this increase continues until we have one user per cell, the capacity
increases linearly. When the number of BSs outpace the number of users, only the signal-to-
interference-plus-noise ratio (SINR) is improved, and the capacity increases on a logarithmic
scale.

With densification, the transmitter power is reduced, and the total energy consumption be-
comes less significant. With this reduction, in terms of energy, only the processing power
becomes relevant. According to [2]], the total costs of deploying and maintaining an opera-
tional BS are the significant challenge to densify a network. These BSs are under the total
responsibility of the operator. In a different deployment model, users deploy BSs by reusing
the existing power and backhaul infrastructure. The BS has to have the ability to perform a
fully automatic configuration and a continuous self-optimization during its operational life.
However, with this deployment model, it is important to deploy BSs where users are, and
80% of the traffic demand is indoor [29].

To consider more bandwidth to increase capacity presents some challenges. The bandwidth
at lower frequency bands is minimal. With the use of higher frequency bands, it is possible to
increase bandwidth. However, wireless communications at higher frequency bands present
higher path losses. Another drawback when the frequency band is increased is the require-
ment to increase also the transmitter power due to higher path losses. Besides, more carries
need to be allocated. These challenges, on increasing the bandwidth, make the highest fre-
quency bands only usable in small cell networks.

Techniques such as interference mitigation to increase the SINR, multiple antennas, or sig-
nal processing through error correction could increase spectral efficiency. Currently, the
progress on spectral efficiency has driven to reach the near-saturation in potential gains.
The lower number of antennas at the user equipment and issues with the channel state in-
formation are the major drawbacks that limit the gains in traditional MIMO system:s.

In [[22], authors have shown that increasing the number of antennas leads to a slight gain
in terms of system capacity. However, densification or increasing bandwidth present higher
gains. With multiple antennas, the capacity can increase two times. When increased capacity
resorts to the increase in bandwidth, the capacity improvements could be five times. Densi-
fying the network with small cells is one of the best options since it is expected an increase 18
times. This makes small cells the leading solution and a necessary topology evolution, and
the following steps to increase system capacity. This growth will be workable until it reaches
one user per cell.

1.3 Brief History and Evolution of Small Cells Deployment

In 1895, when Marconi conducted the first radio transmission, although the problem was to
increase the transmitter distance, when the need to transmit more wireless data takes off,
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the reduction of cell radius happened. The first small cell systems were built in 1984 [30].

These “small cells” were a term used to describe the cell size in a metropolitan area, where a
macrocell (on the order of kilometers in diameter) would be split into several smaller cells.
With reduced transmit power, known today as metropolitan macrocells or microcells, and
having a cell radius of perhaps several hundred meters [10], [|30]].

In [31], the concern to provide flexible services within buildings leads to the presentation of
the precursor of cellular picocells, called low powered micro-cellular systems. These systems
had cell sizes ranging from tens of meters to about one hundred meters. The “traditional”
small cells were used for capacity and coverage infill, i.e., where macro penetration did not
provide a reliable connection or where the macrocell was overloaded. These small cells were
essentially a smaller version of the macro BS and required comparable planning, manage-
ment, and network interfaces [10]. Being a smaller version of the macro BS network, the
costs associated with deploying a picocell network outweighed the advantages provided by
this topology [22]]. A little known industry project presents a concept very similar to the cur-
rent femtocell concept [[32]]. In that project, the reuse of the same spectrum as the macrocells
was considered and wired backhaul (T1 or PSTN) in that project. The small cell technologies
just mentioned were technically a step forward but economically unsuccessful because the
cost of deploying and operating many small cells outweighed the advantage they provided.

The adoption of the femtocells represents the last micronization of cellular networks. The
major problem in this continued micronization of cellular networks is the fact that the net-
work infrastructure is expensive [|33].

The reduced cell sizes (hence increasing numbers of cells), because of the engineering of wire-
less networks to provide increasingly high data rate applications, with growing traffic den-
sities, and the additional complexity introduced as interoperability among heterogeneous
networks becomes commonplace. This led to exacerbated growing costs for the network op-
erator [34]]. In the time of [|34], the future wireless networks will increasingly use intelligent
radio nodes to enhance system performance and profit margins, resulting in a new way of
deploying and configuring these types of cellular nodes while enabling the cost-effective de-
ployment of small cells.

Early simulations performed by Bell Laboratories, Alcatel-Lucent for femto and small cells
tested techniques like self-optimization, MIMO, energy efficiency, and offloading in that type
of network [35]—-[37]. It can be stated that these cells, especially femtocells, gave the first step
toward a heterogeneous network deployment model [10], [33].

The first residential and commercial deployment of femtocells started in the United States in
2008, followed by Europe and Japan in 2009. In 2011, the deployed 3rd generation mobile
networks (3G) small cells (2.3 million), for the first time, exceeded the number of 3G macro
base stations (1.6 million) [38]. Although the primary market of femtocells was residential,
they extended it to the public spaces to provide coverage or offload to the macrocell network
since most of the cellular traffic is generated in these spaces. In 2015, some operators ran
small cell networks in enterprises and public buildings [|39]].

The deployment of small cells is more difficult since their deployment has almost the same
problems as the deployment of macro base stations. These problems are the availability of
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backhaul, diverse costs, network provisioning as well monitorization. Even with these barri-
ers, small cells proved to be the desired option. These small cells share many hardware and
software features from the macrocells, but they are more flexible. They support a high num-
ber of simultaneously active users and mainly self-organizing network capabilities. These
capabilities allowed to perform self-configuration, self-organization, and relationship man-
agement with the neighbor cells.

In July 2021, Small Cell Forum{¥| released a market forecast that predicts to have deployed
35.7 million small cell radio units by 2026 [41]. This forecast states that adding a new spec-
trum and open architectures will facilitate new deployers and business models. As the de-
ployment processes become more simple, scalable, and repeatable, the small cell deployment
will speed up, especially by deploying enterprise small cells.

1.4 Ultra-Dense Networks

1.4.1 Toward 5G

The evolution of mobile devices and applications has changed the paradigm of mobile net-
works [42]]. The new paradigm that is coming to arise is the concept of ultra-dense networks
(UDN) [43]]. It is expected that the 5th generation mobile networks (5G) to be UDN in terms
of transmitters and receivers, making the network highly complex [44]]. The goal behind
UDN is to reduce the distance between access nodes and the users. This is only possible with
deploying a massive number of small cells in areas where immense traffic is generated, as
shown in Figure[1.3| The radio part of these small cells is hardware operating at lower trans-
mission powers than the well-established macrocells. These nodes are going to have small
coverage areas.

When these nodes are deployed indoors, they belong to customers. When they are deployed
outdoors, operators deploy them. Optimization of outdoor small cells is addressed in Chap-
ter[5| Typically, outdoor remote radio units are installed in, e.g., lampposts, urban furniture,
or building facades. In crowded spaces, usually there are hotspots in train and metro stations,
airports, and markets [43]]. This densification of cells introduced a new coverage scenario,
where a user would be closer to many cells.

Cisco, one of the most recognized industrial players in networking hardware, software, and
telecommunications equipment, has been producing successive reports suggesting to a sev-
eralfold increase in the mobile world data [3]], [4]]. It is foreseen that, by 2023, 5.7 billion
people will have mobile connectivity (2G, 3G, 4G, or 5G), and 5.3 billion people will be in-
ternet users [4]. Since spectrum resources are limited, the long-term solution is to increase
the reuse of the existing spectrum. With the reuse of spectrum, the network capacity is im-
proved, and the link to the end-user becomes shorter, resulting in an improvement in the
link quality.

The densification of the network has a specific limit, which requires extensive research to get
realistic system models to capture the reality of UDNs. The limits of wireless densification

4Details about Small Cell Forum could be found in [40].
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Figure 1.3: Outdoor scenario in UDN.
problems were addressed in [45].

1.4.2 Heterogeneous Networks

It is expected that the macrocells will not continue to be extended in terms of capacity [46].
The capacity extension is being done by adding the new low-power base station to the existing
macrocell network. Typically, the scale of these low-power nodes is named from the largest
connection capacity as micro, pico, and femto base stations [47]. A network with these low-
power nodes and the macrocell node is called a multi-tier network. In each tier, there will be
a collection of one type of node. Networks composed of these varieties of nodes are classified
as HetNets.

According to [4], M2M connections that support a broad range of IoT applications will rep-
resent about 50% (14.7 billion) of total global devices and connections. With the actual and
the predicted development of the 10T, the demand for wireless services has been rapidly in-
creasing, and this is also leverage for the importance of HetNets [47], [48]. This mixture of
base station types is superior in spectral efficiency to a conventional macro cellular network,
relying only on eNBs [49].

1.4.3 Femtocell Concept

A femtocell is a small, low-power access point, inexpensive base station, cellular network
access point that connects standard mobile devices to a mobile operator’s network using res-
idential DSL, cable broadband connections, or optical fibers [50]—[53]. In 4G, HeNBs are
some of the smallest cellular nodes and provide radio coverage within these femtocells. Fem-
tocells provide wireless voice and broadband services to customers in their homes, offices,
and other indoor environments. They use fully standardized wireless protocols over the air to
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communicate with standard mobile devices, operating in licensed spectrum, generating cov-
erage and capacity over internet-grade backhaul [51]. Some authors could consider or not
wireless last-mile technologies as a way to connect a femtocell. Typically, a single femtocell
will deliver voice services simultaneously to at least four users within the home [54]. Femto-
cells are generally consumer deployed and connected to their backhaul connection. From a
user perspective, a femtocell appears indistinguishable from a traditional base station [52].
Authors from [[10]] give a comprehensive overview of the evolution of femtocells. Femtocells
are becoming a significant player in cellular networks, mainly for the following reasons:

« It can provide indoor coverage for places where macrocells cannot [55]];

« It can offload traffic from the macro cell layer and improve macrocell capacity [56]]
(while using macrocells to provide indoor coverage, more power from the base sta-
tion will be needed to compensate for high penetration loss, resulting in a decrease in
macrocell capacity);

« One can assume that good isolation (hence the signal leakage from indoor to outdoor
will be small) can be achieved. The addition of a femtocell layer will significantly im-
prove the total network capacity by reusing radio spectrum indoors [57];

« There is a growing demand for higher and higher data rates. Because of the high pen-
etration loss, high data rates, services can not be provided indoors apart from those
areas near windows facing at a macrocell site. This is because high data rate requires
high performance of the radio frequency (RF) links;

« Asfemtocell access point (FAP) only need to be switched on when the users are at home
(for home femtocells) or work (for enterprise femtocells), this makes the use of femto-
cell “greener” than the use of macrocells [50l, [58]].

A femtocell differs from traditional small cells in their need to be more autonomous and self-
adaptive. The backhaul interface back to the cellular network — which is IP-based and likely
supports a lower rate and higher latency than the standard X2 interface connecting macro
and picocells — mandates the use of femtocell gateways and other network infrastructure
to appropriately route and serve the traffic to and from what will be millions of new base
stations [10]].

Financial pressures will drive wireless communication network operators to adopt autonomic
systems with characteristics of a completely independent, self-healing, self-deploying, and
self-optimizing communication network. That will eventually become cognizant, exhibiting
some degree of self-awareness. As a step in this direction, in [34], the concept of robotic
wireless base stations and discussion of their behavior subject to principles inspired by Asi-
mov’s Laws of Robotics was explored. Authors of [|34] affirms clearly that the future wireless
networks will increasingly use intelligent radio nodes to enhance both system performance
and profit margins.

Enabled femtocells to be deployed by the end-user is possible because of their advanced auto-
configuration and self-optimization capability. These capabilities enable small cells to be

9



deployed in a plug-and-play manner, as they can automatically integrate themselves into ex-
isting macrocellular networks. This was the critical step in enabling large-scale deployments
of small cells [l10]].

1.4.4 OFDMA Small Cells

The development of fourth generation (4G) cellular standards based on orthogonal frequency
division multiple access (OFDMA) and IP-based provide a better platform for femtocell over-
lays than the 3G. The 3G networks work with code division multiple access (CDMA) networks
that are circuit-switched (the femtocell backhaul is inherently IP), and relentless hardware
and software integration has made it foreseeable to have a fully functional low power base
station [[10]].

Integrating femtocells in the network brought additional problems. Usually, a 4G network
with only a macrocells (1-tier) network is hard to make a mathematical analysis. Considering
only a second-tier, composed of femtocells, the mathematical analysis became harder yet. In
[I59]l, analysis is made, where it is possible to see the impact of the transition from a carefully
planned set of base stations to a complete irregular, unplanned deployment of heterogeneous
infrastructures, like femtocells.

Although the deployment of femtocells brings advantages, they also affect the performance of
the macrocell layer. In [60], a coverage and interference analysis based on a realistic OFDMA
macro/femtocell scenario is provided, and some guidelines on how the spectrum allocation
and interference mitigation problems can be approached in these networks. Special attention
is paid to the use of self-configuration and self-optimization techniques to avoid interference.
Some challenges for OFDMA Femtocells are presented, such as the access method. Femto-
cells can be configured in three ways [50ll, [541, [61] to allow or restrict their usage by certain
users, as follows:

« Open access - all users may connect;
« Closed access - the femtocell allows only subscribed users to establish connections;
» Hybrid access - non-subscribers use only a limited amount of the femtocell resources.

All three configurations present advantages or disadvantages. Open access is the preferred
access control to minimize cross-tier interference and offload traffic from the HeNB layer.
The network operators intend to offload traffic. The femtocell owners prefer closed access
because of the limited resources of the femtocells. Closed access is also preferred in terms of
privacy and security, and in terms of handover efficiency [53].

If closed access is chosen, femtocell users will experience higher throughput, but neighbor-
ing cellular users will lower the throughput. The opposite is going to happen in the open
access. From the operators’ point of view, it is better to provide only open access than a mix
of open and closed femto services [62]]. The trade-off between open and closed leads to hy-
brid access, not the ideal option but a compromise between both [50]]. Although, as in [63],
it was concluded that the open or shared are the preferred methods in most cases in terms
of throughput. It is also suggested to opt for hybrid access. For the uplink in OFDMA [61]],
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the open or closed access option presents a surprising conclusion. It is stated that the best
choice highly depends on cellular user density.

1.4.5 Co-layer and Cross-layer Interference in Femtocells

Authors of [50] present an overview of the interference in the presence of femtocells that can
be classified as co-layer and cross-layer. Co-layer is the interference between femtocells, and
cross-layer is between femto and macrocells.

Co-layer interference is described as the unwanted signal received at a femtocell and sent
from other femtocells, decreasing thus the quality of its communication. The name co-layer
refers to the fact that all femtocells belong to the same network layer, unlike other elements
like base stations, NodeBs, and other types, which belong to the other layers. A diagram
summarizing the major problems originating from co-layer interference is presented in Fig-

ure(.4p]

Downlink

Intercarrier Interference Femtocell Coverage Holes

at the FAP

Noise Rise at
the FAP

Noise Rise at Femtocell UEs

Figure 1.4: Main problems caused by co-layer interference, adapted from [50].

In uplink co-layer interference, femtocell UEs are the aggressors or sources of interference.
Neighboring FAPs are the victim systems. In Figure a situation is shown in which user
two falls within the coverage area of both its femtocell.

Channels

1 23456 7 8

Figure 1.5: Co-layer uplink interference in an OFDMA femtocell network, adapted from [|50]].

Dead zones in OFDMA femtocells depend on the spectrum occupancy at a particular location.
Two femtocell users (FUEs) could be at the same geographic position, and only one of them
would suffer interference from surrounding femtocells, i.e., the dead zone would only affect

5Although this work only considered OFMDA, CDMA is also presented in some Figures.
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some OFDMA subchannels while the other user (i.e., L3 in Figure suffers no interference.
To illustrate this, Figure[1.6is presented.

Channels

1 23 45 6 7 8

Figure 1.6: Co-layer downlink interference in an OFDMA femtocell network, adapted from [50]].

Approaches to overcome co-layer interference are gathered for reference in Figure

Power Limits in Adaptive Power control
Femtocell UEs . .

Intelligent Subchannels Intelligent Subchannels
Power control Allocation Allocation

Figure 1.7: Approaches to cope with co-layer interference, adapted from [50]].

An interfering signal is assumed to produce cross-layer interference in two-layer net-
works if the aggressor and the victim systems belong to different network layers. For exam-
ple, the distortion caused by an emitting FAP (member of the femtocell layer) at the down-
link (DL) of one or several macrocells (members of the macrocell layer) is an obvious case of
cross-layer interference. Likewise, it can also be cross-layer interference if a macrocell user
(MUE) at the uplink of a nearby FAP (member of the femtocell layer) causes the distortion.
The major problems caused by cross-layer interference are presented in Figure

Cross-layer

Noise Rise at
the FAP at the FAP

Noise Rise at Risk of the Invalidation of Indoor & Outdoor Macrocell Intercarrier Interference
the macro-BS macrocell subchannels Coverage Holes at the Macrocell Users

Intercarrier Interference Femtocell Coverage Holes

Figure 1.8: Main problems caused by cross-layer interference, adapted from [50].
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On the one hand, as illustrated in Figure MUE 2 is transmitting with high power in the
same subchannels as FUE 1, carrying interference at the FAP. On the other hand, as MUE 4
is transmitting a different channel, the communication between user 3 and receptive FAP is
not affected.

Channels

L1

L2

L3

12 3 45 6 7 8

Figure 1.9: Cross-layer uplink interference in an OFDMA co-channel two-layer network, Interference at the
femtocell, adapted from .

The other type of uplink interference can occur when femtocells are located too close to the
macro base station, MBS (interference at the MBS), as shown in Figure[1.10}

Channels

1 2 3 45 6 7 8

Figure 1.10: Cross-layer uplink interference in an OFDMA co-channel two-layer network, Interference at the
macrocell, adapted from .

Link and technology-dependent approaches to solve the problem of cross-layer interference
are presented. These approaches to coping with cross-layer interference are further summa-
rized in Figure[t.11]

Some works, like [[64]], present a dynamic interference avoidance scheme that uses inter-cell
coordination to prevent excessive inter-cell interference, especially for cell or sector edge
users that are most affected by inter-cell interference, with minimal or no impact on the
network throughput. The proposed scheme comprises a two-level algorithm, one at the base
station level and the other at a central controller to which a group of neighboring base stations
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Power Limits in Femtocell Orthogonal Channels Power Limits at the FAP Orthogonal
UEs Assignment Channels
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Intelligent
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Figure 1.11: Approaches to coping with cross-layer interference, adapted from [j50].

is connected. Implementing this type of technique, which requires inter-cell coordination,
only becomes possible with the implementation of several network interfaces.

1.4.6 Spectrum Allocation

The different approaches adopted to manage the OFDMA subchannels are shown in Fig-
ure .13}

Femto/Macrocells networks

‘ Subchannels allocation in OFDMA

— Example
Orthogonal channel assignment Co-channel assignment
[ Spectrum allocation ] [Subchannels allocation]

(o
Delt)ﬁndent Dependent Automatic
on the
on traffic frequency C .
i . ooperative Non-cooperative
geographic demand planning P P
area D dent Distributed
or(:ies:r en frequency Random access
X lannin
mobility P & Fragmented

spectrum access

Figure 1.12: Classification and examples of subchannel allocation techniques for OFDMA femtocells, adapted
from [50l].

An approach that eliminates cross-layer interference is to divide the licensed spectrum into
two parts (orthogonal channel assignment). Although it is optimal from a cross-layer in-
terference standpoint, this approach is inefficient in spectrum reuse. Therefore, co-channel
assignment of the macrocell and femtocell layers seems more efficient and also profitable for
operators, although far more intricate from the technical point of view.

Ideally, to mitigate cross- and co-layer interference, there would be a central entity in charge
of intelligently telling each cell which subchannels to use. This entity would need to collect
information from the femtocells and their users and find an optimal or a suitable solution
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within a short period. However, since the number and position of the femtocells are initially
unknown because of the individualistic nature of the FAPs, this approach poses some chal-
lenging problems. The presence of hundreds of femtocells makes the optimization problem
too complex, and latency issues arise when facilitating the femtocells’ communication with
the central subchannels broker throughout the backhaul.

A distributed approach to mitigate cross- and co-layer interference, where each cell man-
ages its subchannels, is thus more suitable in this case (i.e., self-organization). In a non-
cooperative solution, each femtocell would plan its subchannels to maximize its users’ throu-
ghput and quality-of-service (QoS).

The adoption of self-configuration and self-optimization is discussed in [60]]. Because of the
uncertainty in the femtocells’ number and positions, FAPs must be self-configurable and self-
optimizing units capable of integrating themselves into the existing radio access network,
causing the least interference to exist systems. Here, the FAPs must be capable of sensing
the air interface and tuning their parameters according to changes in the network or channel.
On a significant number of references, femtocells are treated as one more static element on
the network. Base stations are physically static elements working 24 hours a day during
their working life. Having this in mind, it is easy to consider the same grid static during a
simulation. Although some authors claim the 4G systems have smaller and more irregular
cell sizes, they do not consider the possibility of having a grid model constantly changing
because of the predicted femtocell behavior.

A decentralized spectrum allocation strategy has been proposed in [65] as an alternative to
centralized/coordinated frequency assignment in a two-tier network. The proposed alloca-
tion strategy depends on the per-tier throughputs, the loading of users in each tier, and the
QoS requirements, accounting for co-channel interference and path losses.

Authors from [66] focus on OFDMA based co-channel femtocells, which share the same spec-
trum with the macrocell network and aim to use spectrum resources while causing minimum
interference macrocell network efficiently. The primary goal of [|66] is to introduce an in-
terference avoidance framework between a femtocell and the macrocell-associated mobile
stations, which is based on not using the resource blocksﬂ (RBs) occupied by closely located
macrocell-associated mobile stations.

The fractional frequency reuse (FFR) scheme has attracted the attention of researchers in
different standardization bodies and forums. Most proposals on FFR rely on static or semi-
static coordination among BSs; it is seen in the literature that FFR schemes that use inter-
ference coordination in a static or semi-static manner provide little gain as cell-edge throu-
ghput can only be improved with a severe penalty to the system throughput. In addition,
such schemes requiring frequency planning cannot be applied to the emerging femtocellu-
lar networks, as femtocells will be placed at the end-user locations ad hoc, making any prior
frequency planning difficult. Dynamic coordination schemes do not require prior frequency
planning and operate based on dynamic interference information from surrounding trans-

®A resource block is the smallest unit of resources that can be allocated to a user. The resource block is 180
kHz wide in frequency and 1 slot long in time. In frequency, resource blocks are either 12 x 15 kHz subcarriers or
24 x 7.5 kHz subcarriers wide The number of subcarriers used per resource block for most channels and signals
is 12 subcarriers [[67].
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mitters. The fractional frequency reuse is also studied in [|68]] with a discussion about opti-
mal power allocation for femtocells with different orthogonal sub-bands, based on analysis
of macrocell interferences.

1.4.7 Femtocells Evolution in 3GPP Releases

The 3rd Generation Partnership Project (3GPP)|by the Technical Specification Group (TSG)
Radio Access Network (RANﬁ specifies for the first time the architecture to the support of
HeNBs in Release 8 [71]. Figure[1.13]presents the overall E-UTRAN architecture, including
eNBs and HeNBs.
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Figure 1.13: Release 8 overall E-UTRAN Architecture with deployed HeNB GW, adapted from [72]].

The E-UTRAN architecture may deploy a home eNB (HeNB) gateway (GW) to allow the S1
interface between the HeNB and the evolved packet core (EPC)?|to scale to support many
HeNBs. The deployment of HeNB GW is optional, as this node acts as a concentrator. In
Release 8, the specification did not support X2 connectivity of HeNBs. The S1 interface
is defined as the interface between the HeNB GW and the core network, between the HeNB
and the HeNB GW, between the HeNB and the Core Network, and between the eNB and the
core network.

Release 10 enhances the support for HeNB with LTE-Advanced (LTE-A). Sometimes, the X2
interface between HeNBs could be used, which provides mobility and interference manage-
ment between HeNB, and an S5 interface between HeNBs and mobility management entity
(MME). Figure [1.14| presents those enhancements.

S5 provides tunnel management between serving GW and packet data network (PDN) GW.
It is used for serving GW relocation because of UE mobility and if the serving GW needs to
connect to a non-collocated PDN GW for the required PDN connectivity [75].

7The 3rd Generation Partnership Project (3GPP) unites seven telecommunications standard development
organizations (ARIB, ATIS, CCSA, ETSI, TSDSI, TTA, TTC), known as “Organizational Partner” and provides
their members with a stable environment to produce the Reports and Specifications that define 3GPP technolo-
gies [69]].

8The TSG-RAN is responsible for the GERAN, UTRAN and E-UTRAN, including their internal structures and
functions, of systems for evolved GERAN, UTRAN, E-UTRAN and beyond [[70].

9EPC is the core network of the LTE system, details about the EPC are presented in [[73], [[74]l.

19X2 interface is the signaling interface between eNodeBs
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Figure 1.14: Release 10 overall E-UTRAN Architecture with deployed HeNB GW, adapted from [/75].

The functions supported by the HeNB are the same as those supported by an eNB and the
procedures run between a HeNB and the EPC are the same as those between an eNB and
the EP(| X2-based handover (HO) between HeNBs is allowed if no access control at the
MME is needed, i.e., when the handover is between closed/hybrid access HeNBs having the
same closed subscriber group (CSG) ID or when the target HeNB is an open access HeNB.
This specification version supports direct X2-connectivity between HeNBs, independent of
whether any of the involved HeNBs is connected to a HeNB GW.

We may have X2 connections between HeNB, especially enabling them to cooperate between
them, for example, in the same building or particular location. X2 connections need to be
fast. Although these two releases considered the X2 interface, X2-based communications
between an eNB and a HeNB are not supported. The difficulty in adopting these connec-
tions between eNB and HeNB is its support, network infrastructure (physical interface), and
incrementing signaling overhead.

The update presented in Release 11 [[76]] addresses the supported handovers between trans-
mitter nodes, as shown in Table[1.2]

Table 1.2: X2-based HO support, adapted from [[76]..

’ Source node \ Target node Notes
eNB or any HeNB Open access HeNB
eNB or any HeNB Hybrid access HeNB

Only applies for same CSG
Closed access HeNB ID and PLMN, and if the UE
is a member of the CSG cell.

Hybrid access HeNB or
closed access HeNB

Any HeNB eNB

Release 11 supports direct X2-connectivity between HeNBs, independent of whether any of
the involved HeNBs are connected to a HeNB GW. The overall E-UTRAN architecture with
deployed HeNB GW is shown in Figure

Release 12 [[77] adds a new X2 connection and a new X2 GW, as presented in Figure[1.16]
This specification version supports X2-connectivity between HeNBs, independent of whether
any of the involved HeNBs are connected to a HeNB GW.

"The Local IP Access (LIPA) although is considered in [[75]], in this work is not taken into consideration.
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Figure 1.15: Release 11 overall E-UTRAN Architecture with deployed HeNB GW, adapted from .
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A HeNB only connects to a single X2 GW. Each HeNB has to be pre-configured with infor-
mation about which X2 GW it connects. There is no limitation on the number of X2 GWs an
eNB may connect.

Since Release 12 [77] up to Release 16 [78]], 3GPP has not proposed significant updates in the
E-UTRAN HeNB logical architecture.

1.5 Main Objectives

The research from this thesis aim to contribute to the study of radio and heterogeneous net-
work optimization and planning in small eNBs deployed in indoor environments and outdoor
UMi scenarios. Since most of the traffic occurs indoors, and UEs require more and higher
throughputs, this work seeks to understand the indoor environments when HeNBs provide
coverage. Besides, the study of a UMi scenario intends to understand the urban space closer
to the UE indoor scenarios.

A scenario with a high number of HeNBs to provide coverage to a building floor is studied.
In [79], 3GPP determines the number of HeNBs available on a building floor by a probability
theory approach. The nature of uncoordinated deployment of HeNBs and the possibility of
buying them with no restrictions will originate deployments with high density of HeNBs.
This overtakes the recommendations of [79]].

Although usually, HeNBs are deployed in an uncoordinated and disordered way, the possibil-
ity of deploying HeNBs in a coordinated way cannot be ignored, or at least considering some
planning. This statement is applicable in scenarios like offices, shopping centers, and indus-
trial environments [19]], [20]. The aim of this work is to present a theoretical study in the con-
sidered scenarios. Although this work incorporates some of the knowledge from [[80]-[82],
the aim is to conduct an autonomous detailed study.

3GPP deployment for indoor scenarios with a geometry of 5x5 apartments considers the total
floor area to be fixed. The total floor area is divided into 25 square areas, where each one
represents an apartment with an area of 10 m by 10 m. One aim of this work is to extract
results when the total floor area varies and extract results for different areas of the floor.
This research addresses the radio resource management problems of small cells deploy-
ments. First the 3GPP indoor scenario with 5x5 apartment is considered and different de-
ployment ratios are explored while varying apartment side length. The transmitter power of
HeNBs varies between 0 dBm and 20 dBm. This range of values for the transmitter power
will be explored in the behavior’s study of the HeNBs. Understanding received power ver-
sus received interference power trade-off in heterogeneous networks where macrocell are
overlaid by this type of femtocells is aim of this part of the work.

Packet scheduling influences the network performance depending on the service mixture
[83]-[85]. Knowing that video streaming will be the most important application, packet
schedulers are tested while evaluating their performance in different situations.

Outdoor users nearby indoor zones within these blocks of apartments intend to access the
same services they use in indoor environments in a seamless way. According to ITU, UMi
line-of-sight (LoS) scenario needs to be considered. As cell sizes are of few hundred meters,

19



a dual-slope path loss model [16], [17] is considered. The aim of this part of the work is to
study three sub-6 GHz frequency bands. The optimization goals of this thesis are achieved
while preserving the service quality packet loss ratio (PLR) target of 2% for video flows as
well as best effort traffic (as well as fulfilling the service quality requirements for best effort
traffic).

1.6 Contributions

To achieve above-mentioned goals, existing LTE-Sim [[86] and 5G-air-simulator [87] plat-
forms have been upgraded by means of different contributions. The contribution of a free-
ware extension of the LTE-Sim simulator that implements carrier aggregation functionalities
was performed in [88]], [89]] and upgraded in [9o]—-[92].

The behavior and performance evaluation of different packet schedulers in a heterogeneous
network with HeNBs has been studied in [[93] while considering the variation in the trans-
mitter power. This work also leads to the update of the open source LTE-Sim framework
used in this work.

Uncoordinated deployment of HeNBs has been widely considered in the research commu-
nity. However, because of economic or physical constraints, coordinated deployment of
HeNBs can also be considered. An initial example of HeNB deployments was investigated
in [94/], which includes a theoretical study on the average SINR which includes high and mid-
dle interference level scenarios, with a maximum of four users per HeNB, were addressed
in [95]. These works not only consider system level simulations but also a theoretical study
of the SINR, by considering the variation of the transmitter power and the areas of the apart-
ments. One assumed that users in each apartment are served by their own HeNB, i.e., one
HeNB serves each apartment in the building. This overrides the 3GPP technical recommen-
dations.

The performance evaluation of small cells whose usage is video streaming while fulfilling
the 3GPP PLR target of 2%, was studied in [96]. One HeNB serves each apartment in the
building. The number of users in each apartment increased up to the point where PLR for
voice services surpassed the recommendations of [97]. In [91]], [92]], we have updated the
4G outdoor macrocell framework to get uniform distribution of users while enhancing the
random numbers generator. The service quality in a UMi LoS cellular scenario in the sub-6
GHz frequency bands while QoS target is not surpassed was presented in [98], [99].
Different contributions resulted from this research work. In [100], the variation of the num-
ber of deployed HeNBs within the considered indoor topology is analyzed. The deployment of
4, 5, or 6 HeNBs was compared in the indoor scenario. LTE-Sim was updated to extract val-
ues for exponential effective SINR mapping (EESM), PLR, a maximum number of supported
users, goodput, and delay in these scenarios. Experimental work to verify the WINNER II
indoor propagation model was performed in [[101]].

The work from [102] studies the performance of HeNBs with varying coverage areas. After
a detailed theoretical study of the SINR, performance results are obtained through simula-
tion in small cell indoor scenarios. Goodput, delay, and PLR results are analyzed. Based on
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underlying improved version of LTE-Sim, the proportional fair (PF), frame level scheduler
(FLS), and exponential rule (EXPRule) are tested in the indoor environment. The scenario
was simulated while considering QoS targets. In [|91], [92]], one has also considered an ac-
curate uniform distribution of users within the cell, while considering the Mersenne Twister
pseudo-random generator to obtain near-truly random distributions. In this contribution,
optimization of the carrier aggregation by considering multi-band scheduling was addressed
in an outdoor macrocellular scenario.

The novel contributions resulting from the research, mentioned above, have already been
disseminated in papers published or submitted for possible publication in journals, confer-
ences, and a book chapters, structured as follows:

« Journal Papers:

[100]] R. R. Paulo, F. J. Velez, and B. Khan, “Study of Indoor Small Cell Deploy-
ments,” in Journal of Mobile Multimedia, vol. 17, Iss 1-3, February 2021, pp.
329-344;

[102] R. R. Paulo, and F. J. Velez, “An Extensive Study on the Performance Eval-
uation and Scheduling of HeNBs,” in IEEE Access, vol. 17, March 2021, pp. 1-6;

[o2] B. Khan, A. R. Ramos, R. R. Paulo, and F. J. Velez, “Deployment of Beyond 4G
Wireless Communication Networks with Carrier Aggregation,” in International
Journal of Electronics and Communication Engineering, vol. 15, no. 12, March
2021;

log] R. R. Paulo, E. B. Teixeira, and F. J. Velez, “Service Quality of the Urban Mi-
cro Cellular Scenario in the sub-6 GHz Frequency Bands,” submitted for possible
publication to IEEE Transactions on Wireless Communications, November 2021.

« Conference papers:

[88] D. Robalo, F. J. Velez, R. R. Paulo, and G. Piro, “Extending the LTE-Sim Sim-

ulator with Multi-Band Scheduling Algorithms for Carrier Aggregation in LTE-
Advanced Scenarios,” in 2015 IEEE 81st Vehicular Technology Conference (VTC
Spring), May 2015, pp. 1-6;

[94] R. R. Paulo, F. J. Velez, and G. Piro, “Design of Coordinated HeNB Deploy-
ments,” in 2018 IEEE 87th Vehicular Technology Conference (VIC Spring), June
2018, pp. 1-6;

lo5] R. R. Paulo, F. J. Velez, and G. Piro, “Performance Evaluation and Packet
Scheduling in HeNB Deployments,” in 2018 IEEE 88th Vehicular Technology
Conference (VTC-Fall), August 2018, pp. 1-6;

[06] R. R. Paulo and F. J. Velez, “A study on system capacity for HeNBs with
different schedulers,” in Conf. on Telecommunications - ConfTele, June 2019,
pp. 25-28;

[o1] B. Khan, A. Ramos, R. R. Paulo, F. J. Velez, “Deployment of Beyond 4G Wire-
less Communication Networks with Carrier Aggregation,” in ICEEE 2020: 14.

21



International Conference on Electronics and Electrical Engineering, July 2020
(Best Presentation Award — ICEEE 2020);

[08] R. R. Paulo and F. J. Velez, “System Level Simulation of Urban Micro-cellular
4G Scenarios in the Sub-6 GHz Frequency Bands,” in 2021 Telecoms Conference
(ConfTELE), February 2021, pp. 1-6.

[101] R. M. Andrade, R. R. Paulo, S. M. Francisco, E. B. Teixeira, and F. J. Velez,
“Characterization of Indoor Small Cells Propagation,” in 2021 24th International
Symposium on Wireless Personal Multimedia Communications (WPMC), Dec
2021.

Book chapter:

[93] S. Ruiz, H. Ahmadi, G. Gardasevi¢, Y. Haddad, K. Katzis, P. Gracioso, V.
Petrini, A. Reichman, M. K. Ozdemir, F. J. Velez, R. R. Paulo, S. Fortes, L. M.
Correia, B. Rouzbehani, M. Barahman, M. Deruych, S. Mignardi, K. Nasr, and H.
Zhang, Inclusive Radio Communications for 5G and Beyond, 1st ed. Academic
Press, May 2021, ch. 5G and beyond networks, pp. 141-186.

Contributions to Book chapters:

[89] S. Ruiz, M. Garcia-Lozano, D. Gonzalez, M. Lema, J. Papaj, W. Joseph, M.
Deruyck, N. Cardona, C. Garcia, F. J. Velez, L. Correia, L. Studer, P. Grazioso,
and S. Chatzinotas, Cooperative Radio Communications for Green Smart Envi-
ronments River Publishing, Kent, -1, June 2016, ch. 6 - Green and Efficient RAN
Architectures, pp. 195—270.

The work has also been communicated in RTCM Seminars, COST meetings and other meet-

ings:

11th Meeting of the Management Committee of COST IC 1004 - Cooperative Radio
Communications for Green Smart Environments, TD(15)12082, Dublin, Ireland, Jan-
uary 2015;

2nd Meeting of the Management Committee of COST CA 15104 - Inclusive Radio Com-
munication Networks for 5G and Beyond,TD(16)01031, Lille, France, June 2016;

4th Meeting of the Management Committee of COST CA 15104 - Inclusive Radio Com-
munication Networks for 5G and Beyond, TD(17)04084, Lund, Sweden, May 2017;

6th Meeting of the Management Committee of COST CA 15104 - Inclusive Radio Com-
munication Networks for 5G and Beyond,TD(18)06018, Nicosia, Cyprus, January 2018;

25th Seminar of the Mobile Communications Thematic Network (RTCM), Porto, Por-
tugal, June 2018;

8th Meeting of the Management Committee of COST CA 15104 - Inclusive Radio Com-
munication Networks for 5G and Beyond, TD(18)08025, Podgorica, Montenegro, Oc-
tober 2018;
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10th Meeting of the Management Committee of COST CA 15104 - Inclusive Radio Com-
munication Networks for 5G and Beyond, TD(19)10062, Oulu, Finland, May 2019;

27th Seminar of the Mobile Communications Thematic Network (RTCM), Castelo Bran-
co, Portugal, July 20109;

Ciéncia 2019 - Encontro com a Ciéncia e Tecnologia em Portugal, Lisboa, Portugal,
July 20109;

29th Seminar of the Mobile Communications Thematic Network (RTCM), Virtual Event,
February 2021;

2nd Post-IRACON Meeting of COST CA 15104 - Inclusive Radio Communication Net-
works for 5G and Beyond, TD(21)14002, Online Meeting, February 2021.

1.7 Structure of the Thesis

This thesis is organized into six chapters and six appendices that support the chapters. This
Chapter started by presenting the motivation to study the radio resource management chal-
lenges in scenarios with small cells, and the proposed approach. An overview of small cell
life cycle (past, present, and future) was provided with more emphasis on femtocells. It dis-
cussed how small cells began until our days, passing through themes like ultra-dense and
heterogeneous networks as a perspective towards 5G. The concept of how femtocells have
been deployed is addressed in detailed. Then, the primary objectives of the research involved
in this thesis, and the main contributions are presented.

Chapter |2/ introduces a mathematical study in an indoor scenario. We have considered a
3GPP 5x5 grid geometry with twenty-five apartments. In the addressed scenarios, the num-
ber of deployed HeNBs varies from 4 HeNBs up to 25 HeNBs. In the mathematical study,
frequency reuse pattern two and the WINNER II path loss model for indoor scenarios are
assumed. The EESM, channel quality indicator (CQI), and transport block size (TBS), per-
formance metrics are determined by extensive system level simulations.

Chapter 3| introduces improvements to the simulation tool LTE-Sim that facilitates the re-
sults for this work. With these improvements, and going beyond 3GPP recommendations, a
scenario with 25 HeNBs and reuse patterns one and two has been studied. In a conservative
approach, one has considered only four UEs connected to each HeNB. Besides, this chap-
ter considers three different packet schedulers to determine the system’s performance, PF,
FLS, and EXPRule. The packet scheduler running in the radio nodes distributes the radio
resources among the UE. After initial results are analyzed, the maximum supported capacity
is determined for frequency reuse pattern two.

An approach more closely related to 3GPP recommendations is considered in Chapter
First, a scenario with only 4 HeNBs complements the theoretical approach proposed in Chap-
ter|2l Then results for the maximum capacity with 4, 5, and 6 HeNBs have been extracted.
Apart from considering a variation in the number of HeNBs, the impact of independent vari-
ations of the transmitter power of HeNBs and the apartment side lengths were studied. In
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fact, in this chapter we learn in which extent the orientations appointed by 3GPP to indoor
scenarios are the ones that provide the best quality of experience for the UEs.

Chapter [5| studies a UMi LoS scenario considering a dual-slope path loss model. Three dif-
ferent sub-6 GHz frequency bands have been studied, 2.6 GHz, 3.5 GHz, and 5.62 GHz fre-
quency bands. The PF and the maximum-largest weighted delay first schedulers have been
considered. The radio performance has been analyzed by considering the EESM and modu-
lation and coding scheme mapping. Simulation results have been obtained while considering
the 3GPP QoS targets.

Finally, Chapter [6] presents the conclusions, and recent trends in small cell energy efficient
spectrum management research as well suggestions for future research.

The code used in the theoretical study is presented in Appendix [Al Appendix [Bintroduces
the code that allowed to obtain results for the EESM, CQI, and TBS. Appendix [C| studies
the EESM considering either 25 or 4, 5, and 6 HeNBs and reuse pattern one. Appendix D]
presents the developed code for the LTE-Sim upgraded version for the 25 HeNBs scenario
(and also other scenarios). Appendix [E| presents the code developed for the scenario that
considers 4, 5, or 6 HeNBs. Finally, Appendix|[F presents simulation results for the variation
of the average delay of video flows with 4, 5, or 6 HeNBs.
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Chapter 2

SINR and Performance Metrics Analysis in a
3GPP 5x5 Grid Geometry

2.1 Introduction

A user which is receiving data from a node, e.g., eNodeB (eNB) or home eNodeB (HeNB),
is not only receiving a signal from the node to which we connect it to but also receiving in-
terfering signals from the co-channel nodes. The studied scenario along this chapter is an
indoor scenario, defined in [[79], that consist in a building with one floor with a geometry
of 5x5 apartment grid with 25 apartments. We can deploy a HeNB in the center of every
apartment [79]], [103].

In the first part of this chapter, after describing the femtocell network deployment, a detailed
mathematical process to get results for the average signal-to-interference-plus-noise ratio
(SINR) is presented. The definition of the scenario follows some assumptions of the Techni-
cal Specification Group (TSG) Radio Access Network (RAN) from 3GPP [79]. To detail the
process to get the equations to determine the average SINR, we consider the deployment of
25 HeNBs with reuse pattern two. After present results for the average SINR for the deploy-
ment of 25 HeNBs, we consider the same geometry but with the deployment of 4 HeNBs.

In the second part a study of the exponential effective SINR mapping (EESM) is made for
the scenario with 25, 4, 5 and 6 HeNBs. The last three scenarios, is a study around of the
maximum value for the deployment ratio appointed by 3GPP [79].

To get the results for the average SINR, the code presented in Appendix[Alhas been developed.
Appendix B|presents the code developed in LTE-Sim to get EESM results for the considered
number of HeNBs, as well as another deployment patterns. Although the core of this chapter
considers a reuse pattern two, we present results in terms of EESM for a reuse pattern one
in Appendix|[C

2.2 Femtocell Network Deployment

The deployment of femtocell requires to mitigate cross-tier interference between the macro-
cell and femtocells, and intra-tier interference among femtocells, as well as to provide QoS
guarantees [104]]. In [104] authors express some concerns about this requirement and lever-
age the cognitive radio technology to propose a new cognitive radio resource management
scheme for femtocells to mitigate cross-tier interference.

The addition of small cells, such as femtocells, in the current scenarios, requires an evolu-
tion of the traditional cellular model [[10]. To predict the impact of the addition of femto-
cells, there is a need to remodel the cellular networks. There appear to be four high-level
approaches to modeling femtocells in cellular networks, although the details can vary from
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work to work. And of course, some works may use and even compare several of the below
models [105].

The first approach is to keep the familiar grid model for macro base stations (including the
special case of a single macro BS (MBS)), and to drop femtocells “on top” of it, either ran-
domly or in a deterministic fashion. One BS (usually the closest and/or strongest) would
connect to the mobile user, with all other macrocell and femtocell BSs (downlink) or mobile
users (uplink) acting as interference.

A second simpler but less complete model is to focus on a single femtocell (and its associated
user) dropped in the cellular network. In the downlink (DL), the interference to the femtocell
user (FUE) is assumed to be only from the various macrocells, which is a fairly sparse femto-
cell deployment, is probably accurate. In the uplink as well, the strong interference is bound
to come from nearby mobiles transmitting at high power up to the macro base station, so the
model may be reasonable. The main limitation of this model vs. model 1 is that the perfor-
mance of DL macrocell users (MUEs) — who may experience strong femtocell interference
depending on their position — cannot be accurately characterized.

The third model is to allow both the macrocells and femtocells to be randomly placed. An ap-
pealing aspect of this approach is that the randomness allows significantly improved tractabil-
ity and the SINR distribution can be found explicitly. This may allow the fundamental impact
of different PHY and MAC designs to be evaluated theoretically.

A fourth model is simply to keep all the channel gains (including interfering channels) and
possibly even the various per-user capacities general, without specifying the precise spatial
model for the various base stations. This can be used in many higher-level formulations, e.g.
for game theory, power control, and resource allocation, although ultimately some distribu-
tion of these channel gains must be assumed to do any simulation, and the gains are to a
first-order determined by the locations of the various transmitting sources. In [105] it is a
state that this fourth model typically will conform to one of the above three models.

For simulators like LTE-Sim [103]] and NS-3 [106]] it is easier to adopt the first approach, that
is to keep the familiar grid model for MBSs, and drop femtocells on top of it. Even using the
first approach, it could be possible to adopt some from the fourth model, like to keep all the
channel gains.

3GPP defines the simulation assumptions and parameters for FDD HeNB RF requirements
in [[79]]. In this report, 3GPP introduces two modeling deployments for HeNB, suburban
modeling and dense deployment modeling.

In the suburban modeling HeNBs are dropped within the macro coverage area with a ran-
dom uniform distribution, subject to minimum separation to the macro sites. The density
of HeNBs per macrocell will be a variable in the simulations. Each of the dropped HeNBs
is assumed to be “active”, i.e., there is at least one active call. A suburban-type deployment
is considered where each HeNB is modeled as a (2 dimensional) rectangular house. Within
each house, the HeNB and HeNB user equipments (UEs) are randomly dropped within a
specified distance of the center point of the house. All macro UEs are assumed to be indoors.
A macro UE maybe within a HeNB house coverage zone [79]].

For dense deployment modeling two geometries are proposed: a dual stripe model and a 5x5
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grid model. In a dense-urban HeNB modeling, each block represents two stripes of apart-
ments, each stripe has 2 by N apartments, usually, N is 10, as illustrated in the example of

Figure

10 m
<>
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Figure 2.1: A femtocell block in a dual stripe model, adapted from [79], [[103]l.

Each apartment is of size 10 m by 10 m. There is a street between the two stripes of apart-
ments, with a width of 10 m. In each macrocell sector, one or several femtocell blocks are
randomly dropped. It is assumed that the femtocell blocks are not overlapping with each
other. Each femtocell block has L floors, L is chosen randomly (L could be a number be-
tween 1 and 10). If more than one femtocell blocks are dropped, each femtocell block can
have a different number of floors.

Another proposed geometry is a 5x5 grid model as an alternative simple HeNB cluster model.
It is considered a single-floor building with 25 apartments. The apartments are 10 m by 10
m and are placed next to each other on a 5x5 grid on each floor, Figure In addition,
it is assumed that, with probability p, there is a HeNB in each apartment. This probability
represents the density of HeNB deployment. For the apartments that have a HeNB, the HeNB
and UE are dropped randomly and uniformly in the apartment with a minimum separation
of 20 cm.

10 m
>

on]

Figure 2.2: A femtocell block in a 5x5 grid model, adapted from [[79], [[103]].

In simulators like LTE-Sim [86], it is possible to create scenarios like the one in Figure
with high flexibility. This scenario can be extended for integrating real street maps.
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Figure 2.3: Example of a cross composed of two different streets and four 5x5 grid model buildings deployed in
a eNB, adapted from [103]].

2.3 Study of the Average SINR for Reuse Pattern Two

2.3.1 Definition of the Geometry to a Coverage With 25 HeNBs

To the study of the average SINR, in this research, in practice, a single-floor building with 25
apartments is considered, as shown in Figure Apartments are placed next to each other
in a 3GPP 5x5 grid geometry [79]].
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Figure 2.4: Simulation scenario of 25 apartments with 25 HeNBs deployed, reuse pattern 2.

Frequency reuse is the design process of selecting and allocating different channel groups for
all cellular base system within a system [[107]. Frequency reuse increases both coverage and
capacity of the cellular network and reduces the inter-cell interference. For a frequency reuse
equal to one, each cell uses all the available subchannels. When the frequency is higher than
one, each cell does not use all the available subchannels but only a subset, in such a way that
different adjacent cells utilize different subsets of subchannels. A group of cells, using the
complete set of available subchannel together, forms a cluster that is regularly replicated in
order to cover the whole service area. As described in [[108]], the number of cells that form the
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cluster depends from the evolved universal terrestrial radio access network (E-UTRAN) op-
erative band and on the downlink (uplink) bandwidth. The available bandwidth distributed
among clusters in order that all cells belonging to the same cluster have not overlapping
channels.

This work considers two different levels of interference, a middle interference scenario when
the frequency reuse is equal to one, and a more optimistic low interference scenario with a
frequency reuse equal to two at the small cells layer. In the eNBs cell layer the frequency
reuse is always equal to one. Although this work also presents results when the frequency
reuse is equal to one, due to be more optimistic, the main focus is to obtain a more detailed
study with a frequency reuse is equal to two.

Considering a frequency reuse equal to two, as can be seen in Figure[2.4] HeNBs operate with
a 10 MHz bandwidth [[107], [108]], i.e., the total 20 MHz of available bandwidth is divided into
two equal parts of 10 MHz. The impact of considering a 20 MHz or 10 MHz bandwidth and
the mapping of the SINR into the maximum supported throughput are presented in [80]
and [109]]. The HeNBs in the apartments, represented by the light gray fill in Figure[2.4], use
the 10 MHz bandwidth, while the apartments with white fill use the remaining 10 MHz. In
Figure the HeNBs are represented by a hexagonal shape. Although there is one HeNB
inside each apartment, only HeNBs in the apartments with white fill are represented.
Following the approach implemented in [96], users are truly located inside their own apart-
ments. This means that there are no walls between a user and the corresponding HeNB.
When the user is served by a HeNB using a given frequency band, it will suffer interference
from the co-channel HeNBs. Since a reuse pattern of two is considered, there will be three
different cases of interference for the first tier of interference from the HeNBs to the user
terminals. In the first case, the users are inside apartments D, E, G, I, and J, and there are
four neighboring interference nodes close to their apartments, as shown in Figure[2.4] In the
second case, the users are inside apartments B, F, H, and L, and there are only two neigh-
boring interference nodes HeNBs. In the third case, the users are inside apartments A, C, K,
and M, and there is only one neighboring interferer.

2.3.2 SINR at a Given Position

For the sake of simplicity, let us consider the central apartment G and apartment E, which
causes interference to users from apartment G, as shown in Figure Let us assume a user

)
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Figure 2.5: Interference received from one of the neighboring HeNBs and the signal from the user’s own HeNB.

29



equipment/terminal, in our case, UE, inside and confined to apartment G.

The center of the apartment is also the origin of the coordinate system (0, 0). To obtain the
average SINR, an approach similar to the one described in [[94], [[110], [111] is applied. In
general, the SINR from the considered UE, at a position with the coordinates (z, y), served
by a cell with a transmitter power Py, (in linear terms) can be expressed as

Pow(PTza Z, y)

SINR(Pry, 2, y) =
( T y) (1_a)'Pow(PT:Bvxvy)+Pnh(PTw7$>y)+Pnoise

, (2.1)

where P, is the average amount of power received from the user’s own cell and « is the
orthogonality factor of the codes [[112]. For the sake of simplicity, and according to [82], «
is considered to be equal to one. P, is the average interference power from the neighboring
cells. P,ise is the thermal noise power. In (2.1), all these powers are given in linear terms.
P,vise, iIn ABW, is defined as follows

Proise = —174 + 10 * loglo BW — 30+ NF, (2.2)

where the noise figure, N F, is considered to be 8 dB (for LTE, N F'is typically 7-9 dB [79]) and
the bandwidth BW =10 MHz. The received power from the own cell, P,,,, can be expressed
as

PL
Pow(PT:cu Z, y) = -PTxC:Tﬂﬁc;Ra:]-07W (23)

where G, and G g, are the transmitter and receiver gains, respectively. PL is the path loss.
As stated above the P, is the interfering power received by a UE from the N neighbor cells,
and is given by,

N

Pan(Pro,z,y) = > Ii(Pre,a,y) (2.4)
i=1

where I; is the i" cell interference and is expressed as

Ii(Pry, v, y) = PTxGTxGR:clo_iy)z (2.5)
i represents the cell from which the interference comes from.
The average interference generated by a neighboring cell can be calculated by integrating
each fraction of the interference power over the area of the affected cell. Figure|2.5/shows a
cell affected by interference at the origin of the coordinates and one interfering cell at (¢, yo)-
By integrating over the cell area, the average level of the power received from a neighboring
cell, 7, may be calculated as

I- / / F1(Pra, 3, y)dady = / / ProCreGine pp o y)dedy, (2.6)

AApt

A apt s the total affected apartment area.
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3GPP in [79] for the purpose of simulations in dual-stripe model or 5x5 Grid models in ur-
ban environments, considers a simplified path loss model (PLM) that does not consider the
attenuation of walls, for the link between the UE and HeNB, and stands as follows

d
PLHeNB(:va) =127+ 30 *loglo <1000> ; (27)

where d is the distance between the transmitter and the UE in meters. The UE is within
or outside the building. Since this PLM did not consider the number of walls the WINNER
IT in building path model [[113] is considered in this work. Accounting the number of walls
located in between the user and the HeNBs. For an indoor office, the path loss equation of
the WINNER II model is as follows

PLyeng(x,y) = Axlog, (d) + B+ C *log, (‘};C> + X, (2.8)

fe is the frequency in GHz, and the fitting parameter A includes the path loss exponent. Pa-
rameter B is the intercept, parameter C' describes the path loss frequency dependence, and
X is an environment-specific term (e.g., wall attenuation in the non-line-of-sight (NLoS)
scenario [[113]]). The distance d is determined by the Euclidean distance

d=+/(z —20)2 + (y —y0)% (2.9)

where x( and y, are the coordinates of the interfering cell and = and y are the coordinates of
the UE, as shown in Figure[2.5}; in this study, f. =2 GHz. For line-of-sight (LoS) propagation,
A=18.7, B=46.8, and C'=20. In the NLoS case, A=20, B = 46.4 and C'=20. The environment-
specific term X is the sum of the attenuation of the walls between the UE and HeNB. For
internal heavy walls, the attenuation is considered 10 dB. An experimental study of the prop-
agation in the indoor scenario is presented in [101]].

In the first case, the central HeNB is considered, and there are 4 HeNBs in the first ring of
interference (labeled 1, 2, 3 and 4), as shown in Figure Considering only the interferer
HeNB from Figure[2.5|(identified by number 1), the path loss is given by the following equa-
tion

PL(x,y)1 =20 = log,, (\/(x 1?2+ (y— l)z) + 46.4 4 20 * log, <§> +2%x10, (2.10)

where [ is the apartment side length. For the remaining three HeNBs in the first ring of
interference (2, 3 and 4 in Figure[2.4)), the coordinates (o, yo) change to (I, —1), (—{, —1) and
(—1, 1), respectively, as shown in Figure [2.4]and presented in the following equations:

PL(z,y)2 = 20 xlogyo (/(x — )2 + (y +1)?) + 46.4 + 20 + log, () + 2+ 10
PL(z,y)3 =20« logy, (/(x+ 1%+ (y +1)?) + 46.4 + 20 xlogy, (2) + 2% 10 . (2.11)
PL(z,y)a =20 xlogy (/(z +1)2 + (y — 1)) + 46.4 + 20 = log,, (2) +2 % 10

31



In this first case, only four interferes are assumed, as due to the increase in the number of
walls and the longest distance between HeNBs from the farthest ring of interference and the
user, the underlying share of interference is negligible.

For the second and third cases, in addition to the change in the number of interferer HeNBs,
as explained above, the change in coordinates of the user’s own cell and of the interferes need
to be considered. In the second case, there are only two interference nodes in the first ring
of interference, while in the third case, there is only one interferer.

2.3.3 Average SINR for a 3GPP 5x5 Grid Geometry with 25 HeNBs

UEs are uniformly distributed over the apartment area. According to [82], the average SINR
experienced by UEs depends on the apartment side length / and on the HeNB transmitter
power, Pr., as follows [114],

7ow(l PTm)

SINR(/, Pr,) =
( ’ ) (1 - O[) (l PTx) + Pnh(l PTx) Pnoise

(2.12)

for simplicity, « is considered equal to one. The P, (I, Pr;) is the average interference power
from the neighboring HeNBs. The average interference generated by a neighbor cell can be
calculated by integrating each fraction of the interfering power over the area of the affected
area. The average interference power P, can be defined as

nh l PT:J: ZI l PT:): (2-13)

which is the total surrounding power received from interfering neighbors at different dis-
tances. ny is the total number of interfering neighbors. The average interference generated
by the interfering HeNBs can be calculated by integrating each fraction of the interfering
power over the affected area. Since the UE is confined to the apartment area, the average
level of received interference from a neighboring cell I is integrated over the apartment area

— = Pr.Gr,G
Ii(l, Prg) = Z/ fI (Pry, z,y)dydx = Z/ %TPL(m,y)dxdy. (2.14)
p

Assuming the different distances between the HeNBs and the UE, we may calculate the av-
erage interference as,

nr
Ii(l, Pry) = Z/ fI (Pra,z,y)dydz.  (2.15)

The integration regions for an interfere HeNB are as follows
= {[-1/2,1/2]} (2.16)
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and
Ty ={[-1/2,1/2]}. (2.17)

According to [115], the following parameters are considered: Gr,=5dBiand G,=0 dBi. The
first tier of HeNBs, f;(Pr., x,y) is given by the following equations

20+log1q ( 1/ (@—1)2+(y— l)2>+46 4+20*10g10(%)+2*10

10

20+logq («/(z l)2+(y+l)2> +46.4+20+logy o (%) 12%10

ff1(PTx,$,y) MIO_

1o (Pra, x,y) = PreCgCne 10~ 10

. (2.8
. 20+logq 1/(z+z)2+(y+z)2)+4e 4+20*10g10(%)+2*10 ( )
f[g (PT:D) T y) Mlof 10
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As [ is positive ([2.15)) is solvable. Accounting only the HeNBs from the first tier
4, 20+log (, /1;2+y2) +46.4+20+logq (%)+2*10
/' (PTazv €, y)dydx = PTxGTxGRxlo 10+ Acen . (2-19)

By determining the exponent in (2.19]) one gets the total interference. As an example, for the
first interfering node in the first tier, the exponent in (2.19) is calculated as follows
1/2

// 20 x log, (\/(x 02+ (y— l)2) + 46.4 4 20 * log;, <§) +2x10dydz. (2.20)
Z172

The average power received from the user’s own cell, P, (Pry 4,,), is constant no matter the
value of the reuse pattern. It may be obtained by following an approach similar to the one
used in the computation of P, (I, Pr,) but with a different integrate function

Pow(l, Pry) / / PraGra G 10~ S (WQ oz (f) dzdy. (2.21)
However, the integration area includes the origin of the coordinate system, (z,y)=(0,0).
Since the HeNB is at those coordinates [[116], equation converges to infinity and is un-
solvable. Without considering a circular area with a radius equal the Fraunhofer distance, F,,
the circle with the white fill in Figure extracted from the total cell area (2.21)), becomes
solvable. A,, is the total integration area, represented by the grey fill in Figure[2.6]

Y

/

|+|

Figure 2.6: Geometry for the own cell with the Fraunhofer distance, adapted from [117].
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Agy =1 = x F2. (2.22)

The integration limits of take into consideration subtraction of the circular area with
a radius equal the Fraunhofer distance.

2.3.4 Average SINR Results for a Reuse Two With 25 HeNBs

Results presented on Figure [2.7]were obtained with the code presented in Appendix [A] with
Wolfram Mathematica©), [[118]]. Results for the average SINR are presented in Figure[2.7]as
a function of the apartment side length, /, and the transmitter power, Pr,. The apartment
side length varies from 5 to 35 m, while the transmitter power varies from -20 to 30 dBm.

207

15

Avg. SINR [dB] 10
5t

(a) First Case (b) Second Case

40 g

30¢
Avg. SINR[dB]207
0

) 0\

Transmitter Power [dBm]

(c¢) Third Case

Figure 2.7: Average SINR for an apartment side length from 5 to 35 m and a transmitter power from -20 to 30
dBm. The first case has four interferes, the second case has two interferes, and the third case has one interfere.

Figure[2.7a/shows that the variation in transmitter power for the same apartment side length
does affect the average SINR results for the first case. With the combination of lower values
of transmitter power, i.e., <-15 dBm, and when the apartment side length increases, i.e., <10
m, the average SINR decays.

For the second case, Figure[2.7b|shows that although two interferer nodes are considered (in
cells adjacent to apartments B, F, H, and L) the behavior is approximately the same as in the
case with four interference nodes. However, the values of the average SINR slightly increase
in comparison with the previous case.

Results presented in Figure show the case when there are only one interference node
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in the adjacent cell of apartments A, C, K, or M. The average SINR increases in some cases
more than 20 dBm (while reaching values up to circa 40 dB, for apartment side lengths of
10 m), for example, a transmitter power of 20 dBm and apartment side length of 35 m. The
variation of transmitter power has extra impact in the increase in the increase of the average
SINR when the of the side length increases.

When the number of interference nodes decreases the average SINR increases. The downside
is the impact of varying the transmitter power or the apartment side length present additional
impact on the average SINR.

2.4 Average SINR Analysis with Reuse Two and 4 HeNBs

2.4.1 Definition of the Geometry to a Coverage With 4 HeNBs

This scenario with 4 HeNBs to provide coverage is one of the possible ways, when the location
and the number of HeNBs is taken into account. HeNBs were deployed as far as possible from
the external walls, as well between them. The topology of the building and the apartments
are the same as in Section[2.3} a 3GPP 5x5 grid geometry. A reuse two were also considered.
The 4 HeNBs are placed in rows two and four and in columns two and four, Figure

/

(x0.v0)

1 2 ‘UE
I ().
4 5 6
1 N A
7 8 9

Figure 2.8: Average SINR when the building is with 4 HeNBs.

Each HeNB covers an area represented by the dotted line, meaning that each HeNB serves
one-fourth of the total area of the floor, as shown in Figure[2.8] Users are located inside one
of such four areas served by the HeNBs.

'The apartments in white and gray fields were maintained, but they do not represent the frequency reuse
equal two.
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2.4.2 Average SINR for a 3GPP 5x5 Grid Geometry With 4 HeNBs

When the user is served by a HeNB using a given frequency bandwidth, it will suffer inter-
ference from the co-channel HeNB. Since reuse pattern two is considered, there will be only
one interfering HeNB.

The HeNB coverage area is divided by nine smaller areas, numbered from 1 up to 9. For the
areas number 1, 3, 7 and 9 the number of walls between the user and the served cell is equal
to two. For areas 2, 4, 6 and 8 the number of walls between the cell and the user is one. For
the area number 5 there are no walls between the user and the cell.

From the interfering cell when the user is located in area number 3, the number of walls is
two. When the user is located in areas 2 and 6, the number of walls is three. For areas 1, 5,
and 9, the number of walls between the interfering cell and the user is four. The number of
walls between the interfering cell and areas 4 and 8 is five. For area number 7, the number of
walls between the user and the interfering cell is six. The own cell is considered being in the
position with coordinates (0,0) and the interfering in the position at coordinates (21,2 x[).
In the area defined by rectangles 1, 2, 6 and 9, and squares 3, 4, 5, 7 and 8, the interference
depends on the distance to (z¢, yo) and the number of walls between the UE and the HeNB
placed in (zo, yo), as shown in Figure[2.8] In order to compute the receiving interference con-
sidering and (2.8), the path loss in each one of the squares/rectangles can be expressed
as follows

PL(x,y)1-5-9 =20 % loglo (\/(1’ — 2% l>2 + (y— 2% l)2> +46.4

2
+ 20 « log, 5) +4 %10

PL(z,y)2—g =20 + logy, (\/(x 22+ (y—2+ 1)2) +46.4
+ 20 « log, <§> +3 %10

PL(,y)s =20 * log;, <\/(x 2% )2+ (y— 2+ z)?) +46.4
+ 20 « log,, (;) +2%10

PL(z,y)4_s =20 xlog,, <\/(m 2w )24 (y 2+ 5)2) +46.4
+ 20 * log, §> +5%10

PL(z,y)7 =20 * log,, <\/(x 202+ (y— 2+ l)2> +46.4

2

(2.23)

The average SINR measured by the UE follows the same method as Section The inte-
gration limits for the rectangles and squares 1-9 are the ones presented in Table[2.1]

2.4.3 Average SINR Results for a Reuse Two With 4 HeNBs

Results of the average SINR are obtained as a weighted arithmetic mean as function of the
apartment side length / and the transmitted power Figure[2.9] The weighted arithmetic mean
take in account the weight of the contribution of area, since average SINR in each area is
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Table 2.1: Integration limits of the interfering cell when the building is with 4 HeNBs.

Iy Iy

areal | {[—3 x1/2,—1/2]} {[t/2,1]}
area 2 {[-1/2,1/2]} {ll/2,0}
area 3 {21} {lt/2,0y
areaq | {[-3 x1/2,-1/2]} {[-1/2,1/2]}
areas | {[—1/2,1/2)) (=1/2,1/2])
area 6 {[1/2,1]} {[-1/2,1/2]}
area7 | {[-3x1/2,-1/2]} | {[-3 x1/2,—1/2]}
area 8 {[=1/2,1/2]} {[-3x1/2,-1/2]}
area 9 {[t/2,1]} {[-3x1/2,-1/2]}

constrained by the walls. The average SINR was calculated for transmitter powers varying
from -10 to 20 dBm, and apartment side length between 5 and 20 m. Results for the average
SINR are presented in Figure

30

Avg. SINR [dB]25

K15
Tx. Power [dBm] 0 \,y/

Figure 2.9: Weighted arithmetic mean for the average SINR when the building is with 4 HeNBs.

When the apartment side is longer the transmitter power has more impact. Considering the
apartment side length of 20 m for values of transmitter power lower than 8 dBm the average
SINR starts to decay. For the shorter apartment side length of 5 m the transmitter power
has almost no impact in the average SINR results. The lowest value for the average SINR is
obtained for a transmitter power of -10 dBm and apartment side length of 20 m.

The main conclusion is, for longer apartment side lengths the variation on the transmitter
power has more impact in the average SINR than in shorter apartment sides. The average
SINR study has shown that the smaller the apartment is, the higher the average SINR values
are achievable.

2.5 Study of the Exponential Effective SINR Mapping

In its simplified way the SINR measured by the UE in the DL is a ratio between the desired
signal and the unwanted sum of noise and interference. The SINR of a subcarrier can be
calculated as a function of the subcarrier power [[97]. At system level, the exponential effec-
tive SINR mapping (EESM) combines multiple SINR values from multiple subcarriers into
an effective SINR function [[97], [119]-[122]]. EESM is mapped to a value of channel quality
indicator (CQI), and is a method that maps all subcarries of an user that use the same mod-
ulation and coding scheme (MCS). The main overall idea of EESM is to compress the SINR
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values from each subcarrier into a single value that represents channel conditions.

In this work, we consider a bandwidth of 20 MHz, yielding the availability of 100 subchan-
nels, resulting in 100 different values of SINR. At the UE a value of SINR is calculated for each
subcarrier, for each TTI (= 1ms). To combine N = 100 different values of SINR into a single
value that expresses the channel conditions, the following EESM equation is considered [[97],

(1191, [123],
1 L -
EESM(v,) = —fA1n (N Zeﬁl) , (2.24)
=1

where ~; is the vector of the individual values of the SINR for each subcarrier. The values
of 3 are an estimated parameter that results from link-level simulations, determined, case
by case, for different MCSs [124]. These values of 3 are obtained from curves generated by
considering additive white Gaussian noise for each value of MCS [119]]. LTE-Sim considers
3 = 1 and equation [2.24]becomes a exponential weight of all the SINR values.

After the UE equipment determines the EESM, it converts this value to the CQI, Figure[2.10]
It transmits the CQI value to the base station. Since the EESM is considered, it will be a

UE BS

100 values TBS
of SINR A
v ITBS
EESM U
V MCS
CQI 4
CQI

\_/

Figure 2.10: Schematics of the process to determine the EESM, CQI and TBS.

reduction of the quantity of CQI values transmitted to the BS, without losing information
about the quality of the wireless connection.

At the base station, CQI is mapped to the MCS. Based on the MCS and transport block size
(TBS) index (ITBS) value, the TBS is mapped by following the method from 3GPP Technical
Specification Group Radio Access Network [[72]], [125]]. The TBS is the number of bits which
can be transmitted per TTI. The data from the upper layer (or MAC sublayer) delivered to
the physical layer in LTE-Advanced systems is referred as transport block [126], [127]. This
study from the EESM up to the TBS facilitates to understand the behavior of the link state.

2.5.1 LTE-Sim and Performance Metrics

Results for the performance metrics were obtained using an improved version of the LTE-Sim
1861, [95], [96]. In the last version of the simulator provided by developers, it is not possible
to extract EESM results for a building with a 3GPP 5x5 grid geometry. Neither solutions were
found in the LTE-Sim community [[128]]. Another problem of LTE-Sim to extract results for
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the performance metrics is the lack of options for the number and position of the HeNBs.
In the developers current version, it is only possible to simulate a scenario with 25 active
HeNBs.

This section also explores the possibility of deploying HeNBs in a coordinate way. 3GPP
defines deployment ratio in [[79]]. This metric defines if an HeNB is deployed or not on the
apartment, and varies from zero to one. If the deployment ratio is zero there are none active
HeNBs. On the other hand, if the deployment ratio is one all 25 HeNBs will be active. For an
urban-dense HeNB scenario 3GPP appointed 0.2 for the deployment ratio. This corresponds
to having 5 HeNBs deployed. The topology with 4 HeNBs has a deployment ratio equal to
0.16. A topology with a deployment ratio is 0.24, corresponds to having 6 active HeNBs.

The improvements made in LTE-Sim to this chapter are presented in Appendix Bl An im-
proved version of the simulator, which includes the improvements from this work, is freely
available under the GPLv3 license [129]. With these improvements it becomes possible to
obtain results for the EESM, MCS and TBS in 3GPP 5x5 building geometries?

There is one HeNB at the center of each apartment [79]], [103]] according to the number of
HeNBs to be simulated. The considered values for the transmitter power in the HeNBs are o
dBm, 10 dBm, and 20 dBm. All HeNBs simultaneously operate at the same power level. In
terms of apartment dimensions, in [79], only an apartment side length of 10 m is considered.
The side length of the apartments considered are 5 m, 10 m and 20 m. Tab [2.2|presents the
least details to extract the performance metrics with LTE-Sim. If a frequency reuse equal to

Table 2.2: Performance metrics simulation parameters.

’ Parameters
Frame structure FDD
CQI Periodic
Number of HeNBs 4,5,6,25
HeNB cluster 1,2
HeNB bandwidth 10 MHz/10 MHz + 10 MHz
Access policy Open
Power of the HeNBs 0, 10, 20 dBm
User speed okm/h
Number of buildings 1
Number of floors 1
Geometry of buildings 3GPP 5x5 grid
Apartment side length 5,10,20 m
Path loss model WINNER II

one is considered the frequency bandwidth of 10 MHz is shared by all the HeNBs. Results
obtained for frequency reuse equal to one are presented in Appendix|C| Results for frequency
reuse equal to two are presented and analyzed in the following sections.

2LTE-Sim also accounts a scenario with dual stripe model. Since this work only accounts scenarios with 5x5
building geometries, the previous scenario was not taken into account in our work. For our knowledge it is
unknown whether it is possible to obtain values for performance metrics in a dual stripe model scenario.
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2.5.1.1 Twenty-five HeNBs

Figure[2.11|presents results when 25 active HeNBs are considered, with reuse pattern two and
apartment side length equal to 20 m. Figure[2.11a] presents the case for a transmitter power

o 20

Yy -50 ;_50 x Yy -50 -50 x Yy -50 ‘,50 x

(a) o dBm (b) 10 dBm (¢) 20 dBm

Figure 2.11: ESSM in a 5x5 geometry, 25 HeNB, reuse pattern two, apartment side length 20 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

of 0 dBm, Figure[2.11b|presents the case for a transmitter power of 10 dBm and Figure[2.11¢]
when the transmitter power is 20 dBm. In the three cases, the variation of transmitter power
did not show any impact on results of EESM. Apartments on the corners of the buildings
sustain the EESM for a wider area than the other apartments. Has presented in Section[2.3.2]
as the number of interferes in the first ring of interference decrease, the coverage area where
the EESM is the maximum increases. Resulting that the apartments closer to the middle of
the building present the worst EESM results.

When the apartment side length is 10 m Figure[2.12]results are identical to the previous one.
For all the transmitter powers, 0 dBm Figure[2.12a] 10 dBm Figure[2.12bland 20 dBm. There
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Figure 2.12: ESSM in a 5x5 geometry, 25 HeNB, reuse pattern two, apartment side length 10 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

is not any noticeable variation on the obtained EESM results3]

When the apartment side length is 5 m Figure[2.13} and for the same values of transmitter
power is possible to observe the same behavior of the previous cases Figure and
Also with an apartment side length of 5 m, it is easy to conclude that variations on the trans-
mitter power did not present any impact on EESM for the same apartment areas. However
the shorter distance between HeNBs increases the interference, resulting in narrower areas
where the ESSM is the maximum. These results confirm the conclusions on the theoreti-
cal study in Section [2.3.4} variations on the transmitter power for the same apartment side

3Since the grid that serves as a base to collect EESM are the same in the scenario with apartment side length of
20 m or 10 m, and Figure[2.11]and Figure[2.13|did not reflect the scale of the buildings, some misinterpretations
could arise during analysis.
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Figure 2.13: EESM in a 5x5 geometry, 25 HeNB, reuse pattern two, apartment side length 5 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

length does not affect the EESM. Contrary to the variation on the apartment side length that
has impact on the EESM results.
2.5.1.2 Four HeNBs

Results for the EESM for a 3GPP 5x5 grid geometry with 4 HeNBs and apartment side length
20 m are presented in Figure With the option of consider only 4 HNBs and a trans-
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Figure 2.14: EESM in a 5x5 geometry, 4 HeNB, reuse pattern two, apartment side length 20 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

mitter power of 0 dBm is possible to observe the effect of the attenuation imposed by walls
Figure[2.14al Since a reuse pattern of two is considered and nodes in the same channels are
operating at a longer distance between them, this allows to observe the impact of the atten-
uation of walld4l

With the increase of the transmitter power to 10 dBm Figure[2.14blis possible to observe that
the area where the ESSM is the maximum increases. The increase in the EESM is specially
significant at the apartments on the edges of the building. When the transmitter power is 20
dBm Figure [2.14¢ the area where the EESM is the maximum increases again. This effect is
more evident on the apartments at the corners. In some areas, the increase of the transmitter
power compensate the effect of attenuation from the walls. Nevertheless, the central area of
the building floor keeps to be a problematic area. In the remaining area, the EESM is always
higher than 25 dB.

The central area (that matches with the central area of the building) presents the lowest
EESM. In the edge of this area, the EESM drops from 40 dB (in yellow) to 8 dB (in blue).
This area, with lower EESM, corresponds to 5.76% of the total area of the building floor. One

4The attenuation of walls is expressed in Equationby the environment-specific term X.
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way to overcome the effect of walls to avoid areas with lower EESM values is to consider
higher transmitter powers.
Figure[2.15|presents results for an apartment side length of ten meters. With this apartment

EN
)

EESM [dB]
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Figure 2.15: EESM in a 5x5 geometry, 4 HeNB, reuse pattern two, apartment side length 10 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

side length is possible to observe that in areas where the EESM were the lower, know these
values are higher, excluding the central area of the building. In Figure[2.14alat the apartments
at the corners the EESM was lower than 10 dBm, in Figure[2.15a]at the same apartments the
EESM higher than 15 dBm. Them same happens from the case in Figure and Fig-
ure[2.15b] the ESSM increases from approximately 20 dB to around 27 dB. In Figure[2.15¢]is
considered the maximum transmitter power, the consequence is to obtain a wider area where
the EESM is the maximum.

Figure presents results for an apartment side length of 5 m. With a transmitter power
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Figure 2.16: EESM in a 5x5 geometry, 4 HeNB, reuse pattern two, apartment side length 5 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

of 0 dBm Figure[2.16a] and contrary to the case with 25 HeNBs in Section with only
4 HeNBs and a narrower apartment side length the EESM increases. At the apartments with
higher attenuation imposed by walls the EESM increases up to ~25 dBm.

With a transmitter power of 20 dBm Figure the total are where the EESM is 40 dBm
increases. With the shorter apartment side length and with the increase of transmitter power
the attenuation imposed by walls almost disappear. The decrease on the EESM is almost an
effect of the interference imposed by the interfere nodes. Here this area also corresponds to
5.76% of the total area of the building floor.
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With 4 HeNBs and for the studied combinations of apartment side lengths and transmitter
powers the central area of the building floor is always a problematic area. These area, with
the lowest EESM values, always corresponds to 5.76% of the total area of the building floor.

2.5.1.3 Five HeNBs

With 4 HeNBs it was possible to observe that the central area of the building is a problematic
point. To overcome this problem, the approach was to add one HeNB to the floor. Like
presented in Figure[2.17] With 5 HeNBs the deployment ratio is equal to 0.2. HeNBs 1, 2, 4

l

01 0ol

®3

04 05

Figure 2.17: 5 HeNB deployment geometry.

and 5 operate in the same 10 MHz of bandwidth, the central HeNB, 3, operate in a different
10 MHz of bandwidth. The HeNB in the center eliminates the area that presents lower EESM
in the 4 HeNB scenario. The deployment of HeNBs in the corners intends to maintain the
EESM on the maximum values possible in the areas near the exterior walls.

Figure[2.18|presents results for an apartment side length of 20 m. In Figure[2.18a]is possible

»‘ w” ‘\I‘\"“\“‘J\N“‘l‘\ 35 l > 4 v 35

I y‘\‘y&\wﬁl\

LT
/ ™

EESM [dB]

-40 40 -40 40

x[m] y[m] x[m]

x[m] y [m]

(a) o dBm (b) 10 dBm (¢) 20 dBm

Figure 2.18: EESM in a 5x5 geometry, 5 HeNB, reuse pattern two, apartment side length 20 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

to observe when the transmitter power is 0 dBm the attenuation of walls and the distance
imposes a faster decay on the achieved EESM. With the increase of the transmitter power
to 10 dBm Figure is possible to increase the area where the EESM is the maximum.
In the HeNB in the center is possible to observe that the signal strength could transpose
two walls. Results with a transmitter power of 20 dBm, shows a center cell with the higher
coverage area. The limits of the coverage are not imposed by the attenuation of walls or by
the distance, but by the distance between the neighboring nodes. At the cells on the corners
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the decay on the coverage area is mainly imposed by the neighbor cells that are operating in
the same subchannels.

The introduction of one HeNB (compared to the 4 HeNBs scenario) to eliminate the central
area with lower EESM values was successfully achieved. However, in areas near the middle
of the building side walls, the EESM drops to values lower or closer than o dB (the areas in
dark blue fill in the Figures). These areas are around 7.2% of the total area of the building.
For an apartment side length of 10 m results are presented in Figure[2.19] With the reduction
on the apartment side length, and when the transmitter power is 0 dBm Figure the
central node could provide a coverage at the maximum EESM in five apartments. But this is

EESM [dB]

20 - 20 . ° -20 -
y[m] 20 x[m] y[m) 20 y[m) 20

x[m]
(a) o dBm (b) 10 dBm (¢) 20 dBm

x[m]

Figure 2.19: EESM in a 5x5 geometry, 5 HeNB, reuse pattern two, apartment side length 10 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

possible because is the only node in the same subchannels. Since the HeNBs at the corners
are operating in the same channels the decay on the EESM is imposed by the interference.
This effect at the HeNBs on the corners are maintained for a transmitter power of 10 dBm

Figure[2.19b|and a 20 dBm Figure[2.19¢ With these increases on transmitter power the area
where the central cells provides the maximum EESM increases and is the maximum when
the transmitter power is 20 dBm.

Figure[2.20|presents results for an apartment side length of 5 m. When the transmitter power
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y [m] : ) x[m] y[m] ) 10 x[m] y[m] o 10 x[m] °

(a) o dBm (b) 10 dBm (¢) 20 dBm

Figure 2.20: EESM in a 5x5 geometry, 5 HeNB, reuse pattern two, apartment side length 5 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

is 0 dBm Figure[2.204] is possible to observe a slight increase of the total area where the ESSM
is the maximum. However with the decrease on the inter-cell distance the interference in-
creases and so the gains are not more visible. For a transmitter power is 20 dBm Figure[2.20¢]
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the behavior is the same, and the area with lower values for the ESSM corresponds to around
7.2% of the total area of the building.

2.5.1.4 Six HeNBs

The geometry considered a deployment of 6 HeNBs has is presented in Figure This
l

@4 05 @6

Figure 2.21: 6 HeNB deployment geometry.

geometry corresponds to a deployment ratio of 0.24. In this deployment, the space between
the nearest HeNBs is one apartment. But since a reuse equal to two is considered in the first
ring of interference the distance between HeNBs in the same subchannels is equal to v/8 x 1.
Which is the same distance in the scenario with 4 HeNBs. But with more two HeNBs, that
means more resources, is expected to obtain a wider area were the EESM is at the maximum
value.

Results for the EESM are presented in Figure[2.22|for apartment sides lengths of 20 m. Fig-
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Figure 2.22: EESM in a 5x5 geometry, 6 HeNB, reuse pattern two, apartment side length 20 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

ure presents results when the transmitter power of 0 dBm is considered, and shows
that HeNBs can not provide higher values of EESM for apartments in the side of y axis. This
values mainly result of attenuation of walls but also of interference. When the transmitter
power is 20 dBm Figure [2.22¢ the ESSM of these apartments increases. But in two apart-
ments that are in the row in the middle the EESM keep very low, to values near 1 dB (in
blue). This two areas correspond to 10.4% of the total area of the building floor. Comparing
with the previous geometries, with 4 HeNBs or 5 HeNBs, the area with lowest values for the
ESSM increases.
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The effects on reducing the apartment side length to 10 m Figure [2.23] are the same of the
previous cases. This is specially seen for a transmitter power of 0 dBm Figure In
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Figure 2.23: EESM in a 5x5 geometry, 6 HeNB, reuse pattern two, apartment side length 10 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

areas where the interference is smaller the HeNB could provide coverage with a EESM at the
maximum in the neighbor apartments.

When the transmitter power increases to 10 dBm Figure([2.23b|and to 20 dBm Figure[2.23D]is
observed that the area with the higher EESM increases. This increases is when the attenua-
tion imposed by the higher number of walls is overpassed. After this limitation is transposed
the signal decays with the distance and interference imposed by the interferer HeNBs.
Considering smaller apartments side lengths of 5 m, results are presented in Figure
For a transmitter power of 0 dBm, the apartments with lower ESSM in the side of y axis the
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Figure 2.24: EESM in a 5x5 geometry, 6 HeNB, reuse pattern two, apartment side length 5 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

EESM increase near 10 dBm Figure[2.24a] For a transmitter power of 20 dBm Figure [2.24(]
the effects of consider a smaller area are not so visible. The areas where the ESSM drops to
the lower values continue to be around 10.4% of the cell.

2.5.1.5 Lessons Learned from the EESM Study

This section has studied the ESSM considering a different number of HeNBs 25, 4, 5 and 6
HeNBs to provide resources to a building with a 3GPP 5x5 grid geometry. 25 HeNBs were
considered, with reuse pattern two that corresponds to a deployment ratio equal to one. For
an urban-dense scenario HeNB, 3GPP appointed 0.2 for the deployment ratio. This corre-

46



sponds to having 5 HeNBs deployed, with 4 HeNBs the deployment ratio is equal to 0.16
and a deployment ratio equal to 0.24 corresponds to have 6 active. These presented ways of
deploying HeNBs are some of the ways that could be adopted. Due to the large number of
HeNBs when 25 HeNBs are considered the maximum value of 40 dBm for the EESM is visi-
ble for the areas near the several HeNBs. The interference areas are the zones where typically
the EESM drops near the walls.

Results for other values of deployment ratio show that a scenario with 4 HeNBs can provide
more coverage area with higher EESM than the topologie with 5 HeNBs. The scenario with
6 HeNBs the scenario achieved the worst results for the EESM. With 6 HeNBs, although
the number of resources available to users is higher than with 5 HeNBs and 4 HeNBs, fewer
resources are made available.

When the transmitter power is 20 dBm, it is possible to have wider areas where the EESM
achieves its maximum value. With 4 HeNBs, the area with the lowest EESM is the same,
for any combination of apartment side length and transmitter power. When more HeNBs
are added to the floor, the total area with low values of EESM increases, from 5.76% with 4
HeNBs, to 7.2% with 5 HeNBs, and to 10.4%, with 6 HeNBs. With this area occupation, we
expect better results for the number of supported users and system capacity for 4 HeNBs,
followed by the topology with 5 HeNBs.

2.6 Summary and Conclusions

This chapter has studied the average SINR and the EESM in an indoor scenario with a 3GPP
5x5 grid geometry for a single floor. A detailed mathematical process to obtain the average
SINR has been presented. When 25 HeNBs are considered, i.e., there is one HeNB inside
of each apartment. In the first tier of interference the variation in transmitter power for the
same apartment side length does affect the average SINR results. In the second and third
tier, as the number of interferers decreases, the average SINR increases. However, when
the apartment side length increases and the transmitter power decreases, the signal strength
is not enough to provide an increase in the average SINR. This effect is clearer for longer
apartment side length and lower transmitter power.

When only 4 HeNBs are covering the same geometry and areas, in terms of the average SINR
when the apartment side is longer, the transmitter power has more impact. For the shorter
apartment side length of 5 m, the transmitter power has almost no impact on the average
SINR results.

At the downlink, the SINR measured by the UE, in its simplified way, is a ratio between
the desired signal and the unwanted noise-plus-interference. In system simulations, e.g., by
considering a bandwidth of 20 MHz, 100 resource blocks (RB) are needed, (N.B: a different
value of SINR corresponds to each RB). One way to combine the values of SINR of multiple
RBs into an effective SINR (and the most commonly used) is the EESM. For the study of
the EESM, an indoor scenario with a 3GPP 5x5 grid geometry for a single floor has been
considered. 25 HeNBs has also been considered. With reuse pattern two, results show only
that in areas closer to the HeNBs the EESM achieves its maximum. Closer to the walls, the
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EESM drops because of the interference imposed by the interfering HeNBs.

For an urban-dense scenario, 3GPP appointed 0.2 for the deployment ratio. This corre-
sponds to having 5 HeNBs deployed. With 4 HeNBs, the deployment ratio is equal to 0.16
while a deployment ratio equal to 0.24 corresponds to have 6 active HeNBs. In the topol-
ogy with 4 HeNBs, the area covered by the highest EESM is larger than in the case with 5
HeNBs. Although the number of resources available with 6 HeNBs is higher than with 5 and
4 HeNBs, this scenario presents the lowest area covered when the EESM achieves its max-
imum. By analyzing different topologies, we have concluded that, increased values of the
transmitter power correspond to wider areas where the EESM achieves the maximum value
of 40 dBm. With 4 HeNBs, for any combination of apartment side lengths and transmitter
powers, the area with the lowest EESM is the same. This area corresponds to 5.76% of the
total area. With 5 HeNBs, this area is 7.2% while with 6 HeNBs it becomes 10.4% of the total
covered area.
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Chapter 3

Performance Evaluation With 25 HeNBs
Deployment

3.1 Introduction

Chapter[2|provided results for the study of the average signal-to-interference-plus-noise ratio
(SINR), and exponential effective SINR mapping. Such study could indicate the performance
of the considered home eNodeBs (HeNBs) deployments. In this chapter LTE-Sim is also used
to evaluate the network performance in terms of the goodput, packet loss ratio (PLR), delay
and maximum number of supported users. Goodput is the sum of bits correctly received by
the users. PLR is the ratio between the total packets that cannot reach their destination and
the total transmitted packets. Delay is the time interval within which each packet must be
received.

The LTE-Sim, in its stable release R5 [86], is considered to investigate the overall perfor-
mance of the system. The system performance has been studied for the downlink (DL), con-
sidering the parameters and assumptions discussed below as also updates.

For the considered application mixture (video and best effort), the proportional fair (PF)
scheduler, frame level scheduler (FLS) and exponential rule (EXPRule) scheduler are con-
sidered in the simulations while seeking system saturation. It is worth studying these sched-
ulers since for 5G, there is still freedom in the choice to be considered [130]]. In [130]], some
minor revisions in some schedulers (such as the PF considered in this work) that allow them
to support packet scheduling in the downlink OFDMA-based 5G networks are also presented.
A comparison of the different schedulers facilitates the identification of their limitations and
advantages in typical indoor deployment scenarios [84], [85].

This work is in some way complementary to other simulation works, such as [[131]-[133],
since it presents a higher number of deployed HeNBs and a path loss model that considers
and counts the number of walls between users and HeNBs. Appendix [D| presents the up-
grades in LTE-Sim to support this chapter.

3.2 Improvements in LTE-Sim

3.2.1 Generation of Uniform Random Positions

Early LTE-Sim simulation results showed that it would not be possible to consider the simu-
lator in its original form. Further analysis of results produced by the simulator, shows most
of the buildings and also users over a circular-shaped macrocell were close to the center.
Hence, they were not truly uniformly distributed over the macro-cellular area. This limita-
tion required improvement. Results presented in the Figure show this identified prob-
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lems. Figure|3.1|is a representation of the deployment of 100 000 different buildings in the

1000

- 800 .

-1000 -800 «

860 Vs

-1000

Figure 3.1: Results for a random function in ISO/IEC 14882:1998.

evolved NodeB (eNB) coverage area. Considering the eNB is located in the origin of the sys-
tem with coordinates (0,0), it is easy to conclude that, the simulator in authors version tends
to generate most part of values closer to zero.

The code provided by the developers to generate Figure[3.1]is presented in Listing|3.1]

GetUniformBuildingDistribution (int idCell, int nbBuilding)
{

NetworkManager % networkManager = NetworkManager:: Init();
vector<CartesianCoordinates*> %vectorOfCoordinates = new vector<
CartesianCoordinates % >;

Cell %cell = networkManager—>GetCellByID (idCell);
double radius = (cell ->GetRadius () ¥1000) %0.8;

CartesianCoordinates x*cellCoordinates = cell ->GetCellCenterPosition();
double r; double angle;

for (int i = 0; i < nbBuilding; i++)
{
r = (double)(rand() %(int)radius);
angle = (double)(rand() %360) % ((2%3.14)/360);

double x
double y

r % cos (angle);

r % sin (angle);

CartesianCoordinates %newCoordinates = new CartesianCoordinates(
cellCoordinates —>GetCoordinateX () + x, cellCoordinates—>
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GetCoordinateY () + y);

vectorOfCoordinates —>push_back(newCoordinates) ;

¥

return vectorOfCoordinates;

}

Listing 3.1: Original code used in the simulator to generate random positions of buildings.

The simulator considers Cartesian coordinates generated from polar coordinates. To over-
come the identified limitations and achieve a uniform random distribution of the users or
buildings within the circular area that represents the macrocell, the simulator obtains the
radial distance by multiplying the radius by the square root of a uniform random number
between zero and one. To ensures that buildings do not cross the macrocell edge this radius
is 80% of the cell radius, in the case of buildings. The radius of the eNB is multiplied by 0.8
that corresponds to deploy buildings in 80% radius of the macrocell. Moreover, the angular
coordinate is uniformly distributed between zero and 360 degrees. The results presented
in this work already benefit from these improvements made to the simulator. In its stable
release R5, it is compiled with an ISO/IEC 14882:1998 compiler. With this compiler, the
underlying random number generator may not be uniformly distributed.

In this work and in [94]], the authors solved this by taking advantage of the Mersenne Twister
pseudorandom generator [[134]. The Mersenne Twister is the most widely used general-
purpose pseudorandom number generator and was made available in ISO/IEC 9899:2011
[135], [136]. To correctly start the Mersenne Twister pseudorandom number generator, the
seeds consider the time library Chrono. This library is also available in ISO/TEC 9899:2011
[136]. The final adopted code is presented in Listing|3.2}

GetUniformBuildingDistribution (int idCell, int nbBuilding)
{
NetworkManager % networkManager = NetworkManager:: Init();
vector<CartesianCoordinates*> %vectorOfCoordinates = new vector<
CartesianCoordinates%>;

Cell %cell = networkManager—>GetCellByID(idCell);
double radii = (cell -=>GetRadius () *1000)%0.8;
CartesianCoordinates xcellCoordinates = cell ->GetCellCenterPosition();

double r; double angle;

for (int i = 0; i < nbBuilding; i++)

{

unsigned seed = std::chrono::system_clock::now().time_since_epoch().
count () ;

51




std :: mt19937 rng_mt(seed);
std :: uniform_real distribution <double> dist_double(o.0, 1.0);
std :: uniform_real distribution <double> theta_double(o.0, 360.0);

double r=dist_double(rng_mt);
double th=theta_double(rng_mt);

double theta = 2xM_PIxth/360;
double r1 = sqrt(r);

double radius = radiixri;
double x radius«cos(theta);
double y radius«sin(theta);

CartesianCoordinates %newCoordinates = new CartesianCoordinates(
cellCoordinates —>GetCoordinateX () + x, cellCoordinates—>
GetCoordinateY () + y);

vectorOfCoordinates —>push_back(newCoordinates) ;

}

return vectorOfCoordinates;

Listing 3.2: Updated code used in the simulator to generate random positions of buildings.

Figure[3.2]present the results of the improvements in the simulator with the code presented in
Listing[3.2] This simulation also presents a hundred thousand points. Comparing Figure|[3.2

-1000 1000

~1000

Figure 3.2: Results for a random function in ISO/IEC 9899:2011.

with Figure [3.1]it is easy to conclude with the previous improvements, new points are now
distributed uniformly in a circular area. Figure |3.3| present three random cases extracted
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from simulations. It presents the location of the uniform random deployment of 50 buildings
extracted from simulations. The dashed line represents the radius of 80% of the maximum

(a) First Case (b) Second Case (c) Third Case

Figure 3.3: Three simulation results of 50 buildings distribution in a eNB coverage.

cell radius.

3.2.2 Users Distribution in a Circular Area

The code for the distribution of the users in a cell, eNB or HeNB, is presented in Listing|3.3

GetUniformUsersDistribution (int idCell, int nbUE)
{
NetworkManager % networkManager = NetworkManager:: Init();
vector<CartesianCoordinates%> %vectorOfCoordinates = new vector<
CartesianCoordinates %>;

Cell %cell = networkManager->GetCellByID (idCell);
double radius = (cell ->GetRadius()%1000)%0.8;

CartesianCoordinates x%cellCoordinates = cell ->GetCellCenterPosition();
double r; double angle;

for (int i = 0; i < nbUE; i++)
{
r = (double)(rand() %(int)radius);
angle = (double)(rand() %360) % ((2%3.14)/360);

CartesianCoordinatefs xnewCoordinates =
GetCartesianCoordinatesFromPolar (r, angle);

//Compute absoluteCoordinates

newCoordinates—>SetCoordinateX (cellCoordinates->GetCoordinateX () +
newCoordinates—>GetCoordinateX ());

newCoordinates—>SetCoordinateY (cellCoordinates->GetCoordinateY () +
newCoordinates—>GetCoordinateY ());
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vectorOfCoordinates —>push_back(newCoordinates) ;

}

return vectorOfCoordinates;

Listing 3.3: Original code used in the simulator to generate random positions for users.

Comparing this code with the code for the distribution of the buildings presented in Listing
[3.1]it is easy to conclude that the same effect observed in the distribution of the building occur
in the distribution of the users. So, this code was also update. These updates follow the same
beginnings. The new code is present in Listing|3.4]

GetUniformUsersDistribution (int idCell, int nbUE)
{

NetworkManager % networkManager = NetworkManager:: Init () ;
vector<CartesianCoordinates%> %vectorOfCoordinates = new vector<
CartesianCoordinates %>;

Cell %cell = networkManager->GetCellByID (idCell);
double radii = (cell -=>GetRadius () *1000)%0.8;

CartesianCoordinates %cellCoordinates = cell ->GetCellCenterPosition();
double r; double angle;

for (int i = 0; i < nbUE; i++)

{

unsigned seed = std::chrono::system_clock::now().time_since_epoch
() .count();

std :: mt19937 rngf mt(seed);

std :: uniform_real distribution <double> dist_double(o.0, 1.0);

std ::uniform_real_distribution <double> theta_double(o.0, 360.0);

double radius=dist_double(rng_mt);
double th=theta_double(rng_mt);

double angle = 2xM_PIxth/360;
double r1 = sqrt(radius);
double r = radiisri1;

CartesianCoordinates #newCoordinates =
GetCartesianCoordinatesFromPolar (r, angle);

//Compute absoluteCoordinates
newCoordinates—>SetCoordinateX (cellCoordinates->GetCoordinateX () +
newCoordinates—>GetCoordinateX ());
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newCoordinates—>SetCoordinateY (cellCoordinates->GetCoordinateY () +
newCoordinates—>GetCoordinateY ());

vectorOfCoordinates —>push_back(newCoordinates) ;

}

return vectorOfCoordinates;

Listing 3.4: Modified code used in the simulator to generate random positions for users.

3.2.3 Users Distribution in a Square Area

According to 3GPP the HeNB are deployed in square areas, and the users are deployed inside
that areas [79]. The code presented in the Listing|3.5|is the code provided by the simulator
developers.

GetUniformUsersDistributionInFemtoCell (int idCell, int nbUE)
{

NetworkManager % networkManager = NetworkManager:: Init();
vector<CartesianCoordinates*> %vectorOfCoordinates = new vector<
CartesianCoordinates >;

Femtocell %xcell = networkManager—>GetFemtoCellByID(idCell);
double side = cell ->GetSide () ;

CartesianCoordinates x%cellCoordinates = cell ->GetCellCenterPosition();
double r; double angle;

for (int i = 0; i < nbUE; i++)
{
r = (double)(rand() %(int)side);
angle = (double)(rand() %360) % ((2%3.14)/360);

CartesianCoordinates #newCoordinates =
GetCartesianCoordinatesFromPolar (r, angle);

//Compute absoluteCoordinates

newCoordinates—>SetCoordinateX (cellCoordinates->GetCoordinateX () +
newCoordinates—>GetCoordinateX ());

newCoordinates—>SetCoordinateY (cellCoordinates->GetCoordinateY () +
newCoordinates—>GetCoordinateY ());

vectorOfCoordinates —>push_back(newCoordinates) ;

h

return vectorOfCoordinates;
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Listing 3.5: Original code used in the simulator to generate random positions for users in the HeNB.

With the release of the simulator available, the positions of the femtocell users are generated
for a circular area Figure[3.4al Were the radius is equal to the side length of the area (apart-
ment). With this, some users are deployed out of the square area of the apartment, and they
are not uniformly deployed. Users could undesirably be deployed outdoor.

°
ﬁ o UE ? o UE
:'“ ‘ . .....' . .
(a) Original version (b) Updated version

Figure 3.4: Users distribution in a HeNB.

To ensure that each user are inside of the square area of apartment served by the HeNB the
code was modified, Listing

GetUniformUsersDistributionInFemtoCell (int idCell, int nbUE)
{
NetworkManager % networkManager = NetworkManager:: Init () ;
vector<CartesianCoordinates*> %vectorOfCoordinates = new vector<
CartesianCoordinates %>;

Femtocell xcell networkManager—->GetFemtoCellByID (idCell);

double sidehome cell —>GetSide () ;

CartesianCoordinates %cellCoordinates = cell -=>GetCellCenterPosition();
double r; double angle;

for (int i = 0; i < nbUE; i++)

{

unsigned seed = std::chrono::system_clock::now().time_since_epoch
() .count();

std :: mt19937 rng_mt(seed);

std :: uniform_real distribution <double> distx_double(o.0, 1);

std :: uniform_real_distribution <double> disty_double(o.0, 1);

double xa=distx_double(rng_mt);
double ya=disty_double(rng_mt);
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double x
double y = sidehomexya-(sidehome/2);

sidehomexxa—(sidehome/2);

CartesianCoordinates #newCoordinates = new CartesianCoordinates ();
newCoordinates—>SetCoordinates(x,y);

newCoordinates—>SetCoordinateX (cellCoordinates->GetCoordinateX () +
newCoordinates—>GetCoordinateX ());

newCoordinates—>SetCoordinateY (cellCoordinates->GetCoordinateY () +
newCoordinates—>GetCoordinateY ());

vectorOfCoordinates —>push_back(newCoordinates) ;

}

return vectorOfCoordinates;

}

Listing 3.6: Modified code used in the simulator to generate random positions for users in the HeNB and inside

of the apartments and buildings.

With the changes it is assured that a user is located in the square area of the served area of
its HeNB Figure With this improvement is possible to ensure that a user belong to a
HeNB and is for sure indoor.

3.2.4 Reuse Pattern Two in HeNBs

Frequency reuse is also considered in many works as a way to deal with co-channel inter-
ference and to extend the system performance. This work considers frequency reuse one
and two. Frequency reuse is the design process of selecting and allocating different channel
groups for all cellular base system within a cellular system [107], [108]. Although frequency
reuse is available in LTE-Sim, in some simulation scenarios it was not developed by simula-
tor team. Particularly when is considered a scenario with eNBs and HeNBs. For this work the
simulator was also update to accommodate scenarios with eNBs and HeNBs with different
frequency reuse patterns between layers. In some scenarios in this work, eNB could operate
with a bandwidth of 20 MHz, and the 20 MHz of bandwidth is divided into two equal parts
of 10 MHz for the HeNBs. The code updates is presented in Appendix[D}

3.3 Packet Schedulers

In LTE-Advanced, packet scheduling occurs at base station (BS), (HeNBs, eNBs or small
cell nodes), as shown in Figure User traffic is supported by the BS, which continuously
exchange data with them.

In its simple form, the scheduler receives the information about the desired quality-of-service
(QoS) and system configuration, as well as the channel quality indicator (CQI), determined
by the UE. After gathering this information, the BS responsible to distribute the available
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Figure 3.5: Simplified view of the scheduler operation.

radio resources among UEs, decides on the assignment of resource blocks (RBs) to UEs,
and how much RBs should be assigned to transport data [[108]]. The packet scheduler in the
BS distributes the available radio resources among the UE. The details on the scheduling
algorithms are left to the HeNB implementation. Figure|3.6/shows a generic function of the

downlink scheduler.
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Frequency

Figure 3.6: Simplified generic view of a wideband resource scheduler. Adapted from [[108]].

Data are scheduled to a number of users on a shared set of physical resources. Packet sched-
ulers can make scheduling decisions based on the CQI. The CQI is determined at the user
equipment (UE) and then transmitted to the BS via feedback signaling channels Figure|(3.5
Feedback is an important measurement since this information helps to maximize the data
rate [[108]]. With this information, the scheduler at the BS must manage the data require-
ments of the UE under its control. These requirements exist to ensure that transmissions
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meet the desired service quality. In recent years, DL packet schedulers have being studied
aiming at maximizing the end-user QoS [132]. As mentioned before, QoS considers a net-
work centric approach and evaluates several performance parameters of broadband cellular
networks, such as PLR, goodput and delay. The choice of the most efficient packet scheduling
algorithm has been studied in [130]], [132].

The considered applications in this work are video and best effort. Different from [137],
[138], where a new scheduling algorithm was developed and/or a new bandwidth aggrega-
tion scheme was implemented to minimize the energy consumption, in this Section we
explore the possibility of reducing the transmitter power of HeNBs without compromising
the overall system performance. To analyse the overall performance of the system, three
schedulers available in LTE-Sim, in its stable release R5, are considered for the downlink
(DL), [86], as follows: PF, FLS and EXPRule. According to [84] and [85]], these schedulers
are channel sensitive, i.e., the UEs intermittently forward a CQI report to the eNB. This CQI
report presents the channel quality experienced by each UE, and estimated by the scheduler.

3.3.1 Proportional Fair

Proportional fair (PF) schedules a user when its instantaneous channel quality is high relative
to its own average channel condition over time [108]]. PF scheduler is used as a typical way
to find a trade-off between requirements on fairness and spectral efficiency scheme [139].
It is effective in reducing variations in user bit rates with little average bit rate degradation,
as long as user average values of SINR are fairly uniform [140]. The limitation of PF is low
spectral efficiency [[84]].

PF does not consider any QoS parameter, it only schedules a user when its instantaneous
channel quality is high relatively to its own average channel condition over time. The priority
metric is defined by the following expression

where w;; is the priority metric for the i*" user on j** subchannel. r;; is the achieved throu-
ghput, R; is the average achieved throughput [83]].

3.3.2 Frame Level Scheduler

Frame level scheduler (FLS) is presented in [|85]. Authors develop a two level framework
that guarantees bounded delays to real-time flows. In this approach, the time is seen as an
endless sequence of frames, which are further split in time intervals. The two levels of the
resource allocation procedure work on different time granularity. At the highest level, an
innovative low complexity resource allocation algorithm was designed using discrete time
linear control theory, which is referred as a FLS. At the beginning of each frame, FLS com-
putes the amount of data that each real-time source should transmit within the frame, to
satisfy its delay constraint.
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To evaluate the quota of data u;(k) assigned to the i*”* flow, it is used the control law

ui(k) = hi(k) x qi(k), (3.2)

“ »

where “+” operator is the discrete time convolution [[141]. As in [[85]], equation[3.2]means that
the amount of data to be transmitted by the i** flow during the k' LTE frame is obtained by
filtering the ¢; (k) signal (i.e., the queue level) through a time-invariant linear filter with pulse
response h;(k).

Then, to ensure a good level of fairness among multimedia flows, the lowest level scheduler
assigns radio resources according to the PF algorithm [142] subject to the constraint imposed
by FLS. The PF priority metric was defined in equation

3.3.3 Exponential Rule

In [[143]], the exponential rule (EXPRule) was studied as a scheduling algorithm which explic-
itly uses information on the state of the channel and queues. Authors mention as main result
that the EXPRule throughput is optimal, i.e., it renders queues stable in any system for which
stability is feasible at all, with any other rule. Although the complexity of these schedulers
is high [84]], the EXPRule and Logarithmic Rule have been presented as the most promising
approaches for DL scheduling in LTE systems with delay-sensitive applications, [144]].

The scheduling computation metrics is defined by the following equation,

a;iDror,

!, (3.3)
c+ \/N%t SN Dyor

w;; = bjexp

where Dyor,; the head of line (HOL) packet delay for the i, user, a;, b; and ¢ are tunable
parameters. N,; is the value of real-time flows which are active in the downlink. F{ is the
spectral efficiency for the user on the j** subchannel [83], [145], [146].

According to [85], [[146]] and [147] the optimal parameter set for the tunable parameters are

0 o5 10 (3.4)
1€ 10095 0,997 | 34

7; symbolizes the packets waiting times threshold values;

1

E, means the expectation value of the variable, and c=1.

3.4 Scenario Simulation Parameters for Frequency Reuse One

As state above in Section when the frequency reuse is higher than one, there are an
increase in both coverage and capacity of the cellular network. However, and although it
has not been taken into consideration the frequency reuse equal to one in the Chapter
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here it is taken into consideration. In order to perform simulations it is needed to define the
parameters presented in Table

The simulation duration is the time interval associated to the whole simulation. The flow
duration is the time interval during which a single flow is active. All flows do not start at the
same time. Cluster is the frequency reuse and is the design process of selecting and allocating
different channel groups for all cellular base system within a cellular system [107], [108].
In this case since cluster is equal to one means that the available bandwidth is share by all
nodes. The considered frame structure is the frequency division duplex (FDD). Deployment
density is considered dense, four users per HeNB appointed by 3GPP is considered [79].
Since the deployment density is dense, all HeNB are considered active. There are one HeNB
for each apartment the total number of HeNBs is the same of the total number of apartments.
HeNBs can operate with a closed policy where only authorized equipments could connect to
the them, for this scenario these closed policy was considered.

In [[79] the transmitter power variation of HeNBs is between zero and 20 dBm. Since results
of the theoretical study of the average SINR in Chapter [2]for the same deployment scenario,
shows that is possible to operate the HeNBs for values of transmitter power lower than zero
dBm. For the simulations the transmitter power is decreased to a value of -10 dBm. So the
transmitter power of HeNBs varies from -10 dBm up to 20 dBm, in steps of 5 dBm. The user
speed is zero kilometers per hour which means users are in the same position during the all
simulation.

Table 3.1: Considered simulation parameters with 10 MHz of bandwidth in the eNB and HeNBs.

’ Parameter \ Value ‘
Simulation duration 30s
Flow duration 20s
eNBs and HeNBs cluster 1
Bandwidth 10 MHz
Number of eNBs 1
eNB radius 1 km
Power of the eNB 43 dBm
Number of HeNBs 25
Power of the HeNBs [-10; -5; 0; 5 ; 10; 15; 20] dBm
Access policy Closed
Deployment density Dense
Number of users per HeNB 4
User speed o km/h
User equipment position Random
Number of buildings 1
Number of floors 1
Geometry of buildings 5%5
Apartment side length [5, 10, 15, 20| m
Building position Random
Application type Video and best effort
Video bit rates 440 kb/s
Maximum delay 0.1s
Frame structure FDD
Number of simulations for each combination 50
CQI Periodic
Path loss model WINNER II
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As discussed in Section [3.2.2]the distribution of users and building follow an improved ran-
dom distribution compared to the original provided by the LTE-Sim simulator. As consid-
ered in Chapter[2|the building has a 3GPP 5x5 grid geometry with only one floor. The number
of buildings per simulation is one. Also square apartments are considered in this building
topology, the apartments side lengths also varies. In [[79] an apartment side length of ten
meters is appointed for simulations. Since, apartment side length could be smaller or large,
in simulations also variation of the apartment side lengths is considered, from the smaller
side of five meters to the larger of twenty meters, in steps of five meters.

The video application, is a video trace that is compressed using the H.264 standard compres-
sion at the average coding rate of 440 kb/s, which is available in [148]. The best effort (BE)
application models an ideal greedy source that always has packets to send. The BE applica-
tion only transmit packets when the are enough resources to send it.

A maximum of 100 ms for the maximum delay is considered. Maximum delay is the maxi-
mum tolerable time interval within which the packet must be received. When this maximum
delay is suppressed the package is dropped. The considered channel quality indicator (CQI)
feedback is considered periodic. For CQI reporting feature, the UE estimates the channel
quality and converts it into a set of CQI feedbacks reported periodically to the eNB.

3GPP path loss model presented in [[79] is an alternative simplified model based on LTE-
A evaluation methodology which avoids modeling any walls to perform simulations. The
other path loss model available and considered for the simulations, is the WINNER II path
loss model. This model considered the effect of the walls, distinguish between internal and
external walls and also the number of walls between nodes.

For each possible combination of the parameters presented in Table[3.1with possible options,
in this case the transmitter power of the HeNBs and the apartment side length, simulations
run fifty times.

3.4.1 Simulations Results With Reuse Pattern One

In this scenario eNB operate with a bandwidth of 10 MHz and frequency reuse one. HeNBs
also operate in frequency reuse with the same 10 MHz bandwidth. In this case, this scenario is
considered a scenario with a middle interference, since all nodes are in the same bandwidth.
Fitting surfaces were made using a polynomial surface with a confidence interval of 95%

[l149].

3.4.1.1 PF Scheduler

Figure[3.7a] presents the average goodput with the use of the PF scheduler for video applica-
tion.

The maximum values for the average goodput have been obtained when the apartment side
length is 20 m and the transmitter power is between 0 and 10 dBm. The lowest values have
been obtained when the apartment side length is also 20 m but the transmitter power is -10
dBm. For BE flows, in Figure[3.7b|the maximum values for the goodput have been obtained
for a transmitted power of 20 dBm and for an apartment side length of 20 m.
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(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.7: Variation of the average goodput for all users in the building for PF scheduler and different values of
transmitter power and room side with WINNER II.

The maximum average PLR for the video flows with the PF scheduler Figure (3.8a) is in the
maximum 1.2%, which is lower than the PLR target of 2% appointed by 3GPP for a real-time
video [97]. The maximum PLR for BE is very low as expected Figure [3.8D] since the few

(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.8: Variation of the average PLR for all users in the building for PF scheduler and different values of
transmitter power and room side with WINNER II.

packets that do not reach their destination are lost because of the errors in the physical layer.

3.4.1.2 FLS Scheduler

With the FLS scheduler the average goodput of video flows Figure[3.9a, the maximum value
was obtained for values of a transmitter power around -5 dB and apartment side length
around 10 m.

This maximum average goodput is near the minimum average goodput, the minimum aver-
age goodput has obtained for a transmitter power of -10 dBm and and apartment side length
of 5 m. Comparing the obtained results for the PF and FLS schedulers, the variation of the
average is lower when the FLS scheduler is considered. For the average goodput for BE flows
Figure[3.9b|the average goodput is steadier with FLS instead of the PF, for the same value of
apartment side length.
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(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.9: Variation of the average goodput for all users in the building for FLS scheduler and different values
of transmitter power and room side with WINNER II.

The average PLR for both flows, Figure[3.10|continue to be very small and can be considered
almost imperceptible for the UE.

(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.10: Variation of the average PLR for all users in the building for FLS scheduler and different values of
transmitter power and room side with WINNER II.

The average PLR for video flows is in the maximum 0.6% Figure For BE the PLR is
very low as seen in Figure

3.4.1.3 EXPRule Scheduler

Figure presents approximately the same maximum values when compared with the
other schedulers. But the great advantage to use this EXPRule scheduler is that, the differ-
ence between the maximum and the minimum values for the average goodput is the smallest
among the three considered schedulers. The behaviour of the average goodput for the BE
flows Figure are between the values obtained in the other two schedulers. Between
the three schedulers the lowest average path loss ratio is also obtained with the use of the
EXPRule and for video, Figure

The maximum average PLR for video is 0.14%, but minimum average PLR never reaches 0%.
The average PLR for BE flows is low as it has to be Figure
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(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.11: Variation of the average goodput for all users in the building for EXPRule scheduler and different
values of transmitter power and room side with WINNER 1II.

20

-10

(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.12: Variation of the average PLR for all users in the building for EXPRule scheduler and different
values of transmitter power and room side with WINNER 1II.
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3.4.2 Lessons Learned for Frequency Reuse One

This Section presented results for a simulation study in a scenario 3GPP 5x5 grid geometry
for a single floor with the deployment of 25 HeNBs. The eNB and the HeNBs share the same
10 MHz of bandwidth, i.e., the frequency reuse is one.

When the PF scheduler is considered the average goodput for the video flow, the maximum is
obtained for an apartment side length of 20 m and for a transmitter power between 10 dBm
and 5 dBm. When the apartment side length is short the average goodput for the video flow
and BE decays. The maximum average PLR for the video flows with the PF scheduler is in
the maximum 1.2%.

With the FLS scheduler the maximum average goodput for video is near the minimum aver-
age goodput. The maximum has been obtained for an apartment side length of 10 m and a
transmitter power between 0 dBm and -5 dBm. We have got the lower average goodput for
video for an apartment side length of 5 m and a transmitter of -10 dBm. BE shows the same
behavior as in the PF scheduler. The average PLR for video flows is in the maximum of 0.6%.
The great advantage to use the EXPRule scheduler is that the difference between the maxi-
mum and the minimum values for the average goodput is the smallest among the three con-
sidered schedulers. But is also that ones that present the most irregular behavior. BE shows a
closer behavior as in the previous schedulers. The maximum average PLR for video is 0.14%,
the lowest one compared with the other scheduler.

3.5 Simulation Parameters for Frequency Reuse Two

As introduced in Section|3.2.4}, with the introduction of the frequency reuse two it is expected
to improve the system capacity. The assumptions for this scenario are introduced in Table
The eNB operate with a bandwidth of 20 MHz and frequency reuse one. The HeNBs
operate with 10 MHz bandwidth and frequency reuse two. The 20 MHz used by the eNB were
split in to equal parts each one with 10 MHz each one. Table[3.2|updates the parameters for
simulation.

3.5.1 Simulations Results with Reuse Pattern Two

In this scenario eNB operate with a bandwidth of 20 MHz and frequency reuse two. HeNBs
operate in frequency reuse two with 10 MHz bandwidth for 12 HeNBs and the other 10 MHz
for the remaining HeNBs. In this case, this scenario is considered a scenario with low inter-
ference. Fitting surfaces were made using a polynomial surface with a confidence interval of

95% [149].

3.5.1.1 PF Scheduler

The adoption of frequency reuse allowed the system to have better values for the average
goodput for the video flows for shorter apartments side length, Figure[3.13|when compared
with Figure For the video flows, Figure the gains are not very highs, but for the
best effort flows, Figure the goodput is four times fold comparing the case without the

66



Table 3.2: Considered simulation parameters with 20 MHz of bandwidth in the eNB and 10+10 MHz

bandwidth in the HeNBs.
Parameter ‘ Value
Simulation duration 30s
Flow duration 20s
eNBs cluster 1
Bandwidth eNB 20 MHz
Number of eNBs 1
eNB Radius 1 km
Power of the eNB 43 dBm
HeNBs cluster 2
Bandwidth HeNBs 10 MHz + 10 MHz
Number of HeNBs 25
Power of the HeNBs [-10; -5; 0; 5 ; 10; 15; 20] dBm
Access Policy Open
Deployment density Dense
Number of users per HeNB 4
User speed o km/h
User equipment position Random
Number of buildings 1
Number of floors 1
Geometry of buildings 5%5
Apartment side length [5,10,15,20] m
Building position Random
Application type Video and best effort
Video bit rates 440 kb/s
Maximum delay 0.1s
Frame structure FDD
Number of simulations for each combination 50
CQI Periodic
Path loss model WINNER II
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(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.13: Variation of the average goodput for all users in the building for PF scheduler and different values
of transmitter power and room side with WINNER II, with 20 MHz of bandwidth in the eNB and 10+10 MHz of
bandwidth in the HeNBs.
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use of frequency reuse, Figure[3.7b] In this case the adoption of the frequency reuse allowed
the increase of the average goodput specially for shorter apartment side lengths.

The maximum average PLR for the video flows Figure decrease for half of the case
without frequency reuse, Figure[3.8] For the BE flow the PLR is negligible Figure

I,

(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.14: Variation of the average PLR for all users in the building for PF scheduler and different values of
transmitter power and room side with WINNER II, with 20 MHz of bandwidth in the eNB and 10+10 MHz of
bandwidth in the HeNB:s.

3.5.1.2 FLS Scheduler

For the FLS scheduler the value for the average goodput for the video flows, Figure |3.15al
results are almost the same comparing with case without frequency reuse, Figure
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(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.15: Variation of the average goodput for all users in the building for FLS scheduler and different values
of transmitter power and room side with WINNER II, with 20 MHz of bandwidth in the eNB and 10+10 MHz of
bandwidth in the HeNBs.

A more accurate analysis reveals that for a transmitter power of -10 dBm and for and apart-
ment side length of 15 m the average goodput for video is lower comparing to the case without
frequency reuse Figure[3.9al Apart of this combination in all the other combinations of trans-
mitter power and apartment side length the FLS sustain the maximum average goodput in
most of the combinations. The average goodput for the BE flows with the FLS scheduler
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Figure are also obtained for lower apartment side lengths and present the a similar
behaviour when the PF scheduler is considered Figure|3.9b

The average PLR obtained for the of video flows, Figure at most of the combinations
is or near 0% in most of the simulated situations Figure[3.16al Since the average PLR is the

(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.16: Variation of the average PLR for all users in the building for FLS scheduler and different values of
transmitter power and room side with WINNER II, with 20 MHz of bandwidth in the eNB and 10+10 MHz of
bandwidth in the HeNBs.

complement of the average goodput the highest value for the average PLR for the video flows
was obtained when the transmitter power of -10 dBm and for and apartment side length of
15 m Figure[3.16al The maximum average PLR is 0.6%. The average PLR for best effort flows
is almost zero Figure

3.5.1.3 EXPRule Scheduler

The average goodput of the video flows for the EXPRule scheduler and frequency reuse two
is shown in Figure|3.17, and kept the same behavior when frequency reuse is not considered
Figure Presenting the highest values of average goodput of the video flows among the
three considered scenarios. The average goodput for the BE flows with the EXPRule sched-
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(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.17: Variation of the average goodput for all users in the building for EXPRule scheduler and different
values of transmitter power and room side with WINNER II, with 20 MHz of bandwidth in the eNB and 10+10
MH?z of bandwidth in the HeNBs.
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uler Figure[3.17b|presents the same values and behavior of the other considered schedulers.
An unwary analysis of the average PLR between the case with frequency reuse Figure[3.18/and
without frequency reuse Figure could lead to misunderstand interpretation. Although

(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 3.18: Variation of the average PLR for all users in the building for EXPRule scheduler and different
values of transmitter power and room side with WINNER II, with 20 MHz of bandwidth in the eNB and 10+10
MH?z of bandwidth in the HeNBs.

the maximum average PLR with frequency reuse is higher, 0.2% this value is only 10% of the
maximum appointed by the 3GPP. And is most of the cases the average PLR is 0%.

3.5.2 Lessons Learned

This Section presented results for a simulation study in a scenario 3GPP 5x5 grid geometry for
a single floor with the deployment of 25 HeNBs. The eNB operates with a 20 MHz bandwidth
and HeNBs operate with a 10+10 MHz of bandwidth.

For the PF scheduler, the adoption of frequency reuse allowed the system to have better val-
ues for the average goodput for the video flows for shorter apartments side length. The max-
imum average PLR for the video flows decrease to half of the case without frequency reuse.
For the BE flows, the goodput is four times fold comparing the case without the use of fre-
quency reuse.

For the FLS scheduler the value for the average goodput for the video flows, results are almost
the same as compared with the case without frequency reuse. The maximum average PLR
for the video flows is 0.6%. The average goodput for the BE flows with the FLS scheduler
is also obtained for lower apartment side lengths and present a similar behavior of the PF
scheduler.

The average goodput of the video flows for the EXPRule scheduler kept the same behavior
when frequency reuse is one. Presenting the highest values of average goodput of the video
flows among the three considered scenarios. The average goodput for the BE flows with the
EXPRule scheduler presents the same values and behavior of the other considered sched-
ulers. The maximum average PLR with frequency reuse two is 0.2%, the highest among the
three schedulers.

The interpretation of these results may be two-fold. First, frequency reuse two did not bring
any advantage, in terms of average goodput for video flows. The second interpretation needs
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a broader analysis. When the frequency reuse pattern increases the average goodput for
the BE flow considerably increases. This means that there are more available resources to
transport more data. Since the average goodput with both reuse patterns is the same, we can
conclude that it is possible to support more users in each HeNB. Values obtained for the PLR
also show that, in fact, that we are not closer to the 2% PLR target.

3.6 Maximum Supported Capacity for 25 HeNBs With Reuse
Pattern Two

Results in the previous Sections show that, with the maximum number of four users per
HeNB appointed by 3 GPP in [79]] the system is not reaching system saturation. The system
is saturated when the PLR > 2% for video.

In this Section, the system is driven into saturation by gradually increasing the number
of users in each HeNB in an equitable way. Contrary to the simulation works from [11],
[150]-[152]], our study considers a higher number of users per HeNB, which implies a very
large density of users within a building.

For simulation purposes, although fewer schedulers are considered for the simulation than
in [132] and changes to existing schedulers are not considered as in [[133], in this work, an
in-depth determination of the variation in the number of supported users for a PLR target of
2%, as a function of the apartment side length and the transmitter power is carried out with
narrower confidence intervals.

Simulations have been performed to obtain the variation in not only the PLR, goodput and
delay for a video application but also the goodput for the best BE application. We have also
performed a detailed comparison of the performance of the considered packet schedulers.

3.6.1 PLR for Video

In this Section, the video application is considered. Figure presents the results for the
average PLR as a function of the number of users for all the considered scenarios. The values
of the transmitter power are 0, 10 and 20 dBm. The considered apartment side lengths are
20, 15, 10 and 5 m.

In the simulations, for all combinations of the apartment side length, transmitter power and
scheduler, the number of users spans between 6 users per HeNB and the number of users that
corresponds to surpassing the PLR target of 2%. According to [[97], the PLR target for video
is 2%, i.e., PLR<2%. The results are presented in [131], [[133]], where the users determine
their quality of experience by analyzing video transmissions expressed by the mean opinion
score (MOS). A literature review indicates that for values of the PLR higher than 2%, the
MOS decays, resulting in an uncomfortable video user experience and yielding a PLR target
of 2%.

For the three schedulers, the average PLR increases with the number of users. Furthermore,
it is a worth comparing the results by distinguishing two cases:

« apartment side lengths of 20, 15 and 10 m (Figures|3.19a}[3.19bjand|3.19¢, respectively);
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Figure 3.19: Average PLR for Video, for different apartment side lengths.
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« apartment side length of 5 m (Figure[3.19d).

For the first case, when the target is 2%, the PF (dashed line) scheduler supports fewer users
than the EXPRule (double-dashed line) scheduler. The EXPRule also supports fewer users
than the FLS (solid line).

For the second case, the EXPRule presents a higher average PLR than that of the PF. How-
ever, both schedulers continue to have worse results than those of the FLS. One can conclude
that with this increase in apartment side length, all schedulers present a higher average PLR
for video. Overall, the FLS performs better than the PF and EXPRule schedulers.

3.6.2 Maximum Number of Supported Users

Table[3.3|summarizes the number of supported users for different side lengths of the apart-
ments, values of the transmitter power and schedulers. We obtain these values for a PLR <
2%.

Table 3.3: Maximum number of users served by each scheduler for a PLR < 2%.

Transmitter power [dBm]
Max. number of users 0 10 20

PF EXPRule FLS | PF EXPRule FLS | PF EXPRule FLS

5 12 11 16 11 11 16 12 11 16

. 10 | 10 10 15 9 10 15 9 10 15

length

Side length [m] 5 3 5 3 s 5 13 3 5 3
20 7 8 12 7 9 12 7 9 12

For the FLS, i.e., the scheduler with the best performance, for an apartment side length of
5 m, the maximum number of supported users is 16 for all values of the transmitter power.
For an apartment side length of 20 m, the FLS supports only 12 users.

For the EXPRule scheduler, for an apartment side length of 5 m, the maximum number of
supported users is 11, while an apartment of 20 m supports 9 users (for a transmitter power
of 10 and 20 dBm) or 8 users (for a transmitter power of 0 dBm).

For an apartment side length of 5 m, with the PF scheduler, the maximum number of sup-
ported users is 12 (for a transmitter power of 0 and 20 dBm) or 11 (for a transmitter power
of 10 dBm), while for an apartment of 20 m, the PF scheduler supports only 77 users.

3.6.3 Maximum Average Goodput for Video

Considering an average PLR target of 2%, it is worthwhile to determine the maximum average
goodput. We also compare the behavior of the maximum average goodput with the trend of
the average SINR, as shown in Figure[2.7]

When the apartment side length is 20 m or 15 m, the maximum average goodput is deter-
mined for video for the PF scheduler and all values of the transmitter power, as shown in
Figure For other apartment side lengths, the average goodput is higher for a trans-
mitter power of 0 dBm. For a side length of 5 m and a transmitter power of 20 dBm, the
maximum values of the average goodput are the same as for a transmitter power of 0 dBm.
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(¢) FLS scheduler.

Figure 3.20: Maximum Average Goodput for Video.

The maximum average goodput for EXPRule, from Figure[3.20D] has the same variations as
those of the chart corresponding to the average SINR. In general, along the same apartment
side, the variation in the transmitter power does not affect the maximum average goodput.
The exception occurs when combining an apartment side length of 20 m and a transmitter
power of 0 dBm. Under these conditions, the EXPRule cannot sustain system performance.
This behavior in the study of the average SINR occurs for the lowest values of the transmitter
power and the longest apartment side lengths.

The FLS is the scheduler that supports more users. Varying the transmitter power along the

same apartment sides has no impact, as shown in Figure The goodput for the FLS
follows the same behavior as that of the average SINR.

For all schedulers, we observed a significant variation in the maximum average goodput
along the apartment side. We obtained higher values for lower apartment side lengths, which

agrees with the values and the lessons learned in Chapter |2} Table presents a summary
of the maximum average goodput for each scheduler for video and BE applications.

Table 3.4: Average goodput of video and BE applications for PLR < 2%.

PF EXPRule FLS
Avg. goodput [Mb/s] Min. Max. | Min. Max. | Min. Max.
Video 45.5 89 45.5 82 89 119
BE 310 390 315 400 285 361
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3.6.4 Maximum Average Delay for Video

We observe that the delay also increases when the number of users increases. The maximum
delay for the PF scheduler was 55 ms, for EXPRule was 25 ms and for the FLS was 28 ms. In
none of the simulations did we exceed the maximum 3GPP limit of 150 ms for the maximum
video delay.

3.6.5 Maximum Average Goodput for Best Effort

The best effort (BE) application makes use of the remaining resources left by the video ap-
plication. Since the BE application sends packets only when there are enough resources to
send them, the PLR is zero or near-zero. The few packets that do not reach their destination
are lost because of the errors in the physical layer.

The maximum average goodput for BE is presented in Figures|3.21a}|3.21b|and|3.21c} respec-
tively, for the PF, EXPRule and FLS. The EXPRule scheduler achieves the highest average

(a) PF scheduler. (b) EXPRule scheduler.
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(c¢) FLS scheduler.

Figure 3.21: Maximum Average Goodput for BE.

goodput (400 Mb/s) among the three schedulers. The scheduler with the lowest maximum
average goodput (285 Mb/s) is the FLS. More results for the maximum average goodput from
BE are given in Table

The results are in line with the results from Chapter[2] As opposed to the results obtained
for the video application, the EXPRule scheduler presents the best performance for the BE
application. The opposite occurs for the FLS.
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It is straightforward to conclude that the behavior of all the packet schedulers when users
are considering the BE application is identical. The goodput varies only when the apartment
side length also varies. The maximum average goodput for BE retains the same behavior as
that of the theoretical average SINR. The results show that the higher the maximum goodput
for video is, the lower the maximum goodput for BE.

3.6.6 Comparison Between Packet Schedulers

To determine which packet scheduler has the best performance, we compare the results of
the difference in the values of the goodput between each pair of schedulers. Figure
presents the difference in the goodput between PF and EXPRule. For apartments with a 5

(a) PF and EXPRule. (b) PF and FLS.

(¢) FLS and EXPRule.

Figure 3.22: Maximum Average Goodput for Video: comparison between schedulers.

m side length, the PF scheduler has the best performance. For other apartment side lengths,
the EXPRule scheduler has the best performance.

Figure[3.22b|compares the goodput between the PF scheduler and FLS. The FLS has the best
performance for any pair of values of the transmitter power and apartment side length. The
FLS could, in the best case, operate with a goodput higher than 44 Mb/s compared to the PF
scheduler.

In comparison to the EXPRule scheduler, the FLS shows once more its superior behavior, as
shown in Figure The overall analysis shows that for the considered applications, the
FLS performs better than the other two packet schedulers. In some combinations, the FLS
performance is approximately 44 Mb/s higher than that of PF.
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For small apartment sizes, PF is a better option than the EXPRule scheduler. For larger
apartment sizes, the opposite is observed, and the EXPRule option prevails.

3.7 Summary and Conclusions

As most mobile communication traffic is shifting from outdoor to indoor environments, this
work studied HeNBs (a particular case in the family of small cells) to offer indoor coverage.
We considered a building with a 5x5 apartment topology. This work goes further than the
assumptions of 3GPP by considering a higher-density deployment of HeNBs and users. This
work also explored variations in the transmitter power of HeNBs and variation in the geo-
metrical dimensions.

An updated version of LTE-Sim was adopted to study the indoor 4G system for a PLR target
of 2%. The number of users served by each HeNB increased until the PLR surpassed the
target value of 2% for video. For all considered combinations of the transmitter power and
apartment side length, the maximum number of users appointed by 3GPP (i.e., 4) was largely
surpassed by all schedulers.

The comparison between the PF and EXPRule schedulers shows that, for apartments with
a 5 m side length, the PF scheduler has the best performance. For longer apartment side
lengths, the EXPRule scheduler has the best performance. In comparison with PF, the FLS
has the best performance for any value of transmitter powers and apartment side length.
The FLS also performs better than the EXPRule scheduler. For the considered video flow,
FLS presents the best overall performance. It enables service for up to sixteen users. For
the video application, the results also show that it is possible to consider a reduction in the
transmitter power without compromising the video performance.

The results for BE applications show that it is possible to consider, in most of the cases,
a reduction in the transmitter power. This reduction does not have a negative impact on
system performance and can provide a reduction in energy consumption for both video and
BE flows.
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Chapter 4

Performance Study for Different Deployment
Ratios in Indoor Scenarios

4.1 Introduction

This chapter explores the possibility of deploying home eNodeBs (HeNBs) with different pat-
terns, as shown in Figure to provide coverage to a 3GPP 5x5 apartment grid geometry.
3GPP defines deployment ratio in [[79]. The deployment ratio determines whether HeNBs
are deployed or not in all apartments, and varies from zero to one. For an urban-dense sce-
nario, 3GPP suggest a value of 0.2 for the deployment ratio. This corresponds to having 5
HeNBs deployed within 25 apartments, as presented in Figure
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Figure 4.1: Considered pattern for the deployment of HeNBs to cover the same floor area.

Figure[4.1alwith 4 HeNBs shows a deployment ratio of 0.16 and in Figure[4.1dthe deployment
ratio is 0.24 that correspond to have 6 active HeNBs. As an example Figure[4.1|presents three
of the many deployments that can be adopted.

An updated version of LTE-Sim is presented in Appendix [E}| and is considered to extract
values for packet loss ratio (PLR), maximum number of supported users, goodput and delay.
In the first part of this Chapter we study in detail the case with 4 HeNBs to cover the whole
building area. With this deployment pattern, there are at least one apartment between HeNBs,
and are also one apartment between the exterior walls and the HeNBs. The idea behind the
choice for not to deploy HeNBs in apartments with exterior walls, is to avoid (or at least re-
duce) interference from the evolved NodeB (eNB). In this case we follow the approach of
3GPP for industrial femtocells and consider eight simultaneous users per HeNB.

In the second part we studied the saturation conditions for different values of deployment
ratio. With 5 and 6 HeNBs, as show in Figure it was considered not to deploy HeNBs
in contiguous apartments. As a result there are HeNBs deployed in apartments that have a

79



exterior wall. These HeNBs are going to experience higher interference from the eNB. We
determine the maximum number of supported users as well the supported goodput, consid-
ering a PLR target of 2% for video.

4.2 Performance Evaluation with Eight Users per HeNB

4.2.1 Deployment Scenario and System Settings
Section [2.4|described a scenario with only 4 HeNBs to provide coverage to a 3GPP 5x5 grid
geometry building, as shown in Figure[4.2] To evaluate the network performance considering
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Figure 4.2: Topology with 4 HeNBs deployed.

this scenario, reuse pattern two is considered. The 4 HeNBs (represented by a hexagonal
shape) are placed on rows two and four and on columns two and four. Nodes operating
with one part of the bandwidth are represented with a white fill while the other HeNBs are
represented with dark grey fill.

To analyze the overall performance of the system, three schedulers are considered for the
downlink (DL), as follows: proportional fair (PF) [[108]], [[139]], frame level scheduler (FLS)
[851, [142] and exponential rule (EXPRule) [143], [144].

In order to address the behavior of the heterogeneous network considering a real deployment
scenario, a macrocell with one kilometer radius was considered to the simulation scenario.
As introduced in Section|[3.2] the building is created in a circular area with 80% of the macro
cell radius. There are 4 HeNBs in a pre-determined apartment [79], [103]. This geometry
represents actual deployment scenarios, like offices and shopping centers. Each cell serves
eight users. In HeNBs, transmitter power varies from -10 dBm to 20 dBm, in steps of 5 dBm,
and all cells simultaneously operate at the same power. The apartment side lengths vary from
5to 20 m, in steps of 5 m.

For each scheduler and for each combination of the values of HeNB transmitter power and
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apartment side lengths, fifty simulations have been performed. In each simulation, the po-
sition of the building is randomly chosen considering a Mersenne Twister pseudo-random
generator along the cell topology (eNB coverage zone). The determination of the position of
the users also considers a Mersenne Twister pseudo-random generator but only along the
coverage area of the HeNB that includes rectangles/squares 1-9 (marked with a dotted line
in Figure[4.2). An HeNB only serves the users inside the served area. The goal of account-
ing for different positions of user equipments (UEs) is to acquire the general behavior that
integrates the contribution of the effect of having the building and consequently the HeNBs
and the served users at different cell distances from the HeNBs topology. All details for the
simulation parameters are presented in Table[4.1]

Table 4.1: Considered simulation parameters with 20 MHz of bandwidth in the eNB and 10+10 MHz

bandwidth in the 4 HeNBs.
] Parameter \ Value \
Simulation duration 30s
Flow duration 20s
eNBs cluster 1
Bandwidth eNB 20 MHz
Number of eNBs 1
eNB Radius 1 km
Power of the eNB 43 dBm
HeNBs cluster 2
Bandwidth HeNBs 10 MHz + 10 MHz
Number of HeNBs 4
Power of the HeNBs [-10; -5; 0; 5 ; 10; 15; 20] dBm
Access Policy Open
Deployment density Dense
Number of users per HeNB 8
User speed o km/h
User equipment position Random
Number of buildings 1
Number of floors 1
Geometry of buildings 5X5
Apartment side length [5,10,15,20] m
Building position Random
Application type Video and best effort
Video bit rates 440 kB/s
Maximum delay 0.1s
Frame structure FDD
Number of simulations for each combination 50
CQI Periodic
Path loss model WINNER II

The applications considered are the same presented on Chapter |3} One is the video applica-
tion, a video trace that is compressed using the H.264 standard compression at the average
coding rate of 440 kb/s. The adoption of this video application accounts for the trend of
users to watch high quality videos. The other application is BE. These BE flows are modeled
through infinite buffer sources which model an ideal source where there are always pack-
ets to be sent. We evaluate the network performance by considering these video and BE
flows [103]. Fitting surfaces were made using a polynomial surface with a confidence inter-
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val of 95% [149].

In the simulations, we assume that the eNB 20 MHz bandwidth is split into two equal parts
to be made available to the HeNBs, each portion with 10 MHz bandwidth. The 4 HeNBs are
placed as shown in Figure[4.2] The network performance has been evaluated with reference
to the goodput achieved by BE flows and the goodput, PLR and delay of video.

With any of the considered schedulers, the 3GPP limit of 150 ms for the maximum delay has
not been overcame [97], Appendix

4.2.2 Average Goodput and Packet Loss Ratio with 4 HeNBs

4.2.2.1 Results with PF

Although 3GPP suggests a deployment ratio of 0.2, which correspond to 5 HeNBs per floor
(with 25 apartments) in this section we consider a deployment ratio of 0.16. Figure |4.3a
presents the average goodput with the use of the PF scheduler for video application.

(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 4.3: Variation of the average goodput of video and BE flows with 4 HeNBs scenario, with PF scheduler
and for different values of transmitter power and apartment side length.

The maximum values for the average goodput have been obtained when the apartment side
length is 5 m and the transmitter power is 20 dBm. The lowest values have been achieved
when the apartment side length is 20 m and the transmitter power is -10 dBm. For BE flows,
in Figure[4.3b|the maximum and minimum values for the goodput have been obtained in the
same points as for the video flows in Figure|4.3al For both flows, the obtained results are in
line with the results obtained for the average signal-to-interference-plus-noise ratio (SINR).
The average packet loss ratio (PLR) for video flows, shown in Figure[4.4], presents values that
go beyond the target of 2% indicated by the 3GPP. However, it is possible to obtain results
for the PLR lower than or closer to 2%, namely when the apartment side length is 5 m. For
transmitter power of 10 dBm and apartment side length of 5 m, the PLR is lower than 2%.
For larger apartment side lengths the PLR is higher than 2%.

4.2.2.2 Results with FLS

Comparing the average goodput of video flows with the use of the FLS scheduler, as shown
in Figure |4.5a, with the previous case (PF scheduler), shown in Figure [4.3al, with the FLS
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Figure 4.4: Variation of the average PLR of video flows, with PF scheduler and for different values of
transmitter power and apartment side length.

scheduler, the average goodupt increases, although both schedulers have identical behavior.
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(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 4.5: Variation of the average goodput of video and BE flows with 4 HeNBs scenario, with FLS scheduler
and for different values of transmitter power and apartment side length.

When the transmitter power is 20 dBm and the apartment side length is 20 m, the average
goodput clearly increases by a value near 0.59 Mb/s, from 9.8 Mb/s to 9.67 Mb/s. Even
in the worst case, for a transmitter power of -10 dBm and apartment side length of 20 m,
the average goodput increases more than 1.8 Mb/s, from 6.83 Mb/s to 8.65 Mb/s. Since
video takes advantage form the FLS scheduler, the BE application is penalized. The average
goodput for the BE application, as shown in Figure is in average, circa 1 Mb/s lower
than the previous case Figurel4.3b

The adoption of the FLS scheduler also brings advantages in the results obtained for the PLR
for the video application, as shown in Figure 4.6

By comparing these results with the values obtained for the PF scheduler, as shown in Fig-
ure the average PLR with the FLS decays, and it is possible to keep the PLR lower than
2% for more combinations of the transmitter power and apartment side length. Even the
worst values obtained decay from a maximum of 28% to a maximum of 10.8%. Both values
were obtained for the same transmitter power of -10 dBm and apartment side length of 20 m.
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Figure 4.6: Variation of the average PLR of video flows, with FLS scheduler and for different values of
transmitter power and apartment side length.

4.2.2.3 Results with EXPRule

Contrary to the previous cases, Figure[4.3a)and Figure[4.54] the behavior of the average good-
put of video flows with the use of the EXPRule scheduler is more irregular, as shown in Fig-
ure[4.7a, and has a clear local maximum.
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(a) Video flows with a bit rate of 440 kb/s. (b) Best effort flows.

Figure 4.7: Variation of the average goodput of video and BE flows with 4 HeNBs scenario, with EXPRule
scheduler and for different values of transmitter power and apartment side length.

The maximum average values of the goodput for the video application occurs for transmitter
powers between 10 and 15 dBm. By considering a constant transmitter power, the variation
of the side of the apartment length does not impact the average goodput. Although the maxi-
mum average goodput is identical in the three schedulers, the EXPRule scheduler present the
worst average goodput for the video application. Since the video flows were impaired by the
use of the BE flows, the average goodput for the BE flows increases, as shown in Figure|4.7b
As an example, the average goodput with the EXPRule scheduler is 7.68 Mb/s higher than
the average goodput for BE flows, as shown in Figure[4.5b] Although the EXPRule scheduler
is not itself the best choice in terms of goodput, the average PLR for video flows, for values of
transmitter power equal or higher than 0 dBm, is in most of the cases lower than 2%, as shown
in Figure[4.8] In fact, the maximum PLR is the lowest from the three studied schedulers, with
a value of 6.4%.
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Figure 4.8: Variation of the average PLR of video flows, with EXPRule scheduler and for different values of
transmitter power and apartment side length.

4.2.3 Lessons learned

The performance evaluation of deploying 4 HeNBs that serves each one eight users, consid-
ered an upgraded version of the LTE-Sim. The PF and FLS schedulers perform very identi-
cally in terms of average goodput, with a slight advantage for the FLS. However, in terms of
the average PLR, the FLS presents better performance, since it achieves values lower than 2%
more often. This performance enhancement occurs when the transmitter power is between
10 and 20 dBm for all the apartment side lengths.

In this comparison between the PF scheduler and the FLS, the PF scheduler also presents bet-
ter results for the average goodput for BE flows. These two schedulers confirm the expected
results for average SINR that were analytically derived.

Contrary to the PF scheduler and FLS, the best performance of EXPRule scheduler was ob-
tained for transmitter powers between 10 and 15 dBm. It is important to note that the values
of average goodput for video flows are identical for a transmitter power of either 20 dBm or o
dBm. For the average PLR, values lower than 2% were achieved for transmitter power lower
than 15 dBm when the apartment side length is 15 m. But when the apartment side length is
5 m, values of average PLR lower than 2% were obtained for values of the transmitter power
higher than o dBm.

With EXPRule scheduler, the variation of the average goodput of BE flows with 4 HeNBs and
8 UEs scenario shows a behavior approximated to the one from other studied schedulers.

It is important to highlight that is possible to operate the system without the need to set the
HeNBs transmitter power to the maximum value without compromising the overall system
performance. If the transmitter power is set to lower values, this can be a step to achieve
greener mobile communication systems.

4.3 Saturation Conditions in Scenarios with a Variable De-

ployment Ratio

This Section explores the possibility of deploy HeNBs with deployment ratios 0.16, 0.20 and
0.24 as shown in Figure Results for the maximum number of users supported in each
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deployment scenario and goodput are presented in saturation conditions. They were deter-
mined taking into account a target of 2% for the PLR [|97], when users are using a video
application and BE application. In terms of delay, with any of the considered schedulers, the
3GPP limit of 150 ms for the maximum delay has not been overcame, Appendix [F

This Section also presents a different approach to deploy users. Usually users are deployed
either inside the femtocells or, as in Chapter (3] [96], users are deployed inside of the HeNB
own apartment. To deploy users without considering wall boundaries of the apartment cre-
ates a unbalanced scenario in terms of users per cell. In this part of the work, we follow this
approach and users are deployed on the building floor, which creates an unbalanced behavior
in terms of users per cell. At the start of the each simulation users are deployed on the floor
building. According to the received signal strength, users are going to connect to a HeNB.

4.3.1 Scenario Parameters

The assumptions for these scenarios to study the maximum capacity are introduced in Table
Buildings are deployed in an area with a radius of 80% of the macrocell radius. The

Table 4.2: Considered simulation parameters for operation of 4, 5 and 6 HeNBs.

’ Parameter Value
Simulation duration 30s
Flow duration 20s
eNB cluster 1
eNB bandwidth 20 MHz
Number of eNBs 1
eNB radius 1km
Power of the eNB 43 dBm
HeNBs cluster 2
HeNBs bandwidth 10+10 MHz
Number of HeNBs [4;5;6]
Power of the HeNBs [5;10; 20] dBm
Access policy Open
Deployment density Dense
User speed o km/h
User equipment position Random
Number of buildings 1
Number of floors 1
Geometry of buildings 5X5
Apartment side length [5, 10, 15, 20] m
Building position Random
Application type Video and best effort
Video bit rate 440 kb/s
Maximum delay 0.1s
Frame structure FDD
Number of simulations for each combination 50
CQI Periodic
Path loss model WINNER II
Packet scheduler Frame level scheduler

eNB operates with a 20 MHz bandwidth and HeNBs operates with a reuse pattern two. It
divides the 20 MHz bandwidth into two equal parts of 10 MHz [[94], [95]], and uses one part
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by HeNBs represented in Figure [4.1 with a white fill, and another by the remaining HeNBs,
represented with light-blue fill.

To compare the new options adopted to the simulator, the applications adopted are the same
presented in Chapter |3} [95] and [94]. A video trace with an average coding rate of 440
kb/s [148]] and a BE application [[103].

The primary approach of simulators such as LTE-Sim is to allocate a predetermined number
of users per HeNB. This means that every HeNB in a simulation has the same number of
femtocell users, leading to a balanced system. Since this work seeks to extract the maximum
number of supported users by a number of femtocells on a building floor, the former ap-
proach was abandoned. The newly implemented approach consist of assigning a determined
number of users to the floor. Users are deployed on the building floor. Each user connects to
the HeNB that serves it with the highest received transmitter power. Although the building
could be deployed near the eNB and, in this case, users could receive the highest transmitter
power from the eNB, it does not allow them to connect to the eNB. Users only are able to
connect to the HeNBs. Users are uniformly distributed around HeNBs. As their distribution
is random there will no be the same number of users per HeNB.

4.3.2 Packet Loss Ratio
4.3.2.1 Deployment with 4 HeNBs

Aiming to extract the maximum capacity for the considered scenarios, the first step is to
determine the packet loss ratio (PLR) as a function of the number of users. In [97], 3GPP
defines for video the 2% target for PLR. Results has been extracted for all combinations of
transmitter power of HeNBs (0, 10 and 20 dBm) and apartment side lengths (5, 10, 15 and
20 m). Figurel|4.9| presents results for the scenario with 4 HeNBs by considering all combi-
nations of the parameters.

For an apartment side length of 5 m, for all values of transmitter power, results of PLR are
almost identical, as shown in Figure For an apartment side length of 20 m, the PLR
increases, as shown in Figure[4.9d} The same behavior is observed for apartment side lengths
of 10 m and 15 m, as shown in Figure|4.9bland Figure|4.9c, respectively.

When the transmitter power is 0 dBm the increase in the apartment side length results in an
increase of the PLR. The PLR is almost identical between the curves for transmitter powers
of 10 dBm and 20 dBm up to 84 users. The PLR is the lowest for a transmitter power of 20
dBm.

4.3.2.2 Deployment with 5 HeNBs

With 5 HeNBs, the deployment ratio correspond to the value suggested by 3GPP, i.e., 0.20.
Figure presents results for this deployment ratio. For apartment side lengths of 5 m,
the PLR results are similar for the considered values of the transmitter power, as shown in
Figure

However, for a transmitter power of 0 dBm, the 2% target for PLR is surpassed for less
users than for other transmitter power values. The same behavior occurs for apartment side
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Figure 4.9: Maximum Average goodput for Video with 4 HeNBs.
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lengths of 10 m, as shown in Figure[4.10b] and 15 m, as shown in Figure[4.10d For an apart-
ment side length of 20 m, results presented in Figurel4.10d|also shows that, for a transmitter
power of 0 dBm, the target value of 2% is surpassed less users than for other transmitter
powers. PLR results for transmitter powers of 10 dBm and 20 dBm are similar, specially for
apartment side lengths from 5 m up to 15 m. However, for a transmitter power of 10 dBm,
the PLR target of 2% is surpassed for lesser users than for transmitter power of 20 dBm.

4.3.2.3 Deployment with 6 HeNBs

Figure[4.11 presents results for the 6 HeNBs deployment. For apartment side lengths of 5 m
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Figure 4.11: Maximum Average goodput for Video with 6 HeNBs.

Figure for any values of transmitter the values of PLR are almost identical. There are
only a slight disadvantage for o dBm. For an apartment side lengths of 10 m Figure[4.11b} and
for values of transmitter power of 10 dBm and 20 dBm the behavior is closer to previous one.
For 0 dBm the target value of 2% for the PLR is surpassed sooner than the other transmitter
powers.

When the apartment side length increases to 20 m a transmitter power of 0 dBm, the PLR
surpassed the 2% sooner than the other values Figure Although more users are sup-
ported for a transmitter power of 20 dBm, with a transmitter power of the 10 dBm values
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of PLR are similar. When the apartment side length is 15 m Figure[4.11d the behavior of the
PLR is closer to the behavior as when the apartment side length is 20 m.

4.3.2.4 Analysis of PLR

Results for an apartment side length of 5 m for all values of transmitter power shows in
all cases the variation of the PLR is closer no matter the values of the transmitter power.
When 20 m apartment side length is considered and the transmitter power is 0 dBm the
PLR increases faster than the other transmitter powers. With 5 HeNBs Figure [4.10d with a
transmitter power of 10 dBm the target of 2% is achieved sooner than the other two scenarios.

Some confidence intervals presented from the point of view of statistics mean that more sim-
ulations need to be performed [153]. Another away is identify outliers [154] analyze and treat
data [l153]]. In this work none of these solutions are needed. The confidence intervals means
in the cases with apartment side lengths of 20 m and transmitter power of 0 dBm that HeNBs
could not offer enough resources to that users. It reduces this effect increasing the transmit-
ter to 10 dBm and almost vanish when the transmitter power is 20 dBm.

Another cause of this problem it could be the probability of deploying a larger share of users
in the areas with lower EESM identified in Chapter. [2l Furthermore adopting to deploy a
determined number of users to the floor and not per HeNB creates in most of the simulations
an unbalanced number of users per HeNB. This means that in some cases most of the users
are concentrated in a few HeNBs. Leaving the remaining HeNBs with fewer users. Both cases
could be misunderstand as outliers during the statistical analysis.

4.3.3 Maximum Supported Users

Table[4.3| presents the maximum number of users supported for a PLR < 2%.

Table 4.3: Maximum number of users served by each configuration for a PLR < 2%.

Transmitter Power [dBm]
0 10 20
| Numberof HeNBs | 4 5 6 4 5 6 | 4 5 6
5 84 65 108 |88 85 114 | 96 85 114
10 72 60 96 | 88 80 108 | 96 85 108
15 56 55 90 | 84 70 108 | 92 85 114
20 44 50 78 | 80 60 102 | 92 85 114

Side [m]

This analysis shows the number of users that could be supported with the considered appli-
cations. Taking into account the results in Chapter |2} it is expected to support more users
with 4 HeNBs than the other options. Although the deploy of 6 HeNBs get a lower EESM,
the number of available HeNBs as more resources to support more traffic data. Although 5
HeNBs as more available resources than 4 HeNBs, this one could support more users. The
only exception is when the transmitter power is 0 dBm and the apartment side length is 20 m.
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4.3.4 Supported Goodput for Video

Goodput is the sum of bits correctly received by users divided by flow time. The supported

goodput for the video application when 4 HeNBs are considered is presented in Figurel4.12a

(b) 5 HeNBs

(a) 4 HeNBs

(c) 6 HeNBs

5 and 6 HeNBs.

Figure 4.12: Maximum Average goodput for Video with 4,

The maximum goodput is 28.5 Mb/s and is got when the transmitter power is 20 dBm and

the apartment side length of 5 up to 10 m. Out of this combination the goodput decrease

more when the combination converges to a transmitter power of 0 dBm and apartment side

length of 20 m to 13.2 Mb/s.

4.12b| presents the results for 5 HeNBs. With this number of HeNBs, worst results are
got than the previous case. The maximum goodput of 25.3 Mb/s where get with a transmitter

Figure

power between 20 and 10 dBm and the apartment side length of 5 m. The lowest value of

14.9 Mb/s was also got for a transmitter power of 0 dBm and an apartment side length of
20 m. When 6 HeNBs are considered the goodput Figure |4.12¢/is higher than the other two

options.

side length is 5 m. Also for a 5 m side and the transmitter power of 10 dBm the goodput is
92

The maximum goodput is 34 Mb/s for a transmitter power of 20 dBm when the apartment
near the maximum. 6 HeNBs also could not deal with the larger apartment side length of 20



m and the lower transmitter power of 0 dBm. Here the average goodput is 23.3 Mb/s, but
higher than the other two options of 4 and 5 HeNB.

4.3.4.1 Supported Goodput for BE

The maximum goodput for BE application increase with the availability of resources Fig-
ure[4.13}
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Figure 4.13: Maximum Average goodput for BE with 4, 5 and 6 HeNBs.

With 4 HeNBs, Figure the maximum goodput is obtained for a transmitter power of

20 dBm and an apartment side length of 5 m. For 5 HeNBs, Figure the maximum
goodput occurs for transmitter power between 20 and 10 dBm and an apartment side length

between 20 and 15 m. In the scenario with 6 HeNBs, Figure[4.13d/the scenario with the higher
goodput, the maximum was obtained for a transmitter power between 20 and 10 dBm and

an apartment side length of 15 m.

There are a convergence in all scenarios to present the lowest average goodput when the
transmitter power is 0 dBm and the apartment side length is longer, 20 m. For 0 dBm when
the apartment side length decrease the average goodput increases around 20 Mb/s. For 5 m
apartment side length, the variation of transmitter power as a lower impact on the average
goodput.When the transmitter power is 20 dBm the variation of apartment side length as
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little impact.

4.3.5 Different Deployment Ratio Lessons Learned

In this Section the impact of considering a different number of HeNBs from 4 to 6 HeNBs to
provide resources to a building with a 3GPP 5x5 grid geometry has been tested. The impact
of independent variations of the transmitter power of HeNBs from 0 to 20 dBm and the
apartment side lengths from 5 to 20 m was contributed to the test system.

This Section also takes advantage of the improvements presented in Appendix[E] The major
update is to permit using any deployment ratio for the HeNBs, from zero up to one. Simula-
tions were perform to extract values for the PLR for the video application. Considering a PLR
target of 2% values for the maximum number of supported users and goodput of video and
BE were got. The scenario with 6 HeNBs gets the best results. The best for video goodput
was 34 Mb/s. Followed by the 4 HeNBs with 28.5 Mb/s and by the scenario with 5 HeNBs
with 25.3 Mb/s.

The valuable conclusion in the case of video flows, is if the concern is to guarantee the higher
goodput or support, for the maximum number of users, the best option is to consider the
scenario with 6 HeNBs. Followed by the scenario 4 HeNBs, and the worst was the scenario
with 5 HeNBs.

For BE the behavior for all scenarios is the same. Since the scenario with 5 HeNBs for the
video application for 5 m is penalized for lower transmitter powers the BE is near constant
for an apartment side length of 5 m for any value of transmitter power.

3GPP suggested a maximum of 5 HeNBs that corresponds to a deployment ratio of 0.2. How-
ever, this deployment shows the worst performance compared to the topology with 4 HeNBs.
The geometry with 6 HeNBs is the one with the best overall performance results for the 5x5
grid of apartments.

4.4 Summary and Conclusions

The first approach of this chapter is to consider only 4 HeNBs to provide coverage in a build-
ing with a 3GPP 5x5 apartment topology. Each one of the HeNBs was serving 8 users. In this
case, we know HeNBs as Enterprise HeNBs.

In the performance evaluation study the PF and FLS schedulers perform identically in terms
of average goodput, with a slight advantage for the FLS. However, in terms of the average
PLR, the FLS presents better performance, since it achieves values lower than 2% more often.
This performance enhancement occurs when the transmitter power is between 10 and 20
dBm for all the apartment side lengths. In this comparison between the PF scheduler and
the FLS, the PF scheduler also presents better results for the average goodput for BE flows.
Contrary to the PF scheduler and FLS, the best performance of EXPRule scheduler was ob-
tained for transmitter powers between 10 and 15 dBm. It is important to note that the values
of average goodput for video flows are identical for a transmitter power of either 20 dBm or 0
dBm. For the average PLR, values lower than 2% were achieved for transmitter power lower
than 15 dBm when the apartment side is 20 m. But when the apartment side is 5 m, values of
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average PLR lower than 2% were got for values of the transmitter power higher than 5 dBm.
With EXPRule scheduler, the variation of the average goodput of BE flows shows a behavior
approximated to the one from other studied schedulers.

This Chapter considers a study on the impact of considering the deployment of 4, 5 and 6
HeNBs in the same scenario. These deployment scenarios were analyzed in terms of satu-
ration conditions. By considering a PLR target of 2%, results for variation of the maximum
number of supported users and goodput have been obtained for the video and BE applica-
tions. As the number is higher, the scenario with 6 HeNBs enables to achieve enhanced per-
formance (34 Mb/s against 28.5 Mb/s with 4 HeNBs and 25.3 Mb/s with 5 HeNBs). While
with 6 HeNBs provide higher capacity, a scenario with 4 HeNBs enables better coverage.
With the considered scenario and simulation parameters, this work shows to future practi-
tioners looking at deployment scenarios that the 3GPP appointed deployment ratio is not the
optimal choice. Other deployment geometries probably could present a similar behavior of
the topologies considered in this work. We have also concluded that the maximum number
of HeNBs suggested by 3GPP is not the best choice for HeNB deployment.
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Chapter 5

Service Quality of the Urban Micro Cellular
Scenario in the sub-6 GHz Frequency Bands

5.1 Introduction

This Chapter studies the urban micro cellular outdoor scenario by comparing the impact
of the ITU-R M.2135-1 dual slope path loss model in the service quality among the 2.6, 3.5
and 5.62 GHz frequency bands. An updated version of LTE-Sim is considered to obtain re-
sults for the exponential effective signal-to-interference-plus-noise ratio whilst determining
the modulation and coding scheme. Considered cell radii vary from values shorter than the
breakpoint distance, d3p, Up to 1000 m. System capacity is determined by considering a
video application at 3.1 Mb/s while comparing the proportional fair (PF) and the modified
largest weighted delay first (M-LWDF) schedulers through system level simulations. We
have learned that the packet loss ratio (PLR) is higher for cell radius, R, shorter than the
dyp. For cell radii longer than the d;, and up to R = 1000 m, the PLR first decreases and
then increases. The number of supported users has then been determined, for a PLR target of
2%. For both schedulers, the M-LWDF scheduler allows for obtaining the highest goodput,
which occurs at 2.6 and 3.5 GHz for 300 < R < 500 m, while for the longest Rs the highest
goodput occurs at 5.62 GHz.

5.2 Urban Micro Cellular Scenario

The exponential growth of the wireless communications sector has driven the research com-
munity to investigate future systems such as heterogeneous networks (HetNets), millimeter-
wave and multi-input multi-output [l4]-[6]. To complement the traditional macrocell net-
work to answer to the future service demands and the growth of wireless data traffic [7]—[9l,
lower power nodes are being added to the existing networks, creating what is known as Het-
Nets. The effectiveness of the answer to HetNets business opportunities is determined by
the diversity of cell sizes and network architectures, together with the coalition of diverse
technologies and availability of licensed/unlicensed frequency bands.

Studies on performance analysis of cellular networks usually resort on single-slope (SS) path
loss models (PLMs). SS are simple PLMs that fail on capturing the short distance path loss
behavior [155]. This happens since a SS-PLM considers a homogeneous path loss along the
cell coverage range, as shown in Figure|5.1al

In urban scenarios, where there are a plethora of non homogeneous obstacles, like vehi-
cles and urban obstructions/elements, attenuation increases when the distance between the
transmitter and receiver nodes increases. This may lead to inaccurate results in performance
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Figure 5.1: Different slope behaviors in the path loss models of cellular system.

evaluation of dense networks. Dual-slope (DS) PLMs can be a solution to overcome limita-
tions of SS-PLMs, since these models more accurately represent the outdoor small cell link
variations along the distance (represented by the change of the propagation exponent beyond
the breakpoint distance), mainly due to the combination of a direct ray plus a ray reflected
on the ground (e.g., asphalt).

DS-PLMs represent the dependence of the path loss over distance, and this implies a DS
behavior [156[]. Authors from [[157] have shown that, compared the SS-PLMs, DS-PLMs more
closely match empirical data, while capturing the relationship between the path loss and the
distance between the transmitter and the receiver. While path loss exponent slope is around
2-2.2 for distances in the range close by the cell center, a value around 4 is identified for the
longest distances, as shown in Figure[5.1b] According to [[158]], the breakpoint distance can be
obtained either by regression analysis or by considering the geometry when the Fresnel zone
just touches the ground. The breakpoint distance can also define the turning point between
the line-of-sight (LoS) and non-line-of-sight (NLoS) situation, as explained in [156], [158].
Furthermore, PLMs can be generalized for any number of slopes, as in [159].

DS-PLMs have captured the attention of the research community and are being studied in a
multitude of areas of implementation. One of these areas is vehicular technology, in applica-
tions as intra-vehicular [160], [161], vehicle-to-vehicle [162]], [163]], vehicle-to-cyclist [164],
vehicle-to-infrastructure [165] or pedestrian-to-vehicle [166] communications. Another area
of application is unmanned aerial vehicles (commonly known as UAVs) operating at low-
altitude [167]. Some deployment scenarios are also being considered for rural [6], [163],
highway [163]], suburban [6] or urban [168] environments, where detailed analysis has con-
ducted to consider a street canyon environments [169], or indoor scenarios [[170]], [171]. Cov-
erage in these scenarios is provided by cells with longer cell radius, R, known as macrocells.
On the other hand, the cell radius of indoor and urban small cells is shorter [[159], [172]], [173].
Furthermore, the millimeter wavebands are being considered to answer to enormous quan-
tity of information demand in small cell networks [174]. However, despite DS-PLMs have
been considered, only SS-PLMs are applied, as the breakpoint distance is far beyond the size
of small cells. Literature review contains research works on frequency bands from 800 MHz
up to 82.5 GHz [[175], [176]].

Although several propagation scenarios have been considered and developed for 5G [177], so
far, the underlying impact of different packet scheduling algorithms is still being investigated
[130]]. For successive generations of broadband cellular networks, packet scheduling has
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played an important role in the management of radio resources. In particular, aiming at
providing a user quality of service (QoS) that guarantees a sufficient grade of service, the
choice of the packet scheduler is of particular interest.

QoS metrics are network centric performance variables that do not directly consider the user
experience. Usually, QoS metrics may be based on four key quantitative parameters: packet
loss ratio (PLR), throughput (or goodput), packet delay and jitter [[83]]. Indirectly, these QoS
metrics may be mapped into quality of experience [102]].

Packet schedulers have been developed to support real time (RT) services, like videoconfer-
encing, or non-real time (NRT) services, as internet browsing [|84], [[178]. In 4G, there are
two key strategies for the downlink (DL) packet scheduling, QoS-aware and QoS-unaware
strategy [132]]. Prior to this classification, DL scheduling strategies have also been divided
into channel dependent or channel sensitive ones [84].

Authors from [173], [[179] evaluated the impact of different path loss models on the capacity
of 4G networks composed by small cells considering a carrier frequency of 2.6 GHz. They
compared four urban path loss models, two SS-PLMs, one DS-PLM in LoS, and another DS-
PLM, for NLoS. They concluded that, for values of R longer than the breakpoint, the sup-
ported cell physical throughput is steady or decreases with the R when using the traditional
single-slope propagation models. Besides, for values of R shorter than the breakpoint, the
two-slope propagation model leads to values of the throughput lower than the ones obtained
with the SS-PLMs.

The 2.6 GHz, 3.5 GHz and 5.62 GHz sub-6 GHz frequency bands were studied in [[180]]. By
mathematical modeling, authors from [180] concluded that, in terms of supported throu-
ghput, for R shorter than ~ 550 m, the 2.6 GHz frequency band presents the highest throu-
ghput. For cell radii 550 < R < 650 m, the 3.5 GHz frequency band presents the highest
throughput. For coverage distances (d) longer than ~ 650 m, the 5.62 GHz frequency band
is the best one.

This research is inspired in the mathematical modeling presented in [173], [179]], combined
with the theoretical studies and simulations from [[100], [102]. It extends the knowledge
about the DS-PLM performance in urban micro cellular (UMi) outdoor LoS scenarios for the
sub-6 GHz frequency bands by studying the impact of considering different packet schedul-
ing strategies for small cell sizes.

In this study, an improved version of LTE-Sim [86] has been considered. LTE-Sim is an
open source framework to simulate LTE-Advanced networks that was earlier improved to
produce the results presented in [98], [102]. None of the previous works considers the M-
LWDF scheduler. In this work, the UMi scenario for LoS, defined by ITU in [16], and a given
reuse pattern, has been included in the simulator. Differently from [[98]] where the bit rate
is 440 kb/s, this work assumes a video of 3.1 Mb/s. Besides, it also analytically studies the
supported throughput based in the average signal-to-interference-plus-noise ratio (SINR),
while comparing analytical and simulation results for the system capacity achieved when
PLR < 2% in deployments either with video application only, or video plus best effort usage.
Figure|5.2| presents the frequency reuse for the considered small cell deployment.

Nineteen small cells are deployed with frequency reuse pattern three. The impact of varying
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Figure 5.2: Simulation scenario for the UMi LoS small cell network with reuse pattern three.

the cell radius is taken into account. An outdoor environment is considered where antennas
of the 4G base stations (BS) and user equipments (UEs) are well below the tops of surround-
ing buildings. This deployment scenario is presented in [[16], with focus on pedestrian and
slow vehicular users, and is known as an UMi cell scenario. We have considered that the
radio link between the cell nodes and UEs is in LoS. The DS-PLM is considered to determine

coverage and co-channel interference.

First, as a contribution beyond [[98], the radio conditions are studied by extracting results for
the exponential effective SINR mapping (EESM) for different values of the cell radius and its
cumulative distribution function (CDF) at the UE. Results for the modulation and coding
schemes (MCSs) used to communicate with different users within the cell are expressed in
terms of its CDF. Secondly, the LTE-Advanced radio performance is studied through system
level simulations.

By considering an implicit function formulation for the dependence of the physical throu-
ghput with the distance between UEs and BS [181], we have analyzed the dependence of the
supported throughput, in average terms, with R for each frequency band (in the sub-6 GHz
range). As the behavior of the average SINR (and average EESM) is similar to the trend of
the curve of the supported throughput, we have sought optimum values for R when they are
simultaneously maximized.

While evaluating the performance of the radio network, one considers the 3GPP technical
specification (TS) 22.105 that establishes the performance target for the PLR of video streams
[o7]. The impact of considering the PF and the M-LWDF schedulers is compared when users
are continuously communicating video streams in the downlink. PF is a scheduler that is
not only unaware of the service type but also QoS-unaware. M-LWDF, in turn, is a QoS-
aware scheduler that is aware of the service type [841], [[133], [178]. Results are presented in
terms of PLR, goodput, and delay, in average terms, as well the number of supported users.
To determine maximum average goodput in the air interface, a best effort (BE) application
is also considered. It has packets to send whose transmission only occurs when there are
enough resources [102].

The remaining of the Chapter is organized as follows. Section[5.3|presents the single and dual
slope path loss models. In Section[5.4] the considered schedulers are addressed. Section|s.5|
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describes the simulation scenario. The cellular planning trade-off is presented in Section|5.6}
where results for the EESM, achieved MCS and supported cell throughput are presented.
Achievable system performance for PLR < 2% (and maximum delay less than the 150 ms
target) is studied in Section From the results for the PLR, goodput, delay as a function
of the maximum number of users, the system capacity is determined in terms of supported
goodput. Additionally, Section presents results beyond the saturation level, i.e., PLR >
2%. Finally conclusions are drawn in Section[5.9] where suggestions for the further research
are also presented.

5.3 Path Loss Models

Signal transmission is subject to propagation loss or path loss. The diversity and type of
obstacles between the transmitter and receiver (like, buildings, trees, vehicles, lampposts
and so on) have a substantial contribution on the accounting of the total propagation losses.
Cellular optimization trade-offs result from the co-channel interference imposed by nodes
in the same heterogeneous network layer or by nodes in other sublayers operating with the
same subchannels.

The cellular planning process allows predicting the cell range, cell coverage and throughput
trade-offs [155]], [168], [182], [183]. In the cellular optimization and planning process prop-
agation losses are expressed through SS-PLMs and DS-PLMs.

5.3.1 Single Slope Modeling

For the sake of simplicity, lets consider the PLMs presented in [5], [156], [184]], a generaliza-
tion of other SS-PLMs studied in [173], [[176]. Apart from the constant parameters, The path
loss, PL, only depends on the physical distance along the path, d;, and is defined as follows

PLl(LE) = aod’}, (51)

where « is the reference loss, at one meter, + is the path loss exponent (which, in this case, is
constant for any value of d), while d takes any value between one meter and R. The path loss
exponent could be determined experimentally by using an interpolation procedure [170]].
SS-PLMs are the simplest way to model propagation losses since they have simple mathe-
matical expressions and may lead to a large error between the PLM and the local path loss
values [155]. Because of their “single” mathematical expression, SS-PLMs do not capture the
impact of different topographic environments, or the difference in the behavior after the dis-
tance that separates the zone where the first Fresnel zone just touches the ground, or even the
impact of irregular cell patterns [155]]. In HetNets, SS-PLMs also fails at estimating losses,
since the laws of physics applied to urban environments, where there is a reflection on the
ground, show that a dual slope (DS) behavior is observed. This behavior is more evident in
small cells networks for the sub-6 GHz bands [185]. To overcome the above limitations of
the SS-PLM, DS-PLM can be used, since they can appropriately describe the channel propa-
gation behavior in the UMi scenario.
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5.3.2 Dual Slope Modeling

We can express a DS-PLM as follows

ozod}1 ifl<z< dlBP

. . , .2
aod? AP x> dyy (5:2)

PLy(z) = {
where djp, is the breakpoint distance, either determined when the first Fresnel zone just
touches the ground or by the turning point between the LoS and NLoS zones [7], [158]. 11
and v, are the path loss exponents, where v; < 7. v, represents the path loss exponent for
distances shorter than d, » while 7, stands for distances longer than d; .

Authors from [173], [181], [185], [186]] compare mathematical modeling approaches between
SS-PLMs and DS-PLMs. They show that the use of DS-PLMs imply higher supported throu-
ghput for the longest cell radii in small cell outdoor environments. Authors from [7], [159],
[185] highlight that DS-PLMs present more accurate performance results for coverage prob-
ability and user association than SS-PLMs. In fact, DS-PLMs are gaining importance in the
characterization of propagation environments of the successive generations of mobile com-
munications systems, not only in earlier 3GPP releases [[177] but also in the ones from [187],
[188]], for 5G New Radio (NR) scenarios [130]].

5.4 Packet Scheduling

As a QoS-unware scheduler, PF does not consider any QoS parameter [84], [108], [189]. It
only schedules the traffic from a user when its instantaneous channel quality is high com-
pared to its own average channel conditions over time. The priority metric is defined above

in Section[3.3.1by equation
As a QoS-aware scheduler [84]], [108], M-LWDF extends the the metric considered in PF by
taking into consideration factors as delay and PLR, as follows

Tiq
wij = aiDHOL,iﬁ, (5.3)
where «; is a factor computed from QoS and Dy, ; is the head of line (HOL) delay for the
145, user. The factor o; is determined as follows
lo (5,‘
= — i(} ), (5.4)

]

where ¢; is the acceptable PLR for the i;, user and o; is the delay threshold for the i;;, user [83].

The weakness of the PF scheduler is its low spectral efficiency. In turn, the strength of the
PF is the good trade-off between the system throughput and data rate fairness among users.
M-LDWF is an inefficient scheduler at overloaded considerations but supports considerable
system throughput and enables an acceptable level of fairness [[84].
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5.5 Scenario

5.5.1 Physical Scenario

The UMi test scenario is composed by nineteen small cells with frequency reuse pattern three
(k = 3), as presented in Figure[5.2] This scenario deployment is an outdoor environment with
high density of users and traffic loads, where the antennas of the BSs and UEs are well below
the rooftops.

Results have been extracted at the central hexagonal-shaped cell, while interference is im-
posed by the remaining six cells, as shown in Figure When users move to another cell,

AY

&)
VAN VA
D1

Figure 5.3: Simplified view of the UMi test scenario, where there is a tier of interference with the same
subchannels in each node.

they suffer handover, and start using the subchannels from the frequency band available in
the new cell. The inter-site distance, D, is the distance between two cells (one is the central
one and others are in the first tier of interference) operating with the same set of subchannels,
is equal to D = v/3kR, where R is the cell radius [179].

5.5.2 Urban Micro line-of-sight

We have considered the UMi scenario in LoS, and the deterministic DS-PLM from [16]].
Equation [5.5) presents the path loss, PL, between the BS, at the cell center, and UEs located
up to the breakpoint distance, as shown in Figure

PL,(z) =22.0log,,(d) + 28.0 + 201og,,(fc), (5.5)

where d is the distance between the BS and the receiver, in meters, and /. is the frequency,
given in GHz. For distances longer than the breakpoint distance, the PL is calculated by

equation

(5.6)
— 18log,y(hue — 1.0) + 2logo(fe),

where hpgs and hy g are the antenna heights for the BSs and UEs, respectively. The BS and
UE antennas are outdoor and located below the rooftops of the surrounding buildings. The
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breakpoint distance, d, , is computed as follows

4, — Mhps = L0)(hwp = 10)e ()

Cy

where ¢, is the velocity of the radio frequency signal in free space (equal to the speed of light),
generally accepted to be approximately 3 x 10® m/s.

5.5.3 Radio and Simulation Parameters

This work compares the 4G radio coverage and frequency reuse trade-off of the 2.6 GHz, 3.5
GHz, and 5.62 GHz frequency bands. The bandwidth available per tier is 20 MHz, i.e., 60
MHz bandwidth in total, as reuse pattern three is considered. Figure|5.3|presents the cell of
interest and six cells from first tier of interference. Different frequencies are represented by
different colors in Figure[5.2] The height of small cell BS is 10 meters while the height of UEs
is 1.5 meters. R varies from 20 m up to 1000 m. The top part of Table[5.1]presents the values
of the radio parameters.

Table 5.1: Radio and Simulation Parameters.

Parameters Frequency Bands
2.6 GHz | 3.5GHz | 5.62 GHz
Transmitter power [dBm] 40 ‘ 42.2478 ‘ 46.6953
Number of BSs 19
Reuse pattern 3
Bandwidth per tier [MHz] 20
Effective BS height [m] 10
Effective UE height [m] 1.5
R [m] [20, 1000]
Application Video
Bit rate [Mb/s] 3.1
Simulation duration [s] 46
Flows duration [s] 40
Number of simulations 100

More simulation parameters need to be considered to evaluate radio network performance,
as presented at the bottom part of Table The considered application is video with a bit
rate of 3.1 Mb/s [88]]. The simulated time is 46 seconds and video flows have a duration of
40 seconds. In order to obtain statistical significance for the results, each combination of the
parameters was simulated one hundred times.

Improvements in LTE-Sim were made to account for the UMi scenario. The version of the
simulator considered in this work includes not only the improvements specifically imple-
mented for this work but also previous improvements, which are freely available under the
GPLv3 license in [[190]].

The improvements involved to upgrade the bandwidth manager class in the code of the sim-
ulator (to accommodate the 3.5 GHz and 5.62 GHz frequency bands for the DL and uplink).
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The class that defines the location of the cells has also been updated to consider frequency
reuse three, as shown in Figure|5.2

5.6 Cellular Planning Trade-Off

The carrier-to-interference ratio (C'/I) and SINR are considered in the cellular planning
in the DL while assuming orthogonal frequency division multiplexing with static allocation
scheme. The adoption of dynamic MCSs involves that each MCS entails a minimum SINR.
Coverage and frequency reuse optimization is required to optimize the radio and network
planning trade-off.

5.6.1 Carrier-to-interference Ratio Formulation

C'/I comprises a formulation with exact values of the interference from the BS of the first, sec-
ond and third tiers of co-channel cells (interfering nodes) into the UEs, that can be expressed
as shown equations In these equations, the exact position of each interferer is
considered in each tier of interference. In the DL, the C'/I is given by the following equations,
for the 1%t, 27 and 3" rings of interference of the small cell network, respectively, for K =

3 [181],

C R
A , (5.8
List 2(D+0.66394R) ™" +2(D — 0.31395R) " + (D + R) "+ (D — R) ™" (5:8)
¢ . (5.9)
Iand 9(/3D +0.88915R) " +2(v/3D + 0.8591R) " +2(v/3D — 0.84799R) "~
¢ = e (5.10)
I3d 22D + 0.55802R) ™" +2(2D + 0.47727R) " + (2D + R) "+ (2D - R)™"" 7

To consider the first tier of interference nodes is a valid approximation, since the interference
obtained from the second and third tiers, is minimal compared to the preceding tiers. N.B.:

in equations|s.8}, one is not representing different propagation exponents, although
different distances are considered for R and D, and different exponents may then be applied

in the real computations.

5.6.2 Exponential Effective SINR Mapping

Figure [5.4| presents high resolution results for the EESM considering the cell radii of 100 m

and 500 m. Figures|5.4al|5.4bl [5.4¢ present results for the cell radius of 100 m, for the three

frequency bands. Short cell radius implies low values for the EESM, specially near the cell
edge. These happens since the interference imposed by the interfering neighboring cells is
too high.

105



EESM [dB]
3] B
(e (=] S

—_

00

¥ [m] -100°-100 x [m]

(a) 2.6 GHz, R =100 m

[N
(= -

. EESM [dB]
[e)

00

mh
Wl
0 0

500 -500
¥ [m] x [m]

(d) 2.6 GHz, R =500 m

Figure 5.4: EESM for cell radii of 100 m and 500 m.

100

500

40 40
) )
=) =20
> >
z z
m o0 m 0

100 100 100 100

0 : 0
-100 -100 -100 -100
¥ [m] x [m] v [m] x [m]
(b) 3.5 GHz, R =100 m (¢) 5.62 GHz, R =100 m
_40 _40
m = ‘
=20 =20
= III' z o,
z L —_——
m m
500 500
0 500 0 , 500
-500 -500 -500 -500
y [m] x [m] ¥ [m] x [m]

(e) 3.5 GHz, R =500 m

() 5.62 GHz, R = 500 m

Figure presents results for the lowest considered frequency, i.e., 2.6 GHz, where there

is a slight advantage compared to the other two frequency bands. In the 2.6 GHz band, the

highest values of EESM occur for a broader zone of the total area of the cell, compared to the

other two bands, and then in the 3.5 GHz frequency band, compared to the 5.62 GHz band, as
shown in Figure[5.4b] When the cell radius varies from 100 m to 500 m Figures
there is a clear enhancement EESM, which achieves the highest values in a broader
central zone of the cell. The increase in frequency leads to a similar behavior in comparison

with cells of 100 m.

Figure[s5.5 presents results for the cumulative distribution function (CDF) of EESM for radii
of 100 m and 500 m. For R = 100 m and an EESM up 8 dB the 2.6 GHz frequency band

0.8F
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Figure 5.5: Comparison of CDF of the EESM between different frequency bands, for cell radii of 100 m and 500

m.

achieves 93%, for 3.5 GHz 95% and for 5.62 GHz 97%. By considering R = 500 m, EESM
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equal to 8 dB is used in 72% of the cell area for the 2.6 GHz and 3.5 GHz frequency bands,
while the corresponding area is 76% for cells operating at the 5.62 GHz band.

5.6.3 Achievable Modulation and Coding Scheme

UEs determine the CQI from the value of EESM from the received transmission. After the
determination of the CQI, the UE sends its value to the cell node via a feedback channel
with the adjustable delay. With this received channel quality information, the cell node can
determine the MCS, and translate it to the transport block size (TBS), with the adequate
procedure [108]]. The MAC sublayer determines the payload for the physical layer. This
payload is the TBS and quantifies the number of bits to be transferred in the ongoing TTT (1
ms). The TBS table available from [191] provides the size of data to be transmitted to the UE.
Figure[s.6|presents the results of the CDF for the MCS for R = 100 m and 500 m. At 2.6 GHz

1

0.8 T

0.6

CDF [%]

—2.6 GHz, R=100m ||
—3.5GHz R=100 m
5.62 GHz, R=100 m

021 i ---2.6 GHz, R=500m f
: ---3.5GHz, R=500 m
. 5.62 GHz, R=500 m
0 5 10 15 20 25 30
MCS

Figure 5.6: Comparison of the CDF of the MCSs among different frequency bands, for cell radii of 100 m and
500 m.

for R =100 m, a MCSs lower than 10 is achieved in 86% of the cells, while in the 3.5 GHz and
5.62 GHz frequency bands it is achieved for 90% and 95%, respectively.

When R = 500 m, the values of the MCSs are identical for the 2.6 GHz and 3.5 GHz frequency
bands. In these bands, 69% of the cell uses a MCS lower than 12, whereas, for the 5.62 GHz
frequency band, 73% of the cell users achieve a MCS lower than 12.

5.6.4 Frequency Reuse Trade-off

Figures and present the variation of the SINR along with the distance d [181], from
the cell center to the UE, for cell coverage radius of R =100 m and R = 500 m, where distances
followso <d < R.

The behavior of the SINR curve is similar for all curve frequency bands. A minor inflection
point is observed at the breakpoint distance. The breakpoint distance is calculated by con-
sidering equation|5.71 Values of the breakpoint distance are presented in Table[5.2]

The 2.6 GHz frequency band shows the highest SINR. Due to the highest path loss between
the small evolved NodeB (eNB) and UEs when C'/I is lower, the resulting SINR is lower. In
practice, this effect is more evident near the cell edge, because, overall, the chance of having
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Figure 5.7: Comparison of the SINR among 2.6, 3.5 and 5.62 GHz frequency bands.

Table 5.2: Values of the breakpoint distance for different frequency bands.

Frequency Bands
2.6 GHz | 3.5 GHz | 5.62 GHz
’ dgp 156 m 210 m 337.2m

NLoS at long distances is higher. The propagation exponent is v = 2.2 for the shortest d,
corresponding to a considerably lower SINR, as shown in Figure and Figure|5.7b

5.6.5 Supported Cell Throughput

The supported cell throughput can be used as measure to predict the system capacity [181].
By considering the implicit function formulation from [181], the supported cell throughput
is computed by weighting the physical throughput at each coverage ring by the size of the

crown, as follows

Zn Ry, (d — d7_,)
Rb_sup = ( R2 1 s (5-11)
=1

where Ry, is the physical throughput for the MCS that corresponds to the i* ring. Results are
presented in Figure where the mapping with the average SINR [181]] is also presented.
Results for the supported throughput as a function of R are presented in Figure 5.8, where
the mapping with the average SINR [180] is also presented.

For the considered frequency bands and cell radii shorter than 1000 m, values of the sup-
ported throughput per cell, Ry, ,,,, are similar among the bands for R, up to circa d;B p/Tees
where r.. is the reuse factor (for example at 2.6 GHz, d'B p =156 m, then R = 52 m for k = 3,
and r.. = V/3k = 3). For Rs shorter than this value the propagation exponent for interfer-
ence is v = 2.2. Only for D = r.. x R beyond djg p the propagation exponent becomes v = 4,
and system capacity benefits from the highest power decay. Then, it increases faster for the
lowest frequency bands but achieves a similar maximum value. For Rs up to circa 850 m,
even though lower values of the supported throughput occur at 5.62 GHz, one can perceive
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Figure 5.8: Mapping between the average SINR and equivalent supported throughput for the 2.6, 3.5 and 5.62
GHz frequency bands, for values of cell radius up to 1000 m.

that, when the system turns to be noise limited (not interference limited anymore) the sup-
ported throughput at 5.62 GHz becomes higher than the ones at 2.6 GHz and 3.5 GHz (for Rs
of circa 840 m and 880 m, respectively). After achieving its maximum value, the supported
throughput decreases at 600 m, 820 m or 1040 m (although the latter results is not shown
in the view graph), for 2.6 GHz, 3.5 GHz and 5.62 GHz, respectively.

5.7 Simulation Results at the Saturation Level

Results for system capacity are determined at a saturation level, corresponding to PLR < 2%
(and maximum delay less than the 150 ms target), according to 3GPP TS 22.105 [97]. The
packet loss ratio (PLR) is the ratio between the total number of packets that do not reach
their destination and the total transmitted packets. Above this 2% target, the user’s service
quality (mapped into the quality of experience) decays. The network topology considered
in this work and presented in Figure |5.2| comprises a set of small cell nodes and UEs. UEs
are uniformly assumed to be distributed in the central cell, according to the assumptions
from [102].

5.7.1 Simulation Method

The bit rate of the considered video trace is 3.1 Mb/s. By considering the mathematical mod-
eling available in the literature, and results for the EESM and MCS from Figure[s.5/and Fig-
ure we have adopted the following approach in the simulations. Simulations have been
run for different values of R and frequency band, by initially considering only one user. Sim-
ulations runs have been performed 100 times. First, we have extracted values for the average
PLR. If the average PLR did not surpass the 2% target, we would add one more user and per-
form new 100 simulation runs for each R, and frequency band. Then, users kept being added
up to the PLR surpassed the 2% target. A 95% confidence interval has been considered.
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5.7.2 Packet Loss Ratio

Figures [5.11] present results for the average PLR as a function of R, with the num-

ber of users as a parameter by considering the above mentioned simulation method. Fig-
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Figure 5.9: Results for the average PLR as a function of the cell radius with the number of users as a parameter,
for the different frequency bands for the PF scheduler and 3.1 Mb/s video trace.

ures[5.9a, |5.9b} |5.9c/show the impact of the breakpoint distance for all frequency bands, the
number of users varied from one up to fifteen users. For values of R, shorter than the break-
point distance, the PLR presents the worst results. In fact, the PLR is considerably high when
short values of R are considered.

Results are presented in Figure for the M-LWDF scheduler. With the M-LWDF, the
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Figure 5.10: Results for the average PLR as a function of the cell radius with the number of users as a
parameter, for the different frequency bands for the M-LWDF scheduler and 3.1 Mb/s video trace.

breakpoint distance has the same impact. For Rs shorter than djp/rcc (rec = 3) in the
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present study, the average PLR is considerably higher than for Rs longer than the break-
point distance. It is worthwhile to note that for the same number of supported users, the
M-LWDF clearly presents lower values for the average PLR. As introduced in Section
the behavior of having much larger values of the PLR for R < dj;/rcc was expected, since
somehow the two-slope behavior penalizes the shortest cell radius.

Another way to analyze the behavior of the average PLR is to present results as a function of
the number of users, with the cell radius as a parameter, as shown in Figure As such
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Figure 5.11: Results for the average PLR as a function of the number of users with the cell radius as a
parameter, for the different frequency bands for the PF and M-LWDF schedulers and 3.1 Mb/s video trace.

the impact of considering more users is better visualized, as shown in Figures
For longer values of the cell radius (corresponding to more supported users), when the
number of users increases beyond a giver number of users (typically for more than six users),

the PLR starts to increase exponentially. For the shortest Rs, the PLR starts increasing ex-
ponentially for few users.

5.7.3 Maximum Number of Supported Users

We have obtained the number of supported users for a PLR < 2%, as presented in Figure|5.12
For both schedulers, the maximum number of supported users was obtained for values of R
longer than the breakpoint distance. From Rs equal 20 m up to 80 m, the 2.6 GHz and 3.5
GHz frequency bands support the same number of users. For 80 < R < 250 m, the best
performance occurs for the 2.6 GHz frequency band. Between 250 < R < 500 m, the 2.6
GHz and 3.5 GHz frequency bands support the same number of users. For the remaining, Rs
the 5.62 GHz band presents the best performance. In some cases, the maximum number of
users is supported for more values of R. For 3.5 GHz, this behavior occurred for four values
of R, and three/two times for the 2.6 and 5.62 GHz frequency bands, respectively.

5.7.4 Maximum Average Goodput

After determining the maximum number of supported users considering the PLR target of
2%, it is possible to extract the maximum average goodput for all the considered frequency
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bands, as shown in Figure (example for the M-LWDF scheduler). For the considered
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video (VID) application, the maximum obtained average goodput was ~ 15.7 Mb/s. The
maximum average goodput for the 2.6 GHz frequency band occurs for cell radii in the range
from 300 m up to 500 m. At 3.5 GHz, the same behavior is observed but the approximate
maximum is obtained between 300 and 700 m. At 5.62 GHz, the maximum for the average
goodput occurs for Rs between 600 m and 700 m.

Average goodput results for the PF scheduler from Figure[5.13]are slightly lower than the ones
obtained with the M-LWDF scheduler. The maximum average goodput for the frequency
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band of 2.6 GHz also occurs for 300 < R < 500 m. However, for the 3.5 GHz frequency
band, the maximum average goodput only occurs at R = 400 m. On the other hand, the
maximum average goodput in the 5.62 GHz frequency band becomes constant for values of
the cell radius longer than 300 m. Because the system becomes noise limited for the longest
cell radii, a common behavior for both schedulers and frequency bands (the only exception is
for the M-LWDF scheduler and the 5.62 GHz frequency band) is the decrease of the average
goodput after its maximum is achieved. This occurs for R > 900 m (longest Rs for higher
frequencies). The highest maximum average goodput is achieved for a broader range of Rs
in the 3.5 GHz frequency band. In this simulation results the 95% confidence interval does
not exceed 0.2% of the represented value.

The maximum analytical supported throughput presented in Section [5.6.5/is also presented
in Figure for comparison purposes. By only considering the video application with an
average bit rate of 3.1 Mb/s one achieves values much lower than the supported throughput.
However, it is a worth noting that the overall behavior of the curves is similar. The rational
behind this behavior is the inability of this video application to use all the resources for the
PLR < 2% service quality goal.

To make use of the resources that may be still available, one has considered that, apart from
watching video, users also consume BE applications. The BE application is modeled as an
ideal greedy source that always has packets to send, it only transmits packets when there are
available resources to send them [[102].

The lines identified with “VOI+BE” in the view chart from Figure present the sum of
the goodput of the video flows plus the goodput of the BE flows. The condition PLR < 2% is
verified by observing the curves, one can conclude that the above trend for the curves along
the cell size is similar. Furthermore, M-LWDF scheduler presents better performance than
the PF scheduler. With the addition of the BE flows, results closer to the analytical supported
throughput are achieved. The difference is justified by the use of SINR instead of EESM in
the analytical modeling.

5.7.5 Delay

Figure and Figure present the achieved maximum delays for the PF and M-LWDF
schedulers, respectively, while considering 2.6, 3.5 and 5.62 GHz frequency bands, and PLR
< 2%. The ITU-T limit of 150 ms for the maximum delay was never achieved [192]], [[193].
The maximum average delay of 32 ms occurs for the 3.5 GHz frequency band for R = 300 m
and ten supported users.

5.8 Behavior Beyond the Saturation Level

In [131], [133], the user quality of experience was determined by considering the mean opin-
ion score (MOS). To better understand the system behavior, results for the average goodput
beyond the PLR target of 2%, i.e., saturation level, are also presented in this work. Figure|5.16
presents results when the PF scheduler is considered. It is possible to observe that the aver-
age goodput does not increase linearly after the saturation level. After the turning point for
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Figure 5.14: PF scheduler Maximum Average Delay, with a video trace of 3.1 Mb/s.
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Figure 5.16: PF scheduler Average Goodput, with a video trace of 3.1 Mb/s.
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the number of users, the slope of the average goodput decays, as shown in Figure The
same behavior occurs for all the considered frequency bands, and achieves a maximum of ~
15 Mb/s (~ 15.7 Mb/s the 5.62 GHz frequency band).

Figure presents results for the average goodput for the M-LWDF scheduler. It is ob-
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Figure 5.17: M-LWDF scheduler Average Goodput, with a video trace of 3.1 Mb/s.

served that as shown in Figures|5.173} |5.17b} |5.17¢, while the the average goodput increases

with a constant slope up to the maximum achievable capacity (corresponding to the PLR tar-
get of 2%). After this turning point, it presents a decreasing slope for the three frequency
bands (and up to 15 users). In this case, the maximum goodput is ~ 20 Mb/s. Although
results for the average delay are not presented here, overall, in the simulations, with the PF
scheduler, we have obtained maximum values of around 230 ms for the delay. On the other
hand, the maximum delay is around 53 ms for the M-LWDF scheduler.

5.9 Summary and Conclusions

This Chapter investigated the sub-6 GHz urban micro cellular (UMi) outdoor scenario by con-
sidering a dual-slope path loss model (DS-PLM). The benefits of considering the DS-PLMs to
better capture the behavior of the propagation losses along the distance over the single-slope
path loss models (SS-PLM) are discussed.

From the analytical study, we have concluded that, even though lower values of the supported
throughput occur at 5.62 GHz for cell radius up to circa 850 m, one can perceive that, when
the system turns to be noise limited (not interference limited anymore), the supported throu-
ghput in theoretical terms at 5.62 GHz becomes higher than the ones at 2.6 GHz and 3.5 GHz
(for Rs of circa 840 m and 880 m, respectively). Results for the exponential effective SINR
mapping (EESM) at the 2.6 GHz are better for a wider cell area than results for the other
frequency bands for the same values of Rs. By considering system level simulations, values
for the packet loss ratio (PLR), goodput, and average delay as a function of the number of
users were obtained. To determine the maximum performance of the radio network for PLR
< 2%, we have considered video flows with a bit rate of 3.1 Mb/s. The number of supported

115



users was determined for the video application. The proportional fair, PF, and the modified
largest weighted delay first, M-LWDF, were assumed.

Values obtained for the PLR adhere to the lessons learned in the analytical study. First, for
R shorter than the breakpoint distance, when R decreases the PLR increases exponentially.
Second, for Rs longer than the breakpoint distance and up to 1000 m, the PLR first increases
and then decreases. For both schedulers, the M-LWDF scheduler allows for obtaining the
highest goodput, which occurs at 2.6 and 3.5 GHz for 300 < R < 500 m, while for the longest
Rs the highest goodput occurs at 5.62 GHz. N.B.: Although M-LWDF scheduler presents the
best performance than the PF in few cases the PF scheduler matches the M-LWDF perfor-
mance.

The maximum number of supported users is 10 for 300 < Rs < 700 m and all frequency
bands. The maximum average goodput obtained was ~ 15.7 Mb/s (at 5.62 GHz).

As the achieved values for the goodput (with video only) are much lower than the analytical
supported throughput, in a new set of simulations, one has considered that simultaneous
usage of video and best effort (BE) applications, while using resources that are still available.
It is observed that, with the addition of BE flows, results closer to the analytical supported
throughput are achieved when the M-LWDF scheduler is considered. It is also a worth noting
that, for PLR < 2% and R > djg p» delay first decreases and then increases. The maximum
obtained average delay is 32 ms (at 3.5 GHz, R = 300 m and 10 UEs).

Results for the average goodput and delay for values of the number of users with PLR > 2%
were also presented. It is possible to observe that although the average goodput increases
with a constant slope up to turning point that corresponds to the saturation level, after this
point, the slope of the the goodput curves decreases. While for the PF scheduler, we have
obtained a maximum value for the delay around 230 ms, for the M-LWDF scheduler, the
maximum delay is ~ 53 ms. N.B.: No restriction on the values of the PLR is considered while
extracting these values.

Suggestions for future work are two-fold: i) consider the EESM (and not only SINR) in
the analysis of the supported throughput, and ii) consider 5G New Radio and the 5G-air-
simulator [|87] in the analysis.
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Chapter 6

Conclusions and Topics for Future Research

6.1 Conclusions

If one truth is that Marconi’s first transatlantic transmission in 1901 was a significant step
toward advancing wireless telecommunications, the other most significant improvement has
been to confine base station coverage to successively smaller areas. Martin Cooper suggested
that the most significant improvement from 1950 to 2000 resulted from effectively confining
individual conversations to smaller and smaller areas by spatial division of spectrum reuse.
Shannon’s Law also confirms that the best way to increase capacity is to shrink cells be-
cause short-range may improves the carrier-to-interference ratio while improving capacity
and quality.

Connected devices outpaced the number of people on Earth in 2014. In 2016, approximately
three decades after the invention of the mobile phone as we see it today, there were 7.6 billion
connected devices. From these devices, 3.7 billion were unique subscribers. In December
2021 while the total world population was 7.8 billion people, there were 10.5 billion con-
nected devices. From these, 5.3 were billion unique mobile subscribers.

Beyond our desire, we also need to have most of the data traffic laid on the Internet. Applica-
tions are also requiring higher and higher throughputs, and Cisco identifies video streaming
as the application with the highest throughput requirement. In the future, ultra-high defini-
tion videos with virtual reality will require a significant long-term demand for bandwidth. In
the longer-term forecast the consumer segment will have 74% of the total devices connected
to the network. Machine-to-machine (M2M) nodes, the fastest-growing type of mobile de-
vice, will be half of the globally connected devices.

Network capacity improvements considering the Shannon-Hartley theorem can be made (in
a simplified way) by densification, bandwidth, or spectral efficiency. A base station (BS)
serves multiple users, so users share the bandwidth. If the density of users is high, each user
is only to have a small portion of that bandwidth. Reducing the cell size, more BSs have to be
deployed to cover the same area. Each BS is going to serve fewer users. Since each BS serves
a few users, the bandwidth per user will increase. If this increase continues until we have
one user per cell, the capacity increases linearly. With densification, the transmitter power
is reduced, and the total energy consumption becomes insignificant. With this reduction, in
terms of energy, only the processing power becomes relevant.

With the densification of the network, a new paradigm arises, the concept of ultra-dense
networks (UDN). The goal behind UDN is to reduce the distance between access nodes and
the users, which is only possible with the deployment of a massive number of small cells in
areas where immense traffic is generated. As a consequence, it is expected that the macro-
cells will not continue to be extended in terms of capacity. Capacity extension is being done
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by adding new low-power base stations in small cells overlaying to the existing macrocell
network. These low-power nodes are named (from the largest connection capacity) as mi-
cro, pico, and femto base stations. A network with these low-power nodes and the macrocell
nodes is called a multi-tier network or heterogeneous networks (HetNets). As, in each tier,
there will be a collection of one type of node.

Macrocells, microcells, and picocells form outdoor mobile networks that need radio fre-
quency planning, site selection, deployment, and maintenance (mainly by the operator).
Nowadays, 80% of the traffic occurs indoors, and most cellular networks are composed of
evolved NodeBs (eNBs). When high data rate indoor coverage is provided by outdoor eNBs,
if high order modulation and coding schemes, e.g., 64/128/256 QAM, are used, the (external)
walls from the buildings constitute an obstacle that is difficult to overcome, or is impassable,
and create indoor areas with weak or none signal coverage. Another approach to increase sys-
tem capacity is to adopt high frequencies. However, higher frequencies will lead to the same
problem of considering high order modulation and encoding schemes as signal coverage will
also be poor indoors. However, the microcellular solution does not solve all the identified
issues since it does not eliminate the physical barriers between eNBs and destination nodes
(usually known as user equipment, UE).

Efforts to achieve cells with small coverage areas lead to developing new type of cells, such as
picocells or femtocells. Femtocell networks are unique since end-users usually deploy them
indoors, with no planning. A home eNB (HeNB) is the hardware that provides radio signals
within the femtocell, a small, inexpensive, and low-power indoor base station. The nature of
the uncoordinated and disordered deployment of HeNBs is diverse from the existing network
deployments. This kind of deployment may originate new and more complex interference
problems in both down and uplinks.

In this thesis, Chapter [2| discussed femtocell deployments for a 3GPP dense indoor deploy-
ments. A modeling approach was followed where two types of topology were purposed, a dual
stripe model and a 5x5 grid model. This work adopted the 3GPP 5x5 grid model. The studied
indoor scenario comprises a building with one floor with a geometry of 5x5 apartment grid,
with 25 apartments. A HeNB can be deployed in the center of every apartment.

A mathematical modeling approach was presented to get results for the average signal-to-
interference-plus-noise ratio (SINR). In the UEs, the signal of interest is degraded by in-
terfering signals from the co-channel nodes. In the analysis of the SINR we considered the
deployment of 25 HeNBs with reuse pattern two. We obtained the average SINR as a func-
tion of the apartment side length and of the transmitter power. The apartment side length
varied from 5 to 35 m, while the transmitter power varied from -20 to 30 dBm.

Since reuse pattern two has been considered, we identified three different cases for the first
tier of interference as discussed in Section and picketed in Figure In the so-called
first case, there are four neighboring interferes just touching the vertices of the cell, there are
four adjacent co-channel cells causing interference (i.e., apartments just touching the vertices
in the square that define the considered cell) as shown in Figure[2.4]close to their apartments.
In the second case, there are only two neighboring interferes just touching the vertices of the
cell. In the third case, there is only one apartment neighboring interfere. Results show that
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for a grow apartment side length the increase of the transmitter power has impact in the
average SINR. From the second to the third cases, as the number of interferes decreases, the
average SINR considerably increases. However, while the apartment side length increases
and the transmitter power decreases, the average SINR considerably degrades.

After determining the average SINR for deployments with 25 HeNBs, we considered the same
topology but now with 4 HeNBs. For deployments with 4 HeNBs, the study of the average
SINR has shown that, for longer apartment sides, the variation on the transmitter power has
more impact on the average SINR than for shorter apartment side lengths. The study of the
average SINR has shown that the smaller the radius is the higher the average SINR values
are.

At the system level, the exponential effective SINR mapping (EESM) combines multiple
SINR values from multiple subcarriers into an effective SINR function that represents chan-
nel conditions. Chapter [2|also presented a study of the EESM for the scenario with 25, 4, 5,
and 6 HeNBs. For deployment ratio one, all 25 HeNBs will be active. For an urban-dense
HeNB scenario, 3GPP suggests 0.2 for the deployment ratio. This corresponds to having 5
HeNBs deployed in 5x5 apartment floor. The topology with 4 HeNBs has a deployment ratio
equal to 0.16 while the topology with 6 HeNBs has deployment ratio of 0.24. Aiming at ob-
taining results for the EESM, one adopted the use of LTE-Sim. LTE-Sim is an open-source
framework used to simulate LTE-Advanced networks, whose reproducibility of the results
is high. LTE-Sim was updated by us along the successive stages of this work and is freely
available as open source code [129]], [190].

For a 25 HeNBs deployment, results show that only in the areas closer to the HeNBs the
EESM achieves the maximum value. Closer to the walls, the EESM drops because of the in-
terference imposed by the neighbor interfering HeNBs. In the scenario with 4 HeNBs, the
area covered by the higher EESM is more extensive than is the case with 5 HeNBs. Although
the number of resources available with 6 HeNBs is higher than with 5 or 4 HeNBs, this sce-
nario presents lower areas/zones where the EESM reaches the maximum value. By analyzing
different scenarios, one concludes that increased transmitter power values correspond to ex-
panded areas where the EESM achieves the maximum value of 40 dBm. With 4 HeNBs, the
area with the lowest EESM is the same for any combination of apartment side length and
transmitter power. This area corresponds to 5.76% of the total area. With 5 HeNBs, this
area is 7.2%, while with 6 HeNBs the area with the lowest EESM is 10.4% of the total covered
area.

By considering system level simulations with LTE-Sim, values for the packet loss ratio (PLR),
goodput, and average delay as a function of the number of users were obtained. The consid-
ered applications is video (at 440 kb/s) and best effort (BE). We considered the proportional
fair (PF), frame level scheduler (FLS), and exponential rule (EXPRule). These schedulers
are channel sensitive, i.e., the UEs intermittently forward a channel quality indicator (CQI)
report to the eNB. This CQI report presents the channel quality experienced by each UE and
estimated by the scheduler. The packet scheduler in the BS assigns the radio resources to the
UEs.

In this part of the work, first we considered a simulation scenario with four UEs per HeNB,
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frequency reuse one, and 10 MHz bandwidth for the eNB and HeNBs. From the simulated re-
sults, we observe that the FLS presents better performance than the PF and EXPRule sched-
ulers. The best performance occurs when the transmitter power is between 10 and 20 dBm
for all the apartment sides.

Simulations were also performed for the same topology with frequency reuse two. In this case
the eNB operates with a bandwidth of 20 MHz and frequency reuse one. HeNBs operate with
10 MHz bandwidth and frequency reuse two, and are the same frequency band for the eNB.
One observed that the performance of the FLS is nearly identical when the frequency reuse
is equal to one. When the frequency reuse pattern increases the average goodput for the BE
flow considerably increases. This means that there are more available resources to transport
more data. Since the average goodput with both reuse patterns is the same, we can conclude
that it is possible to support more users in each HeNB. Values obtained for the PLR also show
that, in fact, we are not closer to the 2% PLR target.

With reuse pattern two, we consider the 2% PLR target for video to obtain the maximum
supported capacity for 25 HeNBs. The system was taken into saturation by equitably es-
calating the number of users (consuming video applications) in each HeNB. For apartment
side lengths of 20, 15, and 10 m, the PF scheduler supports between seven and twelve users.
EXPRule supports between eight and eleven users, while allows for FLS supporting between
twelve and sixteen users for the PLR target 2%. For small apartment sizes, PF is a better op-
tion than the EXPRule scheduler. When larger apartment sizes are analyzed, the opposite is
observed, and the EXPRule option prevails. The overall analysis shows that the FLS performs
better than the other two packet schedulers for the considered applications. For the BE flow,
it is straightforward to conclude that the behavior of all the packet schedulers is identical.
The goodput varies only when the apartment side length also varies. The maximum aver-
age goodput for BE keeps the same behavior as that of the theoretical average SINR. Results
show that the higher the maximum goodput for video is the lower the maximum goodput for
BEis.

Chapter |4/ addresses the possibility of deploying 4, 5, or 6 HeNBs to provide coverage to a
3GPP 5x5 apartment grid geometry. First, we analyzed a performance evaluation in a sce-
nario with 4 HeNBs and each one of the HeNBs serving eight users. The three schedulers,
PF, FLS, and EXPRule, obtain the same maximum average goodput. All present schedulers
combinations of transmitter power and apartment side length were the average PLR is lower
than 2%. This means that the system is possible to add more users and explore saturation
conditions.

We have analyzed the system, when the 2% PLR target is achieved for the video application in
the scenarios with a variable deployment ratio, i.e., with 4, 5, and 6 HeNBs while considering
the FLS scheduler (N.B.: The 3GPP target for delay was never achieved in our simulations).
By considering results from Chapter |2} we expect to support more users in 5x5 apartment
floor with 4 HeNBs than with the other options. As the number is higher, the scenario with
6 HeNBs enables to achieve more supported users (114 UEs against 96 UEs with 4 HeNBs
and 85 UEs with 5 HeNBs). Although 6 HeNBs get a lower EESM, the available HeNBs have
more resources to support more traffic data. While with 6 HeNBs provide higher capacity, a
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scenario with 4 HeNBs enables better coverage. For BE, the behavior for all scenarios is the
same. 3GPP suggested a maximum of 5 HeNBs corresponding to a deployment ratio of 0.2.
However, this deployment shows the worst performance compared to the other topologies.

The research at the indoor scenario goes further than the assumptions of 3GPP by consider-
ing an high-density deployment of HeNBs and users. This work also explored variations in
the transmitter power of HeNBs and variation in the apartment floor topology dimensions.
For indoor scenarios and video flows, it is essential to highlight that it is possible to operate
the system without setting the HeNBs transmitter power to the maximum value. With this
action, we will not compromise the overall system performance. If the transmitter power
is set for lower values, this can be a step toward achieving greener mobile communication
systems. The results for BE applications also show that it is possible to consider, in most
cases, a reduction in the transmitter power. This reduction does not have a negative impact
on system performance and can provide a reduction in energy consumption for both videos
and BE flows.

Simulation results confirm the lessons learned from the theoretical and performance studies.
With the considered indoor scenarios and simulation parameters, this work shows to future
practitioners looking at deployment scenarios that the 3GPP appointed deployment ratio
is not the optimal choice. In terms of coverage area with higher SINR or even in terms of
capacity. Other deployment geometries probably could present a similar behavior to the
considered in this work, where the maximum number of HeNBs suggested by 3GPP is not
the best choice.

Although mobile communications traffic is shifting from outdoor to indoor environments,
we must also address service quality in outdoor scenarios. Chapter |5|investigated the sub-
6 GHz urban micro cellular (UMi) outdoor scenario by considering a dual-slope path loss
model (DS-PLM). The benefits of considering the DS-PLMs to better capture the behavior of
the propagation losses along the distances (over the single-slope path loss models, SS-PLM)
is discussed.

From the analytical study, we have concluded that, even though lower values of the sup-
ported throughput occur at 5.62 GHz for cell radius up to circa 850 m, one can perceive that,
when the system turns to be noise limited (not interference limited anymore), the supported
throughput in theoretical terms at 5.62 GHz becomes higher than the ones at 2.6 GHz and
3.5 GHz (for cell radius, Rs, of circa 840 m and 880 m, respectively). Results for the EESM
(obtained by simulation with LTE-Sim) at the 2.6 GHz are better for a wider cell area than
results for the other frequency bands for the same values of cell radius, Es.

To determine the maximum performance of the radio network for PLR < 2%, we have con-
sidered video flows at a bit rate of 3.1 Mb/s. The number of supported users was determined
for the video application. The proportional fair, PF, and the modified largest weighted de-
lay first, M-LWDF, were assumed. The 3GPP target for delay was never overcame in these
simulations.

Values obtained for the PLR adhere to the lessons learned from the analytical study. First, for
R shorter than the breakpoint distance, when R decreases, the PLR increases exponentially.
Second, for Rs longer than the breakpoint distance and up to 1000 m, the PLR first increases
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and then decreases. For both schedulers, the M-LWDF scheduler allows obtaining the high-
est goodput, which occurs at 2.6 and 3.5 GHz for 300 < R < 500 m, while for the longest
Rs, the highest goodput occurs at 5.62 GHz. The maximum number of supported users is
10 for 300 < Rs < 700 m and for all frequency bands. In this 4G outdoor deployment, the
maximum cell average goodput obtained was ~ 15.7 Mb/s (at 5.62 GHz).

6.2 Recent Research Trends in Literature

Beyond the research from this thesis, the research community is studying femtocells in the
last years, publishing works in topics such as power control, interference, energy and spec-
tral efficiency, beamforming, resource allocation on resource sharing, network configura-
tion, techniques to reduce delay, mmWave, UAVs scenarios and visible light communications
(VLC). The evolution that leads us to the 5G cellular networks leverages the importance of
small cells as small cells are gaining critical importance in fulfilling the requirements of 5G
networks [20]] and their evolution.

6.2.1 Power Control, Resource Allocation and Energy Efficiency

The non-orthogonal multiple access (NOMA) is a power-based multiple access technique in
which multiple users combine at different power levels but at the same time or frequency or
code [194]. This technique is being used for 5G networks to enhance the spectral efficiency of
all networks. Asin [[194]] the new power allocation scheme for downlink (DL) takes advantage
of multiplexing cognitive radio (CR) with NOMA. For two femtocell users (FUESs) that are
using the same channel, the stronger user is interfering with the weak user. An CR-NOMA
is required to control the NOMA interference among the FUEs. The CR applied to NOMA
provides a channel assignment at the femtocell networks to mitigate the co and cross-tier
interference. This will result in an enhancement in the data rates of FUEs and also in the
macrocell users (MUEs). They integrate also a joint channel allocation and power control
with CR-NOMA at the femtocell layer.

The resource allocation for a single carrier (SC) is studied in [195]]. It is considered that the
macrocell shares spectrum with some femtocells, to protect the data rate of MUEs. To limit
the interference over the assigned subcarriers, authors consider two different criteria. In
the first criteria, the interference for each FUE to the macro base station is restricted. This
applies to distributed network femtocells without a central processing unit. In the second,
they confined the total interference for all FUEs at the macro base station. They required
here a central processing unit with global channel information to perform the subcarrier and
power allocation. These central units could not be desirable and different femtocells could
implement a semi-distributed algorithm based. Authors obtained the optimal power and
subcarrier allocation in the scenario with the first criteria. In a scenario with the second
criteria, authors also get optimal power and subcarrier allocation.

Based on a theoretical analysis, authors from [[196] proposed two distributed algorithms,
which are suitable to the decentralized blockchain-based femtocell networks. Their aim is to
guarantee the QoS requirements for the macro and FUEs based supported in power control.
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The proposed power control scheme improved data transmission and guarantees the relay re-
quirements, thus enhancing the QoS of the mobile communication based on the blockchain.

The hybrid access mode for femtocells is not ideal, but a compromise between the open or
closed modes is studied in [[11]] to seek rate maximization. Based on a Stackelberg game, the
authors proposed a mechanism to incentivize femtocells to adopt the hybrid mode. They
proposed the incentive mechanism in order to solve the robust DL power control problem,
formulated in a two-tier femtocell network. They base this on an economic return from the
macro BS, the femto base stations decide whether is worth opening their resources. With the
proposed mechanism the throughout the networks improved and well the outage probability
of users was reduced.

In line with the previous work [11], a power control scheme in a two-tier femtocell is also pro-
posed in [197]. They proposed a fuzzy logic system to infer and estimate the channel gain.
Since the fuzzy logic system requires small computation, the channel state indicator (CSI)
can be obtained on the communication, including transmitting, power and received-signal-
strength-indicator (RSSI). The authors proposed an effective power control scheme to guar-
antee the performance of a two-tier network. When the communication environment change,
using fuzzy inference the proposed fuzzy logic system, the power allocation can timely adjust
according to the instantaneous CSI. The proposed scheme not only minimizes the power but
also guarantees the QoS of each user.

In [198]] is assumed that femtocells have cognitive radio capacity and that capacity are used
to seek unused resource blocks (RB). In this work, they divided the optimization problem of
resource allocation in RB allocation and power allocation, either focus on the power control.
A proportional-integral controller for femtocell is proposed. The presented numerical results
illustrate the convergence of the algorithm, as well as verify the advantages of the proposed
scheme.

The trade-off between spectral efficiency (SE) and energy efficiency (EE) metrics of OFDMA
based macro and femtocell networks was studied in [[199]]. When optimizing, either EE or
SE does not signify that both are becoming optimized. As matter of fact, the optimum EE
response may result in bad SE and also vice-versa. They express mathematically it an EE-
SE trade-off multi empirical case, with the establishment of transmit power Pareto optimal
set (POS) for constant BS density and the BS density POS for constant transmit power. By
analytical and simulation results, they showed the significant rule for optimal transmit power
and SINR threshold in the response of EE as a function of SE.

Authors from [200] proposed an energy-efficient resource allocation scheme for simulta-
neous wireless information and power transfer (SWIPT)-NOMA, based in FUEs. Authors
considered FUEs present imperfect channel state information. They integrated the SWIPT
and NOMA at the femto base station in the quest to improve energy efficiency and spectral
efficiency of femtocells. They integrate SWIPT since it enhances the transmission power of
Femto users. Integrating NOMA is made to improve the spectral efficiency. To increase the
EE the NOMA and energy harvesting (EH) were integrated into the femtocell network, in or-
der to increase the EE. The optimal value of power was determined using a Lagrangian dual
decomposition. Mathematical analysis and simulations showed results of the effectiveness

123



of the proposed scheme showed it.

The question of what operation mode should a small cell use is discussed in [201]]. The four
addressed modes are the active, standby, sleep and off ones. The authors aim is to enhance
the EE for hyper-dense small cell networks by designing a low-complexity sleep strategy for
the BSs. In this work it is specified that the active standby and sleep modes are for serving
the delay-intolerant, delay-sensitive, and rate-sensitive demands. They proposed it a low-
complexity algorithm that serves to boost the EE of small cell networks by switching properly,
the BSs into lower-energy operation modes. In one case, authors could boost the EE by 72%
and 51%, while according to [201], 2.66 and 1.2 BS could be turned off. Also 2.7 BSs could
operate in the sleeping mode, and 3.2 BSs could operate on standby.

6.2.2 Interference Mitigation and Hardware Implementation

To mitigate the interference in a two-tier femtocell in [202] is proposed, a power control
scheme. They discussed how to allocate powers efficiently, this means guaranteeing the QoS
requirements of MUEs while admitting as many FUEs as possible. To solve it, authors use
a non-cooperative game theory, where they plan the interactions among MUEs and FUEs.
After that a distributive iterative power update strategy to allocate the transmission power
was developed. By simulation, authors showed that with the proposed scheme is possible to
guarantee the UES required SINR while allowing as many FUEs as possible to share network
resources.

Authors from [|203]], identify the interferer HeNB as a rogue-HeNB. These rogue HeNBs are a
consequence of the ad hoc deployment of HeNBs since they are deployed uncoordinated or as
an illegitimate HeNB. In [203] it is tried to locate these rogue-HeNBs by a two-dimensional
map of the received SINR. They derive mathematical proof to justify that the existence of any
femtocell interference. Then the method proposed was tested in two real-world experiments.
These experiential results show with the proposed method that the estimation of the position
is below one meter in the studied indoor environment.

The method proposed in [204] takes advantage of the availability of multiple subchannels to
identify inter-femtocell interference. In an experimental scenario, authors make use of uni-
versal software radio peripherals (USRPs) that emulate 4G networks [205]. In conjunction
with USRPs, the GNU radio software development toolkit that provides signal processing
blocks to implement software radios is also used [206]. The implemented setup is a pro-
posed and efficient method to identify inter-femtocell interference by analyzing the received
patterns observed by mobile stations. With the setup and the proposed method, it was to
show that the proposed interference identification method can successfully identify real in-
terferes while excluding non-interfering femtocells from suspect femtocells. Results show
an error probability of less than 0.2. The proposed method successfully identifies all real
interferes and at least 94% of the non-interfering femtocells.

Authors from [|207] proposed a scheme to jointly suppress the interference on the macrocell
users, and preserve the high data rates required by femtocell users under a centralized radio
access network. The contribution given is is to jointly mitigate cross-tier interference on the
macrocell UE, and to ensure high data rates for the femtocell UE under the same allocated
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power, time, and frequency resources. This results in a perspective of the femto base station
and the macro base station are treated as joint transmitters serving macrocell UE. Results
showed the superiority of the proposed scheme in achieving higher throughput compared to
more conventional schemes.

Research in the interference for 5G is also being conducted as in [208], where it is proposed
a joint resource allocation, interference minimization, user-level, and cell-level fairness. The
proposed joint aims to get the maximum resource reuse in 5G heterogeneous small cell net-
works. The scenario considers macro, femto and pico base stations. To solve the planned re-
source allocation problem while minimizing interference, maximizing fairness, and resource
reuse, they proposed three algorithms, a centralized, a distributed, and a randomized dis-
tributed. Results obtained by simulation show that the proposed algorithms show an in-
crease in performance of 26% and 16% compared to the existing distributed random access
and interfering model, respectively.

In 5G HetNets, the overall network needs to be improved to gain robustness and also re-
duce harmful interference. In [[209]], to improve the robustness of resource allocation and
maximize the total interference efficiency is proposed a joint optimization of the transmitter
power of the femto base station and a subcarrier allocation factor. Obtained simulation re-
sults show the effectiveness and superiority of the proposed scheme in terms of interference
efficiency and with a reduction in the interference at the macro users.

The power optimization and interference management in 5G UDN are still critical issues
[210]. In a two-tier micro-femtocell scenario, is proposed an allocation of femtocells that
takes place inside the microcell based on user density. This means femtocells form groups
according to the adjacency and the leader selection of each group. The aim of [210] is to
purpose a game theory to provide a frequency allocation method, which will provide better
SINR, spectral efficiency and effective resource utilization. The authors show through sim-
ulation, that in the proposed network and game theory, the power transmission decreases
by 23%-41%, the SINR improves by 12%-39% and spectral efficiency by 10%-37% than the
compared cellular network systems.

Authors from [211] studied the beamforming design problem for maximizing the minimum
sum rate of all the FUEs in a multi-cell multiple-input single-output HetNet. The aim is to
overcome the negative impact of hardware impairments on system performance. The opti-
mization of the system is made taking into accounting the constraints of the maximum trans-
mit power of each femto base station and the QoS of UE. Through simulation, authors verify
that the purposed algorithm by them achieves a good trade-off between the transmission rate
of the femtocells and the ability to overcome the hardware impairments.

6.2.3 Reduction of Delay, Scheduling, Adaptive Cell Selecting, UAVs and VLC

Caching content in femtocell networks is an attractive method for alleviating network con-
gestion in 5G wireless networks [212]]. In [212] are presented caching policies that can be
deployed at femtocell networks with limited storage capacity to pursue the reduction of de-
lay. Authors used real-world data-sets the NS-3 simulator, to show how the proposed caching
policies reduce the delay as also retrieving content in femtocell networks reduce the delay in
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femtocell networks. Results show that a 6% percent reduction in the average delay is ob-
tained in the worst case.

A new algorithm based on radius reduction and a scheduling strategy is proposed in [|213]].
This algorithm aims to achieve a reduction in power consumption and interference while
increasing fairness. In the first phase, a radius reduction of the femtocells is performed.
The densely deployed femtocells cooperate in finding the most suitable power setting for the
environment that surrounded it. In the second phase, the scheduling algorithm provides a
resource block scheduling scheme that uses vacancy requests to improve resource sharing
and service to users to meet their performance requirements. Authors have tested their al-
gorithm by prototyping experiments and simulations, where they could confirm the benefits
of their approach. They showed that the percentage of users who cannot meet their throu-
ghput requirements decrease, operating with lower transmission power and resulting in less
interference to macrocell users.

Within 5G, the heterogeneous ultra-dense networks (HUDN) are an enabling technology
comprising several types of small cells to enhance the performance of the network [214].
Authors in [[214]] propose a novel adaptive cell selection that adapts to various characteristics
of HUDNSs and vehicle movements. This adaptive cell selection shows up derived from the
traditional technique for cell selection is inapplicable in HUDN. The proposed cell selection
enhances the average achievable downlink data rates and spectral efficiency per vehicle by
3.98% and 2.79% compared with the traditional and the relevant recent schemes.

Unmanned Aerial Vehicle (UAV) is one interesting platform that is being equipped with fem-
tocells asin [215]. They presented it as joint use of UAVs and femtocells to perform intelligent
data sensing and geo-localization to identify off missing persons in natural disasters. The
search for people dispersed in a post-earthquake scenario is made through an innovative al-
gorithm for coupling mobile terminals. During the work, authors consider typical conditions
of a real application scenario, the accuracy obtained was greater than 60% with an average
error in estimating the position of about one meter.

The next step onto shrink BS is probably to adapt them to work with optical communica-
tions, as proposed in [216], [|217]. The growing demand for increased transmission capacity
and bandwidth together with 5G wireless systems has been opening up new opportunities for
non-radio frequency (RF)-based wireless technologies. VLC technology is a potential can-
didate for access networking in 5G, which offers higher spectral efficiency than RF-based
femtocell networks of three orders of magnitude [216]. The experimental results with VLC
presented in [216[] show data rates of 1 Gbps and 2 Gbps in the proposed scenarios. The study
in [217] presents a high sensitivity optical receiver that does not require light concentrating
optical devices and can tolerate angular variations up to 27°. This is a sign that the require-
ment of direct light between the access point and the terminal is in study to give up to be an
issue.
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6.3 Topics for Future Research Towards 5G Evolution

As discussed before, ITU releases the objectives of the new ITU standard to reduce green-
house gas emissions 45% by 2030. To achieve this important goal for the world, new research
works have to seek the reduction of energy consumption as one of the main priorities. Fu-
ture works on the 5G are being made in the power control, interference, energy and spectral
efficiency that is step forward. This research line can give a contribution toward more and
better services while reducing energy consumption.

One key part of the 5G NR air interface is the frame format, clearly impacted by the numerol-
ogy. Numerology varies form zero up to four, and is an indication of the subcarrier spacing.
Higher numerology only can be applied to smaller cell sizes, as well as when the frequency
increases. The research from this thesis, may be transposed to new simulators that consider
5G new radio, like the 5g-air-simulator, where the numerology can effectively be explored,
an open opportunity to immediate research.

3GPP started work on 5G-Advanced in Release 18, which will certainly be a challenge for
future research and development. By the end of June and early July of 2021, TSG radio
access network started to define what will Release 18 be. The high-level objective was to
gather company proposals in three areas: enhanced mobile broadBand (eMBB) driven work;
non-eMBB driven functionality, and cross-functionality for both.

As suggested by 5G Infrastructure Public Private Partnership, PPP, in the coming decade, 6th
generation mobile networks (6G) will bring a new era in which billions of things, humans,
and connected vehicles, robots and drones will generate zettabytes of digital information. 6G
will be dealing with more challenging applications, e.g., holographic together with 5G evolu-
tion framework, tele-presence and immersive communications, and meet far more stringent
requirements. These use cases in future communication systems will certainly be a challenge
for future research and development.
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Appendix A

Mathematica© Code to Determine the Average
SINR

This Appendix addresses the implementation of the code developed in Wolfram Mathemat-
ica©, [118] to determine the average signal-to-interference-plus-noise ratio (SINR) in the
5x5 apartment scenario, where all apartments have home eNodeBs (HeNBs) and reuse pat-
tern 2 is considered. The detailed process do obtain the average SINR is presented in Fig-
ure

The path loss of the interference signal, imposed to the user equipment for each tier of inter-

ference is present in Figures|A.2}|A.3land |A.4l Then the average interference power could be
determined for each tier or a combination of the existing tiers Figure and
The path loss of the received signal from the own cell is hampered by the consideration of the

Fraunhofer distance, Figures As the integral of sum of two or more functions is equal
to the sum of their integrals, the path loss calculus is divided into two parts, as follows. A
constant part, as shown in Figure[A.8] and a variable part, as shown in Figure[A.g] After the
determination of the path loss, it is possible to determine the average power, as shown in

Figure

With the average received powers from the interference nodes and own cells it is possible to

determine the average SINR, as shown in Figures|A.11}[A.12|and|A.13| Results for the average

SINR (computed by integrating SINR at given positions) are analyzed in the view chart from

Section
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Figure A.1: Flowchart do determine the average SINR.
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Figure A.6: Average interference power, second tier.
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Figure A.7: Average interference power, third tier.
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Figure A.9: Integration of the variable part of the path loss of own cell.
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2 | 5- SINR da primeira tier.nb

col[v_] := Hue[Rescale[v, {4, 50}]]

Plot3D[SINRDB, {P, -20, 35}, {L, 5, 35}, ColorFunction - col,
ColorFunctionScaling » False, ViewPoint » {-Pi, Pi, Pi},
AxesLabel » {"Transmitter Power [dBm]", "Apt. Side [m]", "Avg. SINR [dB]" },
BaseStyle -» { FontColor -» Orange, FontSize - 16,
FontFamily -» "Times New Roman"}, ImageSize - Large ]
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(b) Second part

Figure A.11: Computation of the Average SINR for the first tier of interference following the approach followed

in Section
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2 | 5- SINR da primeira tier meio CORRIGIDO.nb

Plot3D[SINRDB, {P, -20, 35}, {L, 5, 35}, ColorFunction - col,
ColorFunctionScaling -» False, ViewPoint » {-Pi, Pi, Pi},
AxesLabel » {"Transmitter Power [dBm]", "Apt. Side [m]", "Avg. SINR [dB]"},
BaseStyle -» { FontColor -» Orange, FontSize - 16,
FontFamily -» "Times New Roman"}, ImageSize - Large ]
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(b) Second part

Figure A.12: Computation of the Average SINR for the second tier of interference following the approach

followed in Section
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2 | 5- SINR da primeira tier canto CORRIGIDO.nb

Plot3D[SINRDB, {P, -20, 35}, {L, 5, 35}, ColorFunction - col,
ColorFunctionScaling -» False, ViewPoint » {-Pi, Pi, Pi},
AxesLabel » {"Transmitter Power [dBm]", "Apt. Side [m]", "Avg. SINR [dB]"},
BaseStyle » { FontColor - Orange, FontSize - 16,
FontFamily -» "Times New Roman"}, ImageSize - Large ]
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Figure A.13: Computation of the Average SINR for the third tier of interference following the approach followed

in Section
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Appendix B

Developed and Implemented Code in LTE-Sim
to Obtain the EESM

This Appendix addresses the implementation of code in LTE-Sim to obtain the exponen-
tial effective SINR mapping (EESM). Firstly is presented the implemented scenario and the
updates to LTE-Sim. Secondly is presented a scenario that turned possible to simulate any
number of deployed home eNodeBs (HeNBs) in a 3GPP 5x5 grid geometry.

The code is presented in the files named “test-sinr-femto.h” is fully available in [[129], [190].
The first file, with name “test-sinr-femto.h”, presents the correction on the code to obtain the
EESM, channel quality indicator (CQI), modulation and coding scheme (MCS), and transport
block size (TBS). The considered path loss model is WINNER II [113]]. As in the original code
the apartment side could be any value. In this scenario, apartment sides of 5 m, 10 m or 20 m
are considered. The boundaries of the building need to defined in the simulation scenario to
avoid a “segmentation fault (core dumped) error”. This definition is made according to the
apartment side. The code was updated, by considering the WINNER II path loss model. In
order to speed up the results analysis, some output information was avoided by commenting
the code.

The second file, with name “test-sinr-femto.h”, presents the implementation of the code to
simulate any reuse pattern, as well as to define the exact location of the HeNBs. With the
code available in [[129]], [[190], it is possible to obtain the EESM, CQI, MCS, and TBS for
deployment scenarios with: 2 HeNBs, 4 HeNBs, four different deployments with 5 HeNBs,
6 HeNBs and 9 HeNBs. Frequency reuse has to be select according to the deployment of the
HeNBs. Papers [[94], [100], [102] present results with the provided code.
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test-sinr-femto.h sexta-feira, 12 de novembro de 2021,

1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */

11:43

//

2/*

3 * Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari

4 *

5 * This file is part of LTE-Sim

6*

7 * LTE-Sim is free software; you can redistribute it and/or modify

8 * it under the terms of the GNU General Public License version 3 as

9 * published by the Free Software Foundation;

10 *

11 * LTE-Sim is distributed in the hope that it will be useful,

12 * but WITHOUT ANY WARRANTY; without even the implied warranty of

13 * MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

14 * GNU General Public License for more details.

15 *

16 * You should have received a copy of the GNU General Public License

17 * along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.

18 *

19 * Author: Francesco Capozzi <f.capozzi@poliba.it>

20 *

21 * Updated by: Rui R.Paulo <rrp@lx.it.pt>>

22 *

23 */

24

25 #include "../channel/LteChannel.h"

26 #include "../phy/enb-1lte-phy.h"

27 #include "../phy/ue-lte-phy.h"

28 #include "../core/spectrum/bandwidth-manager.h"

29 #include "../networkTopology/Cell.h"

30#include "../protocolStack/packet/packet-burst.h"

31#include "../protocolStack/packet/Packet.h"

32 #include "../core/eventScheduler/simulator.h"

33#include "../flows/application/InfiniteBuffer.h"

34 #include "../flows/application/VoIP.h"

35#include "../flows/application/CBR.h"

36 #include "../flows/application/TraceBased.h"

37 #include "../device/IPClassifier/ClassifierParameters.h"

38 #include "../flows/QoS/QoSParameters.h"

39 #include "../flows/QoS/QoSForEXP.h"

40 #include "../flows/QoS/QoSForFLS.h"

41 #include "../flows/QoS/QoSForM LWDF.h"

42 #include "../componentManagers/FrameManager.h"

43#include "../utility/seed.h"

44 #include "../utility/RandomVariable.h"

45 #include "../utility/UsersDistribution.h"

46 #include "../utility/IndoorScenarios.h"

47 //#include "../channel/propagation-model/channel-realization-helper.h"
RRP: Only the WINNER II is considered

48 #include "../channel/propagation-model/winner-downlink-channel-
realization.h"

49 #include "../load-parameters.h"

50 #include "../device/HeNodeB.h"

51#include <iostream>
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test-sinr-femto.h sexta-feira, 12 de novembro de 2021,

52 #include <queue>
53#include <fstream>
54 #include <stdlib.h>
55 #include <cstring>
56 #include <math.h>

57

58 static void TestSinrFemto (int riuso, double activityFactor)

59 {

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

91
92
93
94
95
96

97
98
99

100

srand (time(NULL));

int nbBuildings 1;
double duration 0.2;
double bandwidth = 20./riuso;

// CREATE COMPONENT MANAGER

Simulator *simulator = Simulator::Init();
FrameManager *frameManager = FrameManager::Init();
NetworkManager* nm = NetworkManager::Init();
FlowsManager* flowsManager = FlowsManager::Init ();

// CREATE FEMTOCELLS with HeNB

int idFemto = 101;

int idBuilding = 1101;

int buildType = 0; // TYPE 3GPP 5x5 grid

int nbFloors = 1;

int apartmentSide = 20; // RRP: Also change bellow
int femtoCellsInBuilding = 25;

int nbFemtoCells = nbBuildings * femtoCellsInBuilding;

for (int i = 0; i < nbBuildings; i++)

{
double rnd = (double) rand()/RAND MAX;
if (rnd <= activityFactor)

double buildingCenter X
double buildingCenter_ Y

0;
0;

nm->CreateBuildingForFemtocells(idBuilding, buildType,
apartmentSide, nbFloors, buildingCenter X, buildingCenter_ Y, idFemto,
femtoCellsInBuilding);

/* // RRP: We do not need this information
std::cout << "Building " << idBuilding
<<" position " << buildingCenter X
<< " " << buildingCenter Y

11:

43

<< " with " << femtoCellsInBuilding << " femtocells"

<< std::endl;

*/

// Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git and

ttps://github.com/RRP-IT/LTE-Sim-RP.git

}
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test-sinr-femto.h sexta-feira, 12 de novembro de 2021, 11:43

101

102 int idUE = 3001;

103

104 // RRP: Update to avoid the Segmentation fault (core dumped) error. In
2019 this problem was not yet solved.

105

106 // RRP: For 20 m apartment side

107 // RRP: Comment and uncommnet to use other side apartment sides
108 for (double x = -49.95; x < 49.95; x=x+0.999)

109 {

110 for (double y = -49.95; y < 49.95; y=y+0.999)

111 {

112 /*

113 // For 10 m apartment side
114 for (double x = -24.975; x < 24.975; x=x+0.999)

115 {

116 for (double y = -24.975; y < 24.975; y=y+0.999)
117 {

118 */

119 /*

120 // For 5 m apartment side
121 for (double x = -12.4875; x < 12.4875; x=x+0.4995)

122 {

123 for (double y = -12.4875; y < 12.4875; y=y+0.4995)

124 {

125 */

126 double posX = x;

127 double posY = vy;

128 double speed = 3;

129 double speedDirection = (double)(rand() %360) * ((2*3.14)/
360) ;

130

131 UserEquipment* ue = new UserEquipment (idUE,

132 posX, posY, speed, speedDirection,

133 nm->GetFemtoCellContainer ()->at (0),

134 nm->GetHomeENodeBContainer ()->at (0),

135 1’

136 Mobility: :CONSTANT POSITION);

137

138 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.
2135-1.git and ttps://github.com/RRP-IT/LTE-Sim-RP.git

139

140 // // RRP: In this scenario WINNER II is considered.

141 target->RegisterUserEquipment (ue);

142 WinnerDownlinkChannelRealization* c_dl = new
WinnerDownlinkChannelRealization (target, ue);

143 target->GetPhy ()->GetDlChannel ()->GetPropagationlLossModel
()->AddChannelRealization (c_dl);

144 WinnerDownlinkChannelRealization* c_ul = new
WinnerDownlinkChannelRealization (ue, target);

145 target->GetPhy ()->GetUlChannel ()->GetPropagationlLossModel

()->AddChannelRealization (c ul);

146
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test-sinr-femto.h sexta-feira, 12 de novembro de 2021, 11:43

147 nm->GetUserEquipmentContainer ()->push back (ue);

148

149 /* // RRP: We do not need this information

150 std::cout << "UE " << idUE << " position " << posX << " " <<
posY

151 << " cell " << ue->GetCell ()->GetIdCell ()

152 << " henb " << ue->GetTargetNode ()->GetIDNetworkNode ()
<< std::endl;

153 */

154

155 ue->GetPhy ()->GetDlChannel ()->AddDevice (ue);

156 1dUE++;

157

158 }

159 }

160

161 simulator->SetStop(duration);

162 simulator->Run ();

163 }

164
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test-sinr-femto.h sexta-feira, 12 de novembro de 2021,

1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */

11:50

//

2/*

3 * Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari

4 *

5 * This file is part of LTE-Sim

6*

7 * LTE-Sim is free software; you can redistribute it and/or modify

8 * it under the terms of the GNU General Public License version 3 as

9 * published by the Free Software Foundation;

10 *

11 * LTE-Sim is distributed in the hope that it will be useful,

12 * but WITHOUT ANY WARRANTY; without even the implied warranty of

13 * MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

14 * GNU General Public License for more details.

15 *

16 * You should have received a copy of the GNU General Public License

17 * along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.

18 *

19 * Author: Francesco Capozzi <f.capozzi@poliba.it>

20 *

21 * Updated by: Rui R.Paulo <rrp@lx.it.pt>>

22 *

23 */

24

25 #include "../channel/LteChannel.h"

26 #include "../phy/enb-1lte-phy.h"

27 #include "../phy/ue-lte-phy.h"

28 #include "../core/spectrum/bandwidth-manager.h"

29 #include "../networkTopology/Cell.h"

30#include "../protocolStack/packet/packet-burst.h"

31#include "../protocolStack/packet/Packet.h"

32 #include "../core/eventScheduler/simulator.h"

33#include "../flows/application/InfiniteBuffer.h"

34 #include "../flows/application/VoIP.h"

35#include "../flows/application/CBR.h"

36 #include "../flows/application/TraceBased.h"

37 #include "../device/IPClassifier/ClassifierParameters.h"

38 #include "../flows/QoS/QoSParameters.h"

39 #include "../flows/QoS/QoSForEXP.h"

40 #include "../flows/QoS/QoSForFLS.h"

41 #include "../flows/QoS/QoSForM LWDF.h"

42 #include "../componentManagers/FrameManager.h"

43#include "../utility/seed.h"

44 #include "../utility/RandomVariable.h"

45 #include "../utility/UsersDistribution.h"

46 #include "../utility/IndoorScenarios.h"

47 //#include "../channel/propagation-model/channel-realization-helper.h"
RRP: Only the WINNER II is considered

48 #include "../channel/propagation-model/winner-downlink-channel-
realization.h"

49 #include "../load-parameters.h"

50 #include "../device/HeNodeB.h"

51#include <iostream>
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test-sinr-femto.h sexta-feira, 12 de novembro de 2021,

52 #include <queue>
53#include <fstream>
54 #include <stdlib.h>
55 #include <cstring>
56 #include <math.h>

57

58 static void TestSinrFemto (int riuso, double activityFactor)

59 {

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

91
92
93
94
95

96
97
98
99
100
101

srand (time(NULL));

int nbBuildings 1;
double duration 0.2;
double bandwidth = 20./riuso;

// CREATE COMPONENT MANAGER

Simulator *simulator = Simulator::Init();
FrameManager *frameManager = FrameManager::Init();
NetworkManager* nm = NetworkManager::Init();
FlowsManager* flowsManager = FlowsManager::Init ();

// CREATE FEMTOCELLS with HeNB

int idFemto = 101;

int idBuilding = 1101;

int buildType = 0; // TYPE 3GPP 5x5 grid

int nbFloors = 1;

int apartmentSide = 20; // RRP: Also change bellow
int femtoCellsInBuilding = 25;

int nbFemtoCells = nbBuildings * femtoCellsInBuilding;

for (int i = 0; i < nbBuildings; i++)
{
double rnd = (double) rand()/RAND MAX;
if (rnd <= activityFactor)
{
double buildingCenter X
double buildingCenter_ Y

0;
0;

nm->CreateBuildingForFemtocells(idBuilding, buildType,

apartmentSide, nbFloors, buildingCenter X, buildingCenter_ Y, idFemto,
femtoCellsInBuilding);

std::cout << "Building " << idBuilding
<<" position " << buildingCenter X
<< " " << puildingCenter Y

11:50

<< " with " << femtoCellsInBuilding << " femtocells"

<< std::endl;

//create HeNB
for (int j = 0; j < femtoCellsInBuilding; j++)

//RRP: Select a deployment scene or create a new one.
//if ( j==7 || j==12) // 2 HeNB E
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102 if J==6 || j==8 || j==16 || j==18) // 4 HelB

103 //if (j==0 || j==4 || j==12 || j==20 || j==24) // 5 HeNB

104 //if (j==1 || j==9 || j==12 || j==15 || j==23) // 5 HeNB B

105 //1if (j==2 || j==10 || j==12 || j==14 || j==22) // 5 HeNB
CebD

106 //if (j==0 || j==4 || j==12 || j==20 || j==24) // 5 HeNB E

107 //7if (j==0 || j==2 || j==4 || j==10 || j==12 || j==14 ||
j==20 || j==22 || j==24) // 9 HeNB

108 /71t (3==5 || j==7 [| j==9 || j==15 || j==17 || j==19) //
6 HeNB F

109 {

110

111 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.
2135-1.git and https://github.com/RRP-IT/LTE-Sim-RP.git

112

113 if (riuso == 1)

114 {

115 enb->GetPhy ()->SetBandwidthManager (new
BandwidthManager (bandwidth, bandwidth, 0, 0));

116 }

117

118 //_ RRP: To get the correct order of bandwidth
distribution doi={10.1109/VTCSpring.2018.8417715}

119 else if (riuso == 2)

120 {

121 //if (j==12) //5 HeN

122 if (j==6_|| j==18) // 4 HeNB

123 //if (§==0 || j==12 || j==24) //5 HeNB

124 //if (j==1 || j==12 || j==23) //5 HeNB B

125 //if (j==2 || j==12 || j==22) //5 HeNB C

126 //if (j==7 ||j==12) //5 HeNB D E

127 //if (§==0 || j==4 || j==12 || _j==20 || j==24) //9
HeNB

128 //if (i==5 || j==9 || _j==17) //6 HeNB

129 {

130 enb->GetPhy ()->SetBandwidthManager (new
BandwidthManager (bandwidth, bandwidth, 50*(j%2), 50*(j%2)));

131 }

132 else

133 {

134 enb->GetPhy ()->SetBandwidthManager (new

BandwidthManager (bandwidth, bandwidth, 50*((j+1)%2), 50*((j+1)%2)));

135 }

136 }

137 else if (riuso == 4)

138 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M,
2135-1.9it and https://github.com/RRP-IT/LTE-Sim-RP.git

139 }

140 }

141 }

142 idBuilding++;

143 }

144
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145 int idUE = 3001;

146

147 // RRP: Update to avoid the Segmentation fault (core dumped) error.
In 2019 this problem was not yet solved.

148 // RRP: For 20 m apartment side

149 // RRP: Comment and uncommnet to use other side apartment sides
150 for (double x = -49.95; x < 49.95; x=x+0.999)

151 {

152 for (double y = -49.95; y < 49.999; y=y+0.95)

153 {

154 /*

155 // For 10 m apartment side
156 for (double x = -24.975; x < 24.975; x=x+0.999)

157 {
158 for (double y = -24.975; y < 24.975; y=y+0.999)
159 {

160 // For 5 m apartment side
161 for (double x = -12.4875; x < 12.4875; x=x+0.4995)
162 {

163 for (double y = -12.4875; y < 12.4875; y=y+0.4995)

164 {

165 */

166

167 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.

2135-1.git and https://github.com/RRP-IT/LTE-Sim-RP.git
168

169 // RRP In this scenario WINNER II is considered.

170 target->RegisterUserEquipment (ue);

171 WinnerDownlinkChannelRealization* ¢ _dl = new
WinnerDownlinkChannelRealization (target, ue);

172 target->GetPhy ()->GetDlChannel ()->GetPropagationlLossModel
()->AddChannelRealization (c_dl);

173 WinnerDownlinkChannelRealization* ¢ _ul = new
WinnerDownlinkChannelRealization (ue, target);

174 target->GetPhy ()->GetUlChannel ()->GetPropagationlLossModel
()->AddChannelRealization (c ul);

175

176 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.

2135-1.git and https://github.com/RRP-IT/LTE-Sim-RP.git
177 }

178 }

179

180 simulator->SetStop(duration);
181 simulator->Run ();

182}

183
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Appendix C

EESM Results for Reuse Pattern One

This Appendix explores exponential effective SINR mapping (EESM) results for reuse pat-
tern one. Figure up to Figure present results for the 25 home eNodeBs (HeNBs)
deployment. Results for 4 HeNBs are presented from Figure up to Figure |C.4. For 5
HeNBs from Figure|C.g|to Figure Finally results for 6 HeNBs deployment are presented
from Figure to Figure This Appendix considers the parameters considered in
Chapter|[2]

C.1 Twenty-five HeNB

Figure presents results when 25 active HeNBs, reuse pattern one and apartment side
length equal to 20 m are considered. Figure presents EESM results for transmitter

40 40 40
35

30

[SUCTEEN

[SR-R-%)
w
8co©°

EESM [dB]
=N

a
EESM [dB]

1S
3/

10 15

o

o N )
° 10 10 o 10

-10 -10 -10 -10
-10 N -10
Yy x y X Yy x

(a) o dBm (b) 10 dBm (¢) 20 dBm

Figure C.1: ESSM in a 5x5 geometry, 25 HeNB, reuse pattern one, apartment side length 5 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

power of 0 dBm, while Figure and Figure present results for transmitter powers
of 10 dBm and 20 dBm, respectively. In the three cases, the variation of the transmitter
power did not show a major impact on the EESM results. The maximum EESM value (40
dBm) is only obtained in the center of the apartment.

When the apartment side length is 10 m, as shown in Figure results are identical to the
previous ones. For all the transmitter powers, i.e., 0 dBm, as shown in Figure 10 dBm,
as shown in Figure and 20 dBm, as shown in Figure there is not any noticeable
variation on the obtained EESM results. The maximum EESM is obtained only in the center
of the apartments again.

When the apartment side length is 20 m, as shown in Figure and for the same values
of transmitter power is possible to observe the same behavior as for the previous values of
the side length, as shown in Figure|C.1/and Figure Since the distance between the nodes
is longer, the co-channel interference is lower, and the area where the EESM achieves its
maximum value of 40 dB is larger. For frequency reuse one, it is also possible to confirm
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Figure C.2: ESSM in a 5x5 geometry, 25 HeNB, reuse pattern one, apartment side length 10 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.
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Figure C.3: ESSM in a 5x5 geometry, 25 HeNB, reuse pattern one, apartment side length 20 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

the lessons learned from the theoretical study in Section For the same apartment side
length, the variation on the transmitter power does not affect the values of the EESM.

C.2 Four HeNB

Results for the EESM are presented in Figures and [C.5/and [C.6]for a 3GPP 5x5 grid ge-
ometry with 4 HeNBs on it. Figure presents results for an apartment side length of 20
m. With 4 HNBs only and an apartment side length of 20 m, in Figure C.4a) it is possible
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Figure C.4: ESSM in a 5x5 geometry, 4 HeNB, reuse pattern one, apartment side length 20 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

to observe the effect of the attenuation imposed by walls in the apartments at the corners
of the building (example for a transmitter power of 0 dBm). In Figure the effect of
walls is noticeable in the apartment that are in the corners of the topology but its influence
decreases when the transmitter power increases to 10 dBm, as shown in Figure [C.4b, and
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20 dBm, as shown in Figure[C.4c| The area where the ESSM achieves the maximum (of 40
dBm) increases when the transmitter power increases, as shown in Figure|C.4¢|(example for
a transmitter power of 20 dBm). In the neighbor apartments, the EESM increase is specially
significant at the apartments on the edges of the building, specially for apartments at the
corners. Finally, it is worthwhile to note that, due to the co-channel interference, the central
area of the building floor keeps to be a problematic area.

Figure [C.5 presents results for an apartment side length of 10 m. With this apartment side

&
EESM [dB]

EESM [dB]

N y x

(a) o dBm (b) 10 dBm (¢) 20 dBm

Figure C.5: ESSM in a 5x5 geometry, 4 HeNB, reuse pattern one, apartment side length 10 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

length, it is possible to observe that the EESM increases in the areas where the it took the
lowest values (before). This behavior occurs in the zones that exclude the central zone of the
building. In Figure at apartments at the corners of the building the EESM was lower
than 10 dBm, in Figure[C.5a]at the same apartments the EESM higher than 15 dBm. Them
same increase in EESM occurs for side lengths of 20 and 10 m, as shown in Figure[C.4bJand
Figure[C.5b} respectively. By analyzing Figure[C.5¢, where the maximum transmitter power
is considered, one observes that the effect of the walls attenuation is mitigated, and higher
values are obtained for the EESM.

Figure|C.6]presents the surface for the variation of the EESM over the floor area for apartment
side lengths of 5 m.
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Figure C.6: ESSM in a 5x5 geometry, 4 HeNB, reuse pattern one, apartment side length 5 m, transmitter power
0 dBm, 10 dBm and 20 dBm.

In the neighbor apartments, when the transmitter power increases, the EESM increase is
specially significant at the apartments on the edges of the building, specially for apartments
at the corners.
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For a transmitter power of 0 dBm, the wall attenuation causes a decrease in the EESM value,
as shown in Figure Again, this behavior is less evident for a transmitter power of 10
dBm, as shown in Figure[C.6b} and disappears for a transmitter power of 20 dBm, as shown
in Figure|C.6

In the topology with 4 HeNBs, and the studied combinations of apartment side lengths and
transmitter powers, the central area of the building floor is always a problematic area in
terms of SINR. In this area, the lowest EESM values corresponds to 5.76% of the total area
of the building floor (the same value that was obtained for reuse pattern 2, as discussed in
Section [2.5.1.2). With frequency reuse one and for 4 HeNBs, co-channel interference im-
poses a high degradation on the ESSM. The highest values are obtained inside or near the
apartments that contain the four HeNBs.

C.3 Five HeNB

Figure[C.7 presents results for an apartment side length of 20 m.
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Figure C.7: ESSM in a 5x5 geometry, 5 HeNB, reuse pattern one, apartment side length 20 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

As shown in Figure[C.74] it is possible to observe that, when transmitter power is 0 dBm, the
maximum EEESM (40 dBm) is only achieved inside the five apartments where the HeNBs
were deployed. When the transmitter power is increased to 10 dBm or 20 dBm, it is possible
to observe a slight increase in the area of the zones where the EESM is the maximum within
the considered five apartments, as shown in Figure [C.7b]and Figure[C.7d, respectively.

For an apartment side length of 10 m, results are shown in Figure As shown in Fig-
ure [C.8al with the increase in apartment side length, near the corners of the building the
areas of the zones where the EESM is the maximum increase. In the central apartment, the
maximum EESM is confined to the own apartment. When the transmitter power increases
to 10 dBm and 20 dBm, as shown in Figure and Figure respectively, there is a
slight increase in the areas with an EESM equal to 40 dBm.

Figure[C.9g|presents results for an apartment side length of 5 m. The variation on the transmit-
ter power has a small or even a null impact in the results of EESM, as shown in Figures|C.9al
and[C.9d The area where the EESM is 40 dBm is the same for the three values of the
transmitter power.
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Figure C.8: ESSM in a 5x5 geometry, 5 HeNB, reuse pattern one, apartment side length 10 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.
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Figure C.9: ESSM in a 5x5 geometry, 5 HeNB, reuse pattern one, apartment side length 5 m, transmitter power
0 dBm, 10 dBm and 20 dBm.

Compared to the 4 HeNBs scenario, with a reuse pattern one, the introduction of one HeNB
to eliminate the central area (of the apartment floor topology) with lower EESM values was
successfully achieved. However, in areas near the middle of the building sidewalls, the EESM
drops to values lower than or closer to 0 dB (the areas identified with dark blue fill in the Fig-
ures). These amount of area is around 7.2% of the total area of the building. Contrary to the
case with frequency reuse two from Section [2.5.1.3] co-channel interference imposed by the
co-channel HeNBs nullifies the increase in EESM (when the transmitter power increases).

C.4 Six HeNB

Results for the EESM for deployment of 6 HeNBs for apartment side lengths of 20 m are
shown in Figure Figures [C.104] [C.10b| and [C.10b] show that HeNBs can not provide
higher values of EESM for apartments contiguous to the building walls placed at x = -50 and

x = 50 m. However, when the transmitter power increases, the EESM increase is especially
significant at these apartments (contiguous to the building walls placed at z = -50 and x = 50
m). When the transmitter power increase from 0 dBm to 10 dBm, the areas where the EESM
is 40 dBm slightly increases.

The impact of reducing the apartment side length from 20 m to 10 m are shown in Figure[C.11}
The underlying variation on the transmitter power has a small or even a null impact, as shown

in Figures|C.11a, [C.11b]and [C.11¢
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Figure C.11: ESSM in a 5x5 geometry, 6 HeNB, reuse pattern one, apartment side length 10 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

Results for shorter apartment side lengths of 5 m are shown in Figure[C.12] In these cases, a

EESM [dB]
»

-10 -10

(a) o dBm (b) 10 dBm (¢) 20 dBm

Figure C.12: ESSM in a 5x5 geometry, 6 HeNB, reuse pattern one, apartment side length 5 m, transmitter
power 0 dBm, 10 dBm and 20 dBm.

variation on the transmitter power also did not show any impact on values of EESM.

For all apartments side lengths, the areas where the ESSM drops to the lowest values (near
1dB, in blue) continue to be around 10.4% of the floor area (as also occurred with frequency
reuse pattern two). Co-channel interference imposed by the co-channel HeNBs mitigate the
effect of varying the transmitter power. For a reuse pattern one, the co-channel interference
(instead of the attenuation) is the most limiting factor for the EESM. Compared with the
previous building topologies, with 4 HeNBs or 5 HeNBs, the area with the lowest values for
the ESSM increases.
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Appendix D

LTE-Sim Upgrade for extended 25 HeNB
Scenario

This Appendix addresses the overall updates performed in LTE-Sim code. First update is the
development of a scenario with 25 home eNodeBs (HeNBs) with reuse one at the macrocell
layer and reuse two in femtocell layer. Then the implementation of the Mersenne Twister
pseudorandom generator. 3GPP defines in [[79]] the possibility to consider the variation of the
transmitter power of HeNBs. The code presented below presents that option. The presented
updates were considered to obtain the results in Chapter |3} as well as to obtain results for
other scenarios.
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LTE-Sim.cpp sexta-feira, 12 de novembro de 2021, 12:06
1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */
2 /%
3 * Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari
4*
5 * This file is part of LTE-Sim
6*
7 * LTE-Sim is free software; you can redistribute it and/or modify
8 * it under the terms of the GNU General Public License version 3 as
9 * published by the Free Software Foundation;
10 *
11 * LTE-Sim is distributed in the hope that it will be useful,
12 * but WITHOUT ANY WARRANTY; without even the implied warranty of
13 * MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
14 * GNU General Public License for more details.
15 *
16 * You should have received a copy of the GNU General Public License
17 * along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.
18 *
19 * Author: Giuseppe Piro <g.piro@poliba.it>
20 */
21
22
23 /*

24 * LTE-Sim is the main program of the LTE-Sim simulator.

25 * To run simulations you can

26 * (i) select one of example scenarios developed in Scenario/ ("./LTE-Sim
-h" for details)

27 * (ii) create a new scenario and add its reference into the main program.
28 *

29 * To create a new scenario, see documentation in DOC/ folder.

30 *

31 * For any questions, please contact the author at

32 * g.piro@poliba.it

33 */

34 * Updated by: Rui R.Paulo

35#include "TEST/test.h"

36#include "scenarios/simple.h"

37 #include "scenarios/single-cell-without-interference.h"

38#include "scenarios/single-cell-with-interference.h"

39#include "scenarios/building.h"

40#include "scenarios/single-cell-with-femto-with-riuso.h" // RRP: Update to
include scenario

<rrp@lx.it.pt>>

41#include "scenarios/single-cell-with-femto.h"
42#include "scenarios/multi-cell.h"

43#include "scenarios/single-cell-with-streets.h"
44#include "scenarios/multi-cell-sinrplot.h"
45#include "TEST/scalability-test-macro-with-femto.h"
46#include "TEST/test-sinr-femto.h"

47#include "TEST/test-throughput-macro-with-femto.h"
48#include "TEST/test-sinr-urban.h"

49#include "TEST/test-throughput-urban.h"

50#include "TEST/test-throughput-building.h"
51#include "TEST/test-uplink-fme.h"
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52#include "TEST/test-uplink-channel-quality.h"
53#include "utility/help.h"
54#include <iostream>
55#include <queue>
56#include <fstream>
57#include <stdlib.h>
58#include <cstring>
59
60 int
61lmain (int argc, char *argv[])

62 {

63

64 if (argc > 1)

65 {

66

67 /* Help */

68 if (!strcmp(argv[1l], "-h") || !strcmp(argv[1l], "-H") || !
strcmp(argv[l],

69 "--help") || !'strcmp(argv[l], "--Help"))

70 {

71 Help ();

72 return 0;

73 }

74

75 /* run tests */

76 if(strcmp(argv[1l], "test")==0)

77 {

78 /* To enable a test, please modify the file LTE-Sim/src/TESTS/
test.h */

79 Test ();

80 }

81

82 /* Run simple scenario */

83 if (strcmp(argv[1l], "Simple")==0)

84 {

85 Simple ();

86 }

87

88 /* Run more complex scenarios */

89 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

90

91 if (strcmp(argv[1l], "SoBuil")==0)

92 {

93 double radius = atof(argv([2]);

94 int nbBuilding = atoi(argvI[3]);

95 int buildingType = atoi(argv([4]);

96 double activityRatio = atof(argv[5]);

97 int nbUE = atoi(argv([6]);

98 int nbFemtoUE = atoi(argv[7]);

99 int nbVoIP = atoi(argv[8]);

100 int nbVideo = atoi(argv[9]);

101 int nbBE = atoi(argv([10]);
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102
103
104
105
106
107
108
109
110
111
112
113
114

speed, accessPolicy, maxDelay, video bit rate, Power, LWall, seed);

115 }

116 if (strcmp(argv[1l], "SingleCellWithFemtoWithRiuso")==0)
117 {

118 double radius = atof(argv[2]);

119 int nbBuilding = atoi(argv[3]);
120 int buildingType = atoi(argv[4]);

121 double activityRatio = atof(argv[5]);
122 int nbUE = atoi(argv([6]);

123 int nbFemtoUE = atoi(argv[7]);

124 int nbVoIP = atoi(argv([8]);

125 int nbVideo = atoi(argv[9]);

126 int nbBE = atoi(argv[10]);

127 int nbCBR = atoi(argv[1l]);

128 int sched type = atoi(argv[12]);

129 int frame_struct = atoi(argv([13]);
130 int speed = atoi(argv([14]);

131 int accessPolicy = atoi(argv([15]);
132 double maxDelay = atof(argv[16]);

133 int video bit rate = atoi(argv[17]);
134 double Power = atof(argv[18]);

135 double LWall =atof(argv[19]);

136 int seed;

137 if (argc==21) seed = atoi(argv[20]);
138 else seed = -1;

139 SingleCellWithFemtoWithRiuso(radius, nbBuilding,

buildingType, activityRatio, nbUE, nbFemtoUE, nbVoIP, nbVideo, nbBE,
nbCBR, sched type, frame struct, speed, accessPolicy, maxDelay,

int
int
int
int
int

sexta-feira, 12 de novembro de 2021,

nbCBR = atoi(argv[11l]);

sched type = atoi(argv[12]);
frame struct = atoi(argv[13]);
speed = atoi(argv[14]);
accessPolicy = atoi(argv[15]);
double maxDelay = atof(argv[16]);
int video bit rate = atoi(argv[17]);
int Power = atoi(argv([18]);

double LWall =atof(argv[19]);

int seed;

if (argc==21) seed = atoi(argv[20]);
else seed = -1;

SoBuilding (radius, nbBuilding, buildingType, activityRatio,
nbUE, nbFemtoUE, nbVoIP, nbVideo, nbBE, nbCBR, sched type, frame struct,

video bit rate, Power, LWall, seed);

12:06

140 }

141

142 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git
and https://github.com/RRP-IT/LTE-Sim-RP.git

143

144 /* other dedicated simulations */

145

146 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git

and https://github.com/RRP-IT/LTE-Sim-RP.git

147
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148 }

149 }
150
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IndoorScenarios.h sexta-feira, 12 de novembro de 2021, 12:09

1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */

N
~
*

Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari

This file is part of LTE-Sim

LTE-Sim is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License version 3 as
published by the Free Software Foundation;

LTE-Sim is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.

Author: Francesco Capozzi <f.capozzi@poliba.it>

Updated by: Rui R.Paulo <rrp@lx.it.pt>>

R I S SR SR S R S S S SR SR S S S S R G S

N
w

*
~

24

25 #ifndef INDOORSCENARIOS H

26 #define INDOORSCENARIOS H

27

28 #include <vector>

29 #include <iostream>

30 #include <cmath> // RRP: Libraries to run the pseudorandom number
generator (PRNG)

31#include <random> // RRP: Libraries to run the PRNG

32 #include <chrono> // RRP: Libraries to the clock

33#include "../networkTopology/Building.h"

34 #include "../componentManagers/NetworkManager.h"
35

36 //using namespace std;

37

38 static vector<CartesianCoordinates*>*

39 GetUniformBuildingDistribution (int idCell, int nbBuilding)

40 {

41 NetworkManager * networkManager = NetworkManager::Init();

42 vector<CartesianCoordinates*> *vectorOfCoordinates = new
vector<CartesianCoordinates*>;

43

44 Cell *cell = networkManager->GetCellByID(idCell);
45

46 double radii = (cell->GetRadius()*1000)*0.8;

47

48 CartesianCoordinates *cellCoordinates = cell->GetCellCenterPosition();
49 double r; double angle;

50

51 for (int i = 0; i < nbBuilding; i++)
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52 {
53 // RRP: implementation of the Mersenne Twister PRNG
54 unsigned seed =
std::chrono::system clock::now().time since epoch().count();
55 std::mt19937 rng mt(seed);
56 std::uniform real distribution<double> dist double(0.0, 1.0);
57 std::uniform real distribution<double> theta double(0.0, 360.0);
58
59 double r=dist double(rng mt);
60 double th=theta double(rng mt);
61
62 double theta = 2*M PI*th/360;
63 double rl = sqrt(r);
64 double radius = radii*rl;
65 double x = radius*cos(theta);
66 double y = radius*sin(theta);
67
68 CartesianCoordinates *newCoordinates = new

CartesianCoordinates( cellCoordinates->GetCoordinateX () + Xx,
69
cellCoordinates->GetCoordinateY () + y);
70
71 vectorOfCoordinates->push back(newCoordinates);
72 }
73
74 return vectorOfCoordinates;
75}
76
77 static double*
78 GetFemtoCell0ffsetInBuilding (Building::BuildingType type, int idCell,
double side)
79{

80 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git and

https://github.com/RRP-IT/LTE-Sim-RP.git
81}
82
83 #endif /* INDOORSCENARIOS H */
84
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1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */

N
~
*

Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari

This file is part of LTE-Sim

LTE-Sim is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License version 3 as
published by the Free Software Foundation;

LTE-Sim is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.

EAE I R U S U S S S S S S S SR SR e

Author: Giuseppe Piro <g.piro@poliba.it>
*

21 * Updated by: Rui R.Paulo <rrp@lx.it.pt>>
22 *

23 */

24

25 #ifndef USERSDISTRIBTION H

26 #define USERSDISTRIBTION H

27

28 #include "../core/cartesianCoodrdinates/CartesianCoordinates.h"
29 #include "CellPosition.h"

30 #include "../componentManagers/NetworkManager.h"

31

32 #include <vector>

33 #include <iostream>

34 #include <cmath> // RRP: Libraries to run the pseudorandom number
generator (PRNG)

35#include <random> // RRP: Libraries to run the PRNG

36 #include <chrono> // RRP: Libraries to the clock

37

38// Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

39

40 static vector<CartesianCoordinates*>*

41 GetUniformUsersDistribution (int idCell, int nbUE)

42 {

43 NetworkManager * networkManager = NetworkManager::Init();

44 vector<CartesianCoordinates*> *vectorOfCoordinates = new
vector<CartesianCoordinates*>;

45

46 Cell *cell = networkManager->GetCellByID(idCell);
47

48 double radii = (cell->GetRadius()*1000)*0.8;

49

50 CartesianCoordinates *cellCoordinates = cell->GetCellCenterPosition();
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51 double r; double angle;

52

53 for (int i = 0; i < nbUE; i++)

54 {

55 // RRP: implementation of the Mersenne Twister PRNG

56 unsigned seed =
std::chrono::system clock::now().time since epoch().count();

57 std::mt19937 rng mt(seed);

58 std::uniform real distribution<double> dist double(0.0, 1.0);

59 std::uniform real distribution<double> theta double(0.0, 360.0);

60

61 double radius=dist double(rng mt);

62 double th=theta double(rng mt);

63

64 double angle = 2*M PI*th/360;

65 double rl = sqrt(radius);

66 double r = radii*rl;

67

68 CartesianCoordinates *newCoordinates =
GetCartesianCoordinatesFromPolar (r, angle);

69

70 //Compute absoluteCoordinates

71 newCoordinates->SetCoordinateX (cellCoordinates->GetCoordinateX () +
newCoordinates->GetCoordinateX ());

72 newCoordinates->SetCoordinateY (cellCoordinates->GetCoordinateY () +
newCoordinates->GetCoordinateY ());

73

74 vectorOfCoordinates->push back(newCoordinates);

75 }

76

77 return vectorOfCoordinates;

78}

79

80 static vector<CartesianCoordinates*>*

81 GetUniformUsersDistributionInFemtoCell (int idCell, int nbUE)

82{

83 NetworkManager * networkManager = NetworkManager::Init();

84 vector<CartesianCoordinates*> *vectorOfCoordinates = new
vector<CartesianCoordinates*>;

85

86 Femtocell *cell = networkManager->GetFemtoCellByID(idCell);

87

88 double sidehome = cell->GetSide(); // RRP: Apartment side lenght

89

90 CartesianCoordinates *cellCoordinates = cell->GetCellCenterPosition();

91 double r; double angle;

92
93 for (int 1 = 0; 1 < nbUE; i++)
94 {
95 // RRP: implementation of the Mersenne Twister PRNG
96 unsigned seed =

std::chrono::system clock::now().time since epoch().count();
97 std::mt19937 rng mt(seed);
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98 std::uniform real distribution<double> distx double(0.0, 1);

99 std::uniform real distribution<double> disty double(0.0, 1);

100

101 // RRP: Generate users only inside of the own apartment

102 double xa=distx double(rng mt);

103 double ya=disty double(rng mt);

104 double x = sidehome*xa- (sidehome/2);

105 double y = sidehome*ya- (sidehome/2);

106

107 CartesianCoordinates *newCoordinates = new CartesianCoordinates
();

108 newCoordinates->SetCoordinates(x,y);

109 //Compute absoluteCoordinates

110 newCoordinates->SetCoordinateX (cellCoordinates->GetCoordinateX () +
newCoordinates->GetCoordinateX ());

111 newCoordinates->SetCoordinateY (cellCoordinates->GetCoordinateY () +
newCoordinates->GetCoordinateY ());

112

113 vectorOfCoordinates->push back(newCoordinates);

114 }

115

116 return vectorOfCoordinates;

117}

118

119 #endif /* USERSDISTRIBTION H */

120
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1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */

2/%

3 * Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari
4 *

5 * This file is part of LTE-Sim

6*

7 * LTE-Sim is free software; you can redistribute it and/or modify

8 * it under the terms of the GNU General Public License version 3 as
9 * published by the Free Software Foundation;

10 *

11 * LTE-Sim is distributed in the hope that it will be useful,

12 * but WITHOUT ANY WARRANTY; without even the implied warranty of

13 * MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

14 * GNU General Public License for more details.

15 *

16 * You should have received a copy of the GNU General Public License
17 * along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.
18 *

19 * Author: Francesco Capozzi <f.capozzi@poliba.it>

20 *

21 * Updated by: Rui R.Paulo <rrp@lx.it.pt>>

22 *

23 */

24

25 #include "henb-lte-phy.h"

26

27 HenbLtePhy: :HenbLtePhy()

28 {

29 // RRP: Transmitter power of the HeNB is set in the scenario
30 //SetTxPower(20); //dBm

31}

32

33 HenbLtePhy: :~HenbLtePhy()

34 {}
35
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Appendix E

LTE-Sim Upgrade to extended 4 HeNB and 8
Uses Scenario

This Appendix addresses the overall updates performed in LTE-Sim code to perform simu-
lations in a scenario with 4 home eNodeBs (HeNBs) and eight users per HeNB. The code for
this scenario is presented considering the uniform distribution of users in the femtocell area.
The presented code has been used to obtain the results in Chapter [4}
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1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */

2/%*

3 * Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari

4 *

5 * This file is part of LTE-Sim

6*

7 * LTE-Sim is free software; you can redistribute it and/or modify

8 * it under the terms of the GNU General Public License version 3 as

9 * published by the Free Software Foundation;

10 *

11 * LTE-Sim is distributed in the hope that it will be useful,

12 * but WITHOUT ANY WARRANTY; without even the implied warranty of

13 * MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

14 * GNU General Public License for more details.

15 *

16 * You should have received a copy of the GNU General Public License

17 * along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.

18 *

19 * Author: Francesco Capozzi <f.capozzi@poliba.it>

20 *

21 * Updated by: Rui R.Paulo <rrp@lx.it.pt>>

22 *

23 */

24

25 #include "../channel/LteChannel.h"

26 #include "../phy/enb-1lte-phy.h"

27 #include "../phy/ue-lte-phy.h"

28 #include "../core/spectrum/bandwidth-manager.h"

29 #include "../networkTopology/Cell.h"

30#include "../protocolStack/packet/packet-burst.h"

31#include "../protocolStack/packet/Packet.h"

32 #include "../core/eventScheduler/simulator.h"

33#include "../flows/application/InfiniteBuffer.h"

34 #include "../flows/application/VoIP.h"

35#include "../flows/application/CBR.h"

36 #include "../flows/application/TraceBased.h"

37 #include "../device/IPClassifier/ClassifierParameters.h"

38 #include "../flows/QoS/QoSParameters.h"

39 #include "../flows/QoS/QoSForEXP.h"

40 #include "../flows/QoS/QoSForFLS.h"

41 #include "../flows/QoS/QoSForM LWDF.h"

42 #include "../componentManagers/FrameManager.h"

43#include "../utility/seed.h"

44 #include "../utility/RandomVariable.h"

45 #include "../utility/UsersDistribution.h"

46 #include "../utility/IndoorScenarios.h"

47 #include "../channel/propagation-model/macrocell-urban-area-channel-
realization.h"

48 //#include "../channel/propagation-model/femtocell-urban-area-channel-
realization.h"

49 #include "../channel/propagation-model/winner-downlink-channel-
realization.h"

50 #include "../load-parameters.h"
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51#include "../device/HeNodeB.h"

52 #include <iostream>

53#include <queue>

54 #include <fstream>

55 #include <stdlib.h>

56 #include <cstring>

57

58 #include <vector>

59 #include <iostream>

60 #include <iterator>

61

62 static void SingleCellWithFemtoWithRiuso (double radius, int nbBuildings,
int buildingType, double activityRatio,

63 int nbUE, int nbFemtoUE,

64 int nbVoIP, int nbVideo, int nbBE, int nbCBR,
65 int sched type,

66 int frame struct,

67 int speed, int accessPolicy,

68 double maxDelay, int videoBitRate,
69 double Power,

70 double LWall,

71 int seed)

721

73 int nbCell = 1;

74

75 // define simulation times

76 double duration = 30;

77 double flow duration = 20;

78

79 // RRP: eNB operates with reuse 1

80 int cluster enb=1;

81 int bandwidth enb=20;

82

83 // RRP: HeNBs operate with reuse 2

84 int cluster henb=2;

85 int bandwidth henb=10;

86

87 // CREATE COMPONENT MANAGER

88 Simulator *simulator = Simulator::Init();

89 FrameManager *frameManager = FrameManager::Init();

90 NetworkManager* nm = NetworkManager::Init();

91

92 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M. 2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

93

94 /111117777777 777777777

95 //create femto-cells

9% //

97 int femtoCellsInBuilding = 1;

98 if ( buildingType == 0 )

99 {

100 femtoCellsInBuilding = 25;

101
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102 }

103 else if ( buildingType == 4 ) // RRP: A 5x5 building with 4 H2NBs
104 {

105 femtoCellsInBuilding = 4;

106 }

107 else

108 {

109 femtoCellsInBuilding = 40;

110 }

111 int nbFemtoCells = nbBuildings * femtoCellsInBuilding;

112 int firstFemtoinBuildingID = nbCell;

113 int apartmentSide = LWall; // RRP: Apartments side length are given in
the parameters of the scenario

114 int nbFloors = 1;

115 //users are distributed uniformly into a cell

116 vector<CartesianCoordinates*> *building positions =
GetUniformBuildingDistribution (0, nbBuildings);

117

118 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M. 2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

119

120 // RRP: It is needed to differentiate the frequency for the eNB and the
HeNBs

121 // Then it in needed to concatenate them

122 // RRP: eNB

123 std::vector <BandwidthManager*> spectrums = RunFrequencyReuseTechniques
(nbCell, cluster _enb, bandwidth enb);

124 // RRP: HelNB

125 std::vector <BandwidthManager*> zx = RunFrequencyReuseTechniques
(femtoCellsInBuilding, cluster henb, bandwidth henb);

126 //Concatenate eNB ans HeNBs

127 spectrums.insert(spectrums.end(), zx.begin(), zx.end() );

128

129 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M. 2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

130

131 //create Home eNBs

132 std::vector <Femtocell*> *femtocells = nm->GetFemtoCellContainer();

133

134 for (int i = nbCell; i < nbCell + nbFemtoCells; i++)

135 {

136 double HeNBdrop = (double) rand()/ (double) RAND MAX;

137

138 if ( HeNBdrop <= activityRatio )

139 {

140 HeNodeB* enb = new HeNodeB (i, femtocells->at (i-nbCell));

141 enb->GetPhy ()->SetDlChannel (dlChannels->at (i));

142 enb->GetPhy ()->SetUlChannel (ulChannels->at (i));

143 enb->SetDLScheduler (downlink scheduler type);

144

145 // RRP: HeNBs transmitter power are given in the parameters of
the scenario

146 enb->GetPhy ()->SetTxPower(Power);
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147

148 enb->GetPhy ()->SetBandwidthManager (spectrums.at (i));

149

150 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.
2135-1.git and https://github.com/RRP-IT/LTE-Sim-RP.git

151 }

152 }

153

154 int totalNbUE = nbCell*nbUE + nbFemtoCells*nbFemtoUE;

155 int totalNbCell = nbCell + nbFemtoCells;

156

157 //Define Application Container

158 VoIP VoIPApplication[ nbVoIP*totalNbUE ];

159 TraceBased VideoApplication[ nbVideo*totalNbUE ];

160 InfiniteBuffer BEApplication[ nbBE*totalNbUE ];

161 CBR CBRApplication[ nbCBR*totalNbUE 1];

162 int voipApplication = 0;

163 int videoApplication = 0;

164 int cbrApplication = 0;

165 int beApplication = 0;

166 int destinationPort = 101;

167 int applicationID = 0;

168

169 //Create GW

170 Gateway *gw = new Gateway ();

171 nm->GetGatewayContainer ()->push back (gw);

172

173 // Users in MACRO CELL

174 //nbUE is the number of users that are into each cell at the beginning
of the simulation

175 int idUE = totalNbCell;

176 for (int j = 0; j < nbCell; j++)

{

177

178

179 //users are distributed uniformly into a cell

180 vector<CartesianCoordinates*> *positions =
GetUniformUsersDistribution (j, nbUE);

181

182 //Create UEs

183 for (int i = 0; 1 < nbUE; i++)

184 {

185

186 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git
and https://github.com/RRP-IT/LTE-Sim-RP.git

187

188 // Users in FEMTO CELLS

189 //nbUE is the number of users that are into each cell at the beginning
of the simulation

190 //idUE = nbCell*nbUE;

191 std::vector <HeNodeB*> *HeNBs = nm->GetHomeENodeBContainer();

192 //for (int j = 0; j < nbFemtoCells; j++)

193 for (int j = 0; j < HeNBs->size(); j++)

194 {
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195 int idCell = j + nbCell;

196

197 std::vector<double> vectorOfCoordinates;
198

199 vector<CartesianCoordinates*> *positions =

GetUniformUsersDistributionInFemtoCell (idCell, nbFemtoUE, buildingType);
200

201 //Create UEs

202 for (int 1 = 0; i < nbFemtoUE; i++)

203 {

204 //ue's random position

205 double posX = positions->at (i)->GetCoordinateX ();

206 double posY = positions->at (i)->GetCoordinateY ();

207 double speedDirection = (double)(rand() %360) * ((2*3.14)/360);;

208

209 UserEquipment* ue = new UserEquipment (idUE,

210 posX, posY, speed,
speedDirection,

211 femtocells->at (j),

212 HeNBs->at (j),

213 0, //HO deactivated! //
RRP: Users shall not leave the own apartment

214
Mobility: :CONSTANT POSITION);

215

216 std::cout << "Created UE in femto-cell - id " << idUE << "
position " << posX << " " << posY

217 << ", cell " << ue->GetCell ()->GetIdCell ()

218 << ", target enb " << ue->GetTargetNode ()-
>GetIDNetworkNode () << std::endl;

219

220 ue->GetPhy ()->SetDlChannel (HeNBs->at (j)->GetPhy ()-
>GetDlChannel ());

221 ue->GetPhy ()->SetUlChannel (HeNBs->at (j)->GetPhy ()-
>GetULChannel ());

222

223 ue->SetIndoorFlag(true);

224

225 if (accessPolicy == 1)

226

227 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git
and https://github.com/RRP-IT/LTE-Sim-RP.git

228

229 // register ue to the enb

230 HeNBs->at (j)->RegisterUserEquipment (ue);

231 // define the channel realization

232 FemtoCellUrbanAreaChannelRealization* c_dl = new
FemtoCellUrbanAreaChannelRealization (HeNBs->at (j), ue);

233 HeNBs->at (j)->GetPhy ()->GetD1Channel ()-
>GetPropagationLossModel ()->AddChannelRealization (c _dl);

234 FemtoCellUrbanAreaChannelRealization* c_ul = new
FemtoCellUrbanAreaChannelRealization (ue, HeNBs->at (j));

235 HeNBs->at (j)->GetPhy ()->GetUlChannel ()-

Page 5



single-cell-with-femto-with-riuso.h sexta-feira, 12 de novembro de 2021, 12:21

>GetPropagationLossModel ()->AddChannelRealization (c _ul);

236

237 1dUE++;

238 }

239 }

240

241 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M. 2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

242 }

243 }

244 simulator->SetStop(duration);

245 simulator->Run ();

246}

247
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1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */

N
~
*

Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari

This file is part of LTE-Sim

LTE-Sim is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License version 3 as
published by the Free Software Foundation;

LTE-Sim is distributed in the hope that it will be useful,

but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.

Author: Francesco Capozzi <f.capozzi@poliba.it>

Updated by: Rui R.Paulo <rrp@lx.it.pt>>

R I S SR SR S R S S S SR SR S S S S R G S

N
w

*
~

24
25 #ifndef INDOORSCENARIOS H
26 #define INDOORSCENARIOS H_

27

28 //#include "../core/cartesianCoodrdinates/CartesianCoordinates.h"
29 //#include "../componentManagers/NetworkManager.h"

30

31#include <vector>

32 #include <iostream>

33#include "../networkTopology/Building.h"

34 #include "../componentManagers/NetworkManager.h"

35

36 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M. 2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

37
38 // RRP: For scenario with 4 HelNBs

39

40 else if ( type == Building::TYPE_3GPP_5x5_grid_4 )

41 A

42 e Wmi!lyMXMQIfMSMeAEAM[M2A5N]MAEML{MA'M]:JAMJ-MLAMZM]-AJMM]:}: L

43 int y offset [25] = { 1, 1, -1,-1};

44

45 offset = new double[2];

46 offset[0] = (x offset [idCell] * side);

47 _offset[1] = (y offset [idCell] * side);

48

49 }

50 else

51 {

52 std::cout << "ERROR: Wrong Building Type. Exiting...." << std::endl;
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53 exit(1l);

54 }

55

56 return offset;

57}

58

59 static int cellsIndex 5x5grid [2][25] =

60 {

61 {

62 0,1, 2, 3, 4,0, 1, 2, 3, 4,60,1, 2, 3, 4, 0,1, 2, 3, 4, 0, 1, 2, 3,
4'

63 },

64 {

65 e, 6, 0, 0, 0, 1, 1, 1, 1, 1, 2, 2, 2, 2, 2, 3, 3, 3, 3, 3, 4, 4, 4, 4,
4'

66 },

67 };

68

69 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M. 2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

70

71}

72

73#endif /* INDOORSCENARIOS H */

74
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1/* -*- Mode:C++; c-file-style:"gnu"; indent-tabs-mode:nil; -*- */

2/%*

3 * Copyright (c) 2010,2011,2012,2013 TELEMATICS LAB, Politecnico di Bari
4 *

5 * This file is part of LTE-Sim

6 *

7 * LTE-Sim is free software; you can redistribute it and/or modify

8 * it under the terms of the GNU General Public License version 3 as
9 * published by the Free Software Foundation;

10 *

11 * LTE-Sim is distributed in the hope that it will be useful,

12 * but WITHOUT ANY WARRANTY; without even the implied warranty of

13 * MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

14 * GNU General Public License for more details.

15 *

16 * You should have received a copy of the GNU General Public License
17 * along with LTE-Sim; if not, see <http://www.gnu.org/licenses/>.
18 *

19 * Author: Giuseppe Piro <g.piro@poliba.it>

20 *

21 * Updated by: Rui R.Paulo <rrp@lx.it.pt>>

22 *

23 */

24

25 #ifndef USERSDISTRIBTION H
26 #define USERSDISTRIBTION H

27

28 #include "../core/cartesianCoodrdinates/CartesianCoordinates.h"
29 #include "CellPosition.h"

30 #include "../componentManagers/NetworkManager.h"

31

32 #include <vector>

33 #include <iostream>

34 #include <cmath> // RRP: Libraries to run the pseudorandom number
generator (PRNG)

35#include <random> // RRP: Libraries to run the PRNG

36 #include <chrono> // RRP: Libraries to the clock

37

38 static CartesianCoordinates*

39

40 // Consult https://github.com/RRP-IT/LTE-SIM-ITU-R-M.2135-1.git and
https://github.com/RRP-IT/LTE-Sim-RP.git

41

42 static vector<CartesianCoordinates*>*

43 GetUniformUsersDistribution (int idCell, int nbUE)

44 {

45 NetworkManager * networkManager = NetworkManager::Init();

46 vector<CartesianCoordinates*> *vectorOfCoordinates = new
vector<CartesianCoordinates*>;

47

48 Cell *cell = networkManager->GetCellByID(idCell);

49

50 double radii = (cell->GetRadius()*1000)*0.8;
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51
52 CartesianCoordinates *cellCoordinates = cell->GetCellCenterPosition();
53 double r; double angle;

54

55 for (int i = 0; i < nbUE; i++)

56 {

57 // RRP: implementation of the Mersenne Twister PRNG

58 unsigned seed =
std::chrono::system clock::now().time since_epoch().count();

59 std::mt19937 rng_mt(seed);

60 std::uniform _real distribution<double> dist double(0.0, 1.0);

61 std::uniform_real_distribution<double> theta_double(0.0, 360.0);

62

63 double radius=dist double(rng_mt);

64 double th=theta double(rng mt);

65

66 double angle = 2*M PI*th/360;

67 double rl = sqgrt(radius);

68 double r = radii*ril;

69

70 CartesianCoordinates *newCoordinates =
GetCartesianCoordinatesFromPolar (r, angle);

71

72 //Compute absoluteCoordinates

73 newCoordinates->SetCoordinateX (cellCoordinates->GetCoordinateX () +
newCoordinates->GetCoordinateX ());

74 newCoordinates->SetCoordinateY (cellCoordinates->GetCoordinateY () +
newCoordinates->GetCoordinateY ());

75

76 vectorOfCoordinates->push_back(newCoordinates);

77 }

78

79 return vectorOfCoordinates;

80}

81

82 static vector<CartesianCoordinates*>*

83 GetUniformUsersDistributionInFemtoCell (int idCell, int nbUE, int
buildingType)

84 {

85 NetworkManager * networkManager = NetworkManager::Init();

86 vector<CartesianCoordinates*> *vectorOfCoordinates = new
vector<CartesianCoordinates*>;

87

88 Femtocell *cell = networkManager->GetFemtoCellByID(idCell);

89

90 double sidehome = cell->GetSide();

91

92 CartesianCoordinates *cellCoordinates = cell->GetCellCenterPosition();

93 double r; double angle;

94

95 for (int i = 0; i < nbUE; i++)
96 {

97
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98if ( buildingType == 4)

99 {

100 // RRP: implementation of the Mersenne Twister PRNG

101 unsigned seed =
std::chrono::system clock::now().time since epoch().count();

102 std::mt19937 rng mt(seed);

103 std::uniform real distribution<double> distx double(0.0, 1);

104 std::uniform real distribution<double> disty double(0.0, 1);

105

106 double xa=distx double(rng mt);

107 double ya=disty double(rng mt);

108

109 double x;

110 double vy;

111 if ( idCell == 1)

112 {

113 // RRP: Users coordinates on HeNB number 1

114 x= 2.5*sidehome*xa- (3*sidehome/2);

115 y= 2.5*sidehome*ya- (sidehome);

116 }

117 else if (idCell == 2)

118 {

119 // RRP: Users coordinates on HeNB number 2

120 x = 2.5*%sidehome*xa- (sidehome);

121 y = 2.5*%sidehome*ya- (sidehome);

122

123 }

124 else if (idCell == 3)

125 {

126 // RRP: Users coordinates on HeNB number 3

127 X = 2.5*sidehome*xa- (3*sidehome/2);

128 y = 2.5*%sidehome*ya- (3*sidehome/2);

129

130 }

131 else

132 {

133 // RRP: Users coordinates on HeNB number 4

134 x = 2.5*%sidehome*xa- (sidehome);

135 y = 2.5*%sidehome*ya- (3*sidehome/2);

136

137 }

138

139 CartesianCoordinates *newCoordinates = new
CartesianCoordinates ();

140 newCoordinates->SetCoordinates(x,y);

141 //Compute absoluteCoordinates

142 newCoordinates->SetCoordinateX (cellCoordinates->GetCoordinateX
() + newCoordinates->GetCoordinateX ());

143 newCoordinates->SetCoordinateY (cellCoordinates->GetCoordinateY
() + newCoordinates->GetCoordinateY ());

144

145 vector0fCoordinates->push back(newCoordinates);

146 }
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147 else

148 {

149 unsigned seed =
std::chrono::system clock::now().time since epoch().count();

150 std::mt19937 rng mt(seed);

151 std::uniform real distribution<double> distx double(0.0, 1);

152 std::uniform real distribution<double> disty double(0.0, 1);

153

154 double xa=distx double(rng mt);

155 double ya=disty double(rng mt);

156

157 double x = 2*sidehome*xa- (sidehome/2);

158 double y = 2*sidehome*ya- (sidehome/2);

159

160 CartesianCoordinates *newCoordinates = new
CartesianCoordinates ();

161 newCoordinates->SetCoordinates(x,y);

162 //Compute absoluteCoordinates

163 newCoordinates->SetCoordinateX (cellCoordinates->GetCoordinateX
() + newCoordinates->GetCoordinateX ());

164 newCoordinates->SetCoordinateY (cellCoordinates->GetCoordinateY
() + newCoordinates->GetCoordinateY ());

165

166 vectorOfCoordinates->push back(newCoordinates);

167 }

168

169 }

170 return vectorOfCoordinates;

171}

172

173 #endif /* USERSDISTRIBTION H */

174
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Appendix F

Average Delay in Scenarios with 4, 5, and 6
HeNBs

This Appendix presents results for the average delay for topologies with 4, 5, and 6 home
eNodeBs (HeNBs). Results for the average delay in the scenario with 4 HeNBs and eight users
up to Figure

corresponding to the analysis presented in Section and are presented from Figure [F.1a

Results presented in Figure |F.2a|up to Figure correspond to the analysis in Section|4.3]
These results are obtained by considering the 2% target for PLR suggested by 3GPP, for de-

ployments with 4, 5, and 6 HeNBs. We produced fitting surfaces by using a polynomial sur-
face with a confidence interval of 95%, by following the approach from [149].

Figure[F.1 presents results for the scenario with 4 HeNBs, frequency reuse pattern two, and

by assuming that each HeNB serves eight user equipments (UEs). Details can be found in
Table[g.1 The proportional fair (PF), frame level scheduler (FLS), and exponential rule (EX-

]
a n
g

N

o e

(a) Proportional fair

(b) Frame level scheduler

(c) Exponential rule
Figure F.1: Variation of the average delay of video flows with 4 HeNBs scenario, with different schedulers, for
different values of the transmitter power and apartment side length.

PRule) schedulers have been considered in this analysis. Transmitter power varies between

-10 dBm and 20 dBm. Figure|[F.1a|presents results for PF. The minimum delay was obtained

for transmitter power of 20 dBm and an apartment side length of 5 m. Delay increases with
the increase in the apartment length and the decrease in the transmitter power. The maxi-
mum value obtained was ~ 57 ms. Figure presents results for FLS. The average delay
presents the same behavior for These two schedulers (PF and FLS). Although FLS presents
better results, the maximum obtained average delay is ~ 25 ms.

With the EXPRule Figure[F.1d, the minimum average delay also occurs for the shortest apart-

video of PLR<2%.

ment side length but for values of transmitter power lower than 0 dBm. The highest values
between 10 dBm and 15 dBm. The maximum average delay obtained has been ~ 21 ms.

have also been obtained for the longest apartment side lengths but for transmitter powers

Figure presents results for the scenarios with 4, 5, and 6 HeNBs, for a PLR target for
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Figure F.2: Maximum average delay for target PLR of 2%, for video with 4, 5 and 6 HeNBs and the FLS
scheduler.

The considered scheduler is the FLS. The simulation parameters are presented in Table[4.2]
Transmitter power varies between 0 dBm and 20 dBm. For the scenario with 4 HeNBs, the
maximum and minimum average delay have been obtained for an apartment side length of
20 m, as shown in Figure[F.2a The minimum and the maximum average delay were obtained
considering a transmitter power of 0 dBm. The maximum delay of ~ 25 ms occurs between
10 dBm and 20 dBm.

With 5 HeNBs, the minimum average delay was also obtained for an apartment side length
of 20 m, a shown in Figure[F.2b| The maximum delay has been obtained for an apartment
side length of 5 m and a transmitter power between 10 dBm and 20 dBm (its value is ~ 23.4
ms).

For the scenario that considers 6 HeNBs, the maximum and minimum average delay have
also been obtained for the apartment side length of 20 m, as shown in Figure The
minimum delay occurred for a transmitter power of 0 dBm while its maximum is achieved
for a transmitter power of 20 dBm (this maximum value is &~ 23.2 ms).

In none of the scenarios presented in Figure or Figure the average delay for video
exceeded the maximum 3GPP limit of 150 ms [[97].
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