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EFFICIENT ARCHITECTURE OF CELLULAR NETWORKS FOR DYNAMIC
CELL STRUCTURING WITH LARGE-SCALE BASE STATION COOPERATION

Abstract- This research focuses on a heterogeneous wireless cellular network con-
sisting of small cells within macro cells. The thesis aims to provide a development
direction to utilize the network resources to the utmost extent. It is started with
random non coordinated networks. The main limiting factor in a non coordinated
network is the interference. Then step by step, more advanced schemes are added
to the network to reduce or eliminate the interference and improve network’s per-
formance. At first, full coordination is added to the network. It is shown that
although such a coordination improves the system rate in some scenarios, it can-
not fit to the dynamics of the traffic demand in a cellular network. Therefore, a
more advanced scheme is introduced. In this scheme dynamic coverage control of
BSs alongside large scale clusters direct idle network resources from sparse areas
to the congestion areas. This method is especially beneficial when there are some
distinct congestion zones in the network. This scheme can achieve several times
higher capacity than the previous schemes. In addition, by introducing rank adap-
tation in the large scale clusters the system rate can be increased even more. Then
gain in the system rate can be more than 100 percent depending on the scenario
and environment. This huge gain is a motivation for further study on the aspects
and issues of the practical implementation. The last part of the thesis discusses
the required measurement and signaling scheme for the practical implementation
based on the concept of C/U splitting and signaling schemes that are currently

considered in 3GPP standardization. This can insure the feasibility of the scheme.
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CHAPTER 1
INTRODUCTION

1.1 Current status and advances in cellular networks

International Mobile Telecommunications-Advanced (IMT-Advanced) are re-
quirements issued by the ITU-R in 2008 for 4G mobile phone and Internet ac-
cess service. Long-Term Evolution-Advanced (LTE-A) is a mobile communication
standard that is standardized by 3rd Generation Partnership Project (3GPP). LTE-
A is a major enhancement of the Long Term Evolution (LTE) standard and aims to
satisfy the requirements of 4G defined by IMT-A. Nowadays, a rapid increase in
wireless cellular networks is observed. In 2013, the global mobile data traffic grew
81 percent and it is anticipated that by 2018 it will reach nearly 11-fold increase
over 2013. Another interesting observation is that in 2013, 30 percent of the data

traffic was 4G, although only 2.9 percent of current mobile connections are 4G [1].

The growing demand for the data traffic in cellular networks seems to be a
persistent problem. Furthermore, when a more advanced network with higher
capacity becomes available the schema of the traffic demand may change and
the network users start to use more capacity. This trend of data traffic demand
motivates the constant efforts for introducing and implementing more efficient
networks with higher capacity. The capacity enhancement can be addressed and

studied in three different axes:

e use of new bands and increasing the bandwidth,

e employing communication techniques with higher spectral efficiency,



e and densification, which means installing and exploiting more BS antennas

in the network.

For instance, introducing mm-wave and recent measurement and modeling of
outdoor and indoor mm-wave channels aim to advance the capacity of wireless
network by allocating more bandwidth to the communication. The use of mm-
wave or any other new band in cellular networks requires a huge effort not only in
technical side, but also in standardization and regulation side. However, the wide
unused bandwidths have the potential to provide a huge capacity for wireless
communication. Therefore, despite all the difficulties, the idea of using new bands

in cellular networks remains as a practical and efficient solution.

In the second direction, higher order modulations are examples that aim to
increase the spectral efficiency. Base station (BS) cooperation also can be catego-
rized in the group of techniques that increase the spectral efficiency by reducing
interference for the cell edge users. In a cellular network, the users in cell-edge
areas suffer from high interference from neighboring cells and hence, are forced
to communicate at a reduced data rate. Coordinated multipoint (CoMP) is a tech-
nique that has been proposed to address this issue by implementing cooperation
among neighboring BSs [2-5]. This technique has been adopted in 3GPP standard-
ization as well [6]. In addition, “centralized radio access network” (C-RAN) has
been introduced as an architecture that facilitates the implementation of CoMP
in the cellular networks. Since both CoMP and C-RAN are very essential to the
study in this thesis, in the end of this section they are defined explicitly in distinct

subsections.

In the third direction, different schemes and scenarios of densification are stud-

ied. Densification or using more antennas can be implemented in two ways. One
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Figure 1.1: Schematic curves that show the relation of data traffic demand
and the area and time.

way is to add more antenna to each BS and the other one is to install more BSs
in the area. Increasing the number of antennas of a BS eventually leads to the
massive MIMO techniques which seems inevitable at least for mm-wave commu-
nications. However, recent studies suggest that adding more antennas in each BS
does not fill out the need for more BSs in the area. Therefore the trend of cellular
networks is towards a heterogeneous architecture consisting of a macro BS with
a large number of antennas and a dense deployment of small cells within macro
cell area [10]-[12]. Also 3GPP standardization follows the same trend. Specifically,
the efficient deployment of small cells is becoming an important part of the 3GPP

discussions [13]-[15].

So far we have discussed the trends and techniques of increasing the capac-
ity of cellular networks. However, there is another issue in cellular networks that
rises from the nonuniform time-fluctuating user distribution in the network area.
In general, the user distribution is not necessarily uniform and some hotspots or
user-dense areas are seen in some areas. Also, in typical cellular networks the den-
sity of users in different areas (e.g. residential areas, business areas, ...) changes

based on the time of the day (Fig. 1.1). To answer the traffic demand with a speci-



tied quality of service, the simplest method is to design the network for the worst
case. Especially when cell coverage is static and fixed, each UE can connect only
to one or a few local BSs, and therefore the network should be installed according
to the most crowded time in each area. However, such a design does not utilize
available resources efficiently. In other words, during the periods that the area is
less crowded, some network resources remain idle or unused. Thus, the wireless
network resource cannot be utilized to the most extent. In this case, the only pos-
sible adaptation is to reduce power consumption by turning off BSs in some areas
at times when there is no traffic [19]. However the pre-installed network resources
that remain idle cannot transfer to the crowded area. In this thesis, this issue is ad-
dressed by a novel architecture that benefits from cell structuring as well as CoMP.
However, before proceeding to introduce objective of this thesis, in this section the

concept of CoMP and C-RAN are briefly explained.

1.1.1 Coordinated multipoint (CoMP)

The main idea of CoMP is to form a distributed MIMO system among cooperative
base stations (BSs) and perform cooperative multi-user transmission in order to
mitigate interference for user equipments (UE) specially in the cell-edge areas.
The theoretical performance gain of CoMP has already been proven [7]. In spite of
various technical challenges, e.g. [8], the non-negligible gain of CoMP motivates

the consideration of CoMP as an attractive solution for the cellular networks (e.g.

[6]).

Three different schemes are considered for CoMP as demonstrated in Fig. 1.2:

e Dynamic point selection (DPS)
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Figure 1.2: Three different CoMP schemes: (a)dynamic point selection
(DPS), (b)coordinated scheduling/ beamforming (CS/CB),
(c)joint transmission (JT)

e Coordinated scheduling/ beamforming (CS/CB)

e Joint transmission (JT)

In DPS, the data for the UE must be shared among coordinated BSs and the

serving cell is dynamically selected so that the UE always receives the best signal.



Table 1.1: Characteristics of different schemes of CoMP

CoMP scheme DPS CS/CB JT
Channel information unshared shared shared
Users’ data shared unshared shared
Interference cancellation | muting beam/ antenna weight

power control

diversity /
Distributed MIMO gain || diversity | multiplexing

multiplexing

CS/CBiis a different CoOMP scheme that does not require data sharing among coor-
dinated BSs. The data is exclusively available to the serving cell and only that cell
transmits to the UE. However scheduling and beamforming is coordinated among
cooperative BSs to mitigate interference. Joint transmission (JT) is the third CoMP
scheme. In JT coordinated BSs jointly transmit data to the UE. JT is the most com-
plicated CoMP scheme that requires data as well as channel state information be

shared among cooperative BSs.

The characteristics of each of CoMP schemes are summarized in Table 1.1. An
important technical challenge in implementation of CoMP is the requirement for
a backhaul that is capable of transferring required channel information/ user data
among BSs in a timely manner. C-RAN architecture provides a suitable backhaul
that supports this data sharing and facilitates the joint processing and cooperative

communication for several BSs.
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1.1.2 Centralized radio access network (C-RAN)

Basically a BS can be a standalone entity consisting of baseband (BB) and RF
units. The distinct standalone BSs connect to a backhaul that controls and sup-
ports resource allocation in the network area. However, in contrast to this archi-

tecture, centralized radio access network (C-RAN) refers to a newer configuration



in which the baseband processing component of BSs is separated from the radio
head and all baseband processing is integrated to form a centralized baseband
cloud [9]. In other words, the BSs are reduced to radio heads and all the signal
processing and data sharing happens in the central baseband processing unit that
is connected to the radio heads via high speed links. The structure of C-RAN fa-
cilitates the implementation of CoMP. Depending on the scheme, CoMP requires
data and/or channel information to be shared among coordinated BSs (Table 1.1).

This architecture is shown in Fig. 1.3.

The C-RAN is an interesting architecture in heterogeneous networks (HetNets)
in which several small cell BSs (SC-BSs) are deployed within the area of a macro
cell. In such HetNets, the SC-BSs can be remote radio heads and all BB processes
can be managed and controlled by the macro BS. Macro BS can provide a reliable
coverage for the control plane and resource management, while SC-BSs provide
high data rates for the nearby users. In such networks the interference among
neighboring SC-BSs can be mitigated by CoMP. Such a HetNet architecture with a

C-RAN that supports CoMP among SC-BSs is basis of a large portion of this thesis.

1.2 Objectives of the thesis

In this thesis, a HetNet cellular network is considered and the architecture is devel-
oped step by step. The ultimate goal is to construct an architecture that utilizes the
network resources to the utmost extent. As mentioned in the previous section, the
issue of the increasing data traffic demand can be addressed in three directions of:
more bandwidth, more efficient communication schemes and densification. The

solution that is followed in this thesis can be categorized as a combination of a



more efficient communication scheme and densification. The densification that is
considered here is to deploy a number of SC-BSs within a macro cell area. Then,
by means of coordination among small cells the interference is eliminated and a
huge capacity is obtained. In other words, a dense network of SC-BSs covers an

area in an orchestrated manner to utilize their resources to the utmost extent.

The thesis begins by considering the simplest case in which SC-BSs are stan-
dalone BSs that do not cooperate to each other. The performance of this scheme
can be used as the basis for comparison for more advanced schemes. In next steps,
the cooperation among SC-BSs and orchestrated operation of SC-BSs are intro-
duced. The orchestrated operation of SC-BSs relies not only on the large scale
CoMP among SC-BSs, but also on the adaptive coverage or the cell structure of
each SC-BS (Fig. 1.4). The adaptive coverage of a BS is in contrast to the studies
on cellular networks which assume that the coverage range of each BS is fixed and
therefore, BSs mainly communicate to the nearby users (eg. [16]-[18]). However,
it is of a great importance to introduce adaptive coverage in cellular networks be-
cause the fixed rigid transmission range of BSs will result in the waste of the idle
network resources in sparse/ vacant areas. Besides, from the technological point
of view, it is possible to deploy BSs or SC-BSs that are capable of adapting their
coverage. The coverage of a BS can be shifted by controlling the antenna beam
direction. Especially, changing the vertical tilt angle of a BS’s antenna affects the
transmission range. If the coverage of BSs is fixed the BSs/SC-BSs required to be
deployed in each area according to the worst case or the busiest time in that area.
Quite the contrary, here the idea is to dynamically transfer idle network resources

to the dense areas by dynamic cell structuring along with large scale CoMP among

SC-BSs.

CoMP was originally introduced to improve the performance for cell-edge



Small cells

Figure 1.4: Dynamic transfer of network resources to dense areas.

users, however, here the idea is extended to large scale cooperation among sev-
eral SC-BSs that are not necessarily near to each other. Basically, C-RAN archi-
tecture assists the implementation of large scale CoMP. Prior to implementation
of such a system, it is necessary to characterize the fundamental limits of large
scale CoMP scheme and distinguish the theoretical limits from current technolog-
ical limits [16], [17]. Also, some system design issues such as clustering influence
the achievable performance of large scale CoMP [18]. In this thesis an efficient
architecture for large scale CoMP in an orchestrated network of SC-BSs is intro-
duced and evaluated in various scenarios and under different circumstances. This
scheme responds to network traffic demands and dynamically fits the cells’ struc-
tures and cooperative clusters to the traffic congestion areas. The numerical evalu-
ations show that if the large-scale clusters and the coverages of SC-BSs are dynam-

ically optimized according to the traffic demand several times higher capacity is

10



obtained compared to the networks of cooperating SC-BSs without dynamic cov-
erage. Here it is assumed that the macro BS and all SC-BSs are connected to a
perfect C-RAN backhaul and therefore the formation of any cooperative cluster

with arbitrary SC-BSs is feasible.

Beside a scheme for cell structuring and coordination, it is necessary to intro-
duce a method for practical implementation. Therefore, in this thesis a protocol
is introduced to realize the dynamic coverage control and large-scale cluster for-
mation. This protocol provides the signaling and measurements required to setup
the orchestrated network. In the protocol, it is tried to use the signaling and po-
sitioning that are currently available in 3GPP standards as much as possible. This

guarantees the feasibility of the proposed scheme.

1.3 Thesis structure

The purpose of this thesis is to develop the architecture of a wireless cellular net-
work step by step. In general a nonuniform user distribution is assumed. Es-
pecially the cases in which a few distinct congestion zones exist in the network
area are considered and the network performance is examined with each architec-
ture. A HetNet which consists of a macro cell and several SC-BSs in the macro
cell area is assumed. First in chapter 2 the capacity in a random non-coordinated
network of SC-BSs is analyzed. Then in chapter 3 coordination is added to the sys-
tem and it is shown that the coordination is not sufficient to form an orchestrated
network that directs idle resources to the congestion areas. Therefore, in chapter
4 dynamic cell structuring is combined to the clustering mechanism and the theo-

retical bounds of its performance are studied. In this chapter the effect of several

11



factors such as cluster size, shadowing and rank adaptation are examined. The
performance gain of this architecture over the large-scale CoMP scheme of chap-
ter 3 shows the importance of concurrent dynamic coverage control of SC-BSs and
optimal CoMP cluster formation. However, this scheme requires dynamic mea-
surements of several factors of the network and user distribution. Therefore, in
chapter 5, the practical aspects are discussed. In this chapter a protocol is proposed
to dynamically follow the user distribution and form optimal clusters seamlessly.
The proposed protocol tries to follow 3GPP signaling and protocols as much as
possible. This will assure the feasibility of the practical implementation of our
proposed scheme. Finally, chapter 6 summarizes the results and holds some con-

cluding remarks.

12



CHAPTER 2
CAPACITY IN RANDOM NON-COOPERATIVE NETWORKS

2.1 Introduction

In this chapter, a network of small cells with a random architecture is studied and
its performance is examined. This study can be used as the basis for comparison

with more advanced architectures and schemes in the subsequent chapters.

Here a random network consists of several SC-BSs or pico-cells that are ran-
domly distributed in the area. No coordination among SC-BSs is available and
each SC-BS independently communicates to some nearby UEs. This architecture
is similar to wireless ad hoc networks and therefore, some geometrical and math-
ematical models of ad hoc networks can be applied to analyze it. There are quite
a lot of studies in the literature that concentrate on the total capacity of an ad hoc
network or the per node transmission capacity, e.g. [32]-[36], [43]-[45], or more
recent studies of [47]-[52]. Although this approach does not discuss fairness or
how the total capacity is divided among the nodes, it gives an insight to the over-
all performance of the network. In [32]-[36] the asymptotic capacity or the order
of the capacity has been determined. Particularly, reference [32] is one of the pio-
neering studies that model and examine the asymptotic capacity of a static ad hoc
network. Authors of [32] show that, the throughput for every node is of the or-
der of 1/VN, where N is the number of nodes in the network. References [43]-[45]
follow the same definition for capacity as introduced in [32] and investigate the

scaling laws of network and the total capacity as a function of number of nodes.

Asymptotic results are very common in the case of ah hoc networks, how-

ever in this chapter, the capacity of a random non-cooperative network is deter-

13



mined with the assumptions and parameters of a typical cellular network of small
cells. Although this scenario is similar to an ad hoc network, suitable modeling is
necessary to analyze the capacity of a random non-cooperative scheme in a Het-
Net. In fact, the model and the analysis metric should be selected and defined
so that they can function as the basis for comparison for more advanced cellu-
lar networks that will be analyzed in the subsequent chapters. Therefore in this
chapter, first a model of the network is described and the capacity is defined and
formulated. Then, the statistics of the received signal to interference power ratio
(SIR) is extracted and the cumulative distribution function (CDF) of SIR is analyt-
ically derived. This expression directly results in a closed form solution for the
total network capacity. In the end, the capacity is studied both analytically and by

simulation.

2.2 Network scenario

In this section the network scenario is described. The objective is to facilitate
the mathematical analysis while maintaining the generality of a typical network.
Hereafter in this chapter the term “BS” refers to a standalone SC-BS that can inde-

pendently communicate to some UE.

It is assumed that the BSs and UEs are randomly located in the network cov-
erage area with uniform distribution. To make the mathematical analysis more
tractable, the network area is considered as a planar circular disk with radius R as

shown in Fig. 2.1. This makes it easier to formulate the CDF of the distance of each
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BS to the center of the network, r:

0, ifx<0
Fy(x) = Prob.{r<x} =28 if0 < x <R (2.1)
1, ifx>R

where, Prob.{A} is the probability of event A.

Therefore, the polar coordinates of each BS, (r, §), will have the following prob-

ability density functions (PDF) [37]:

=% =2 0<x<R

(2.2)
Jo(0) = 5=, 0<6<2nm

where, r is the distance from the origin and 6 is the angle between the positive

x-axis and the ray from the origin to the location of the BS.

Itis also assumed that every BS uses an omnidirectional antenna and randomly
chooses its receiver from UEs no closer than € and no farther than D with equal
probability (Fig. 2.1). Therefore, the probability that the j BS chooses a UE within
p > € distance away is proportional to the number of UEs in the disk centered at
BS; with radius from e to p. Since the UEs are also uniformly distributed in the

coverage area we can write:

0, ifp<e
Fd(p):PI‘Ob.{dSp}: %, if6<pSD (23)
1, ifp>D

where, F,(p) is the CDF of the distance between a BS to its intended UE.
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Macro cell area S

SC-BS; ¢
polar coordinates: (r,d)
)

Figure 2.1: The scenario for a random non-cooperative network

No interference coordination among BSs is considered. There are Kps small cell
base stations and each of them communicates to one UE independently. Each BS
has got Mt antennas for transmission and each UE is equipped with My antennas
for reception. There is a single user MIMO communication between each BS; (1 <

J < Kps) and its corresponding UE:

Kgs

yj:Hijj+ZijXk+nj (24:)

k=1
k#j

where, x; € CM1 is the transmitted vector by BS; and y; € C"* is the vector received

by UE; (1 < j < Kgs). Also, Hy € CYoM1 i the MIMO channel matrix between the
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k™ BS and the j" UE. Rayleigh flat fading is assumed in the channel. In the right
side of Eq. (2.4), the second term is the interference at the receiver, and n; € C¥r is

the noise.

In the analytical approximation, an interference-limited environment is as-
sumed where the noise power is negligible compared to the interference. In other
words, in the analysis, signal-to-interference-power-ratio (SIR) is considered in-
stead of signal-to-interference-plus-noise-power-ratio (SINR). Neglecting noise in
the presence of interference is a usual assumption in ad hoc networks. In fact,
every ad hoc network can be interference-limited if all transmission powers are
high enough [46]. Here, analogous to ad hoc networks, this assumption is used to

facilitate the mathematical analysis.

2.3 System rate analysis

This section presents a formulation of the capacity in random non-coordinated

cellular network.

To define the total capacity of the network, we start by characterizing the rate
function, R;, which is the communication rate of a single wireless link, i.e the the
link between BS; (1 < j < Kpg) and its corresponding UE [42]. The rate function can
be defined in various forms according to the capabilities of the transmitters and
receivers in the network. This function is upper bounded by the Shannon rate.
Here the best case is considered and the rate function is set to its upper bound.

For the link between BS; and its corresponding UE that is described in Eq. (2.4),
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the rate function is as follows:
q
;= > logy(1+4,), [bps/Hz] (2.5)
i=1

where, y; is the received SINR in the link between j" BS and its corresponding
UE. In this equation, 4; (1 < i < ¢g) are the eigenvalues of HEH ;; and ¢ is the rank

of MIMO channel:

g = min(Mr, MR) (2.6)

The PDF of A; (1 < i < ¢q) is characterized by the eigenvalues of the transmit
correlation matrix, ¥ [23], [24] as explained in Appendix A:
1

Y= VRE{H?/HJJ-} = Ly,

2.7)

In Appendix A, the vector of all eigenvalues of H'H;; is considered as A =

[/11,/12, e ,/lq]T (4 = A >+ > 1,) and their joint PDF f;(4) is obtained.

In Eq. (2.5), ¥, and 4; (1 < i < q) are random variables. The average rate of each

link is defined as the expected value of its communication rate:

A4 A3 A2

where, fsing,(y;) is the PDF of the received SINR, ;.

The average system rate of a wireless network, R, can be defined as the sum of
the average capacities of all simultaneously active links. Because of the symmetry
of the network scenario, the PDF of the received SINR can be considered the same
for all the UEs: fsing,(¥) = f4(y) (¥j). As a result, the average system rate of the

network with Kgg base stations is:
R = Kps R; (2.9)
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where, R ; is substituted from Eq. (2.8). In Eq. (2.8) all terms are already known,
except the PDF of SINR, fsinr(y). In the rest of this section, the effect of noise is
neglected and an approximation closed form is obtained for the CDF of SIR. Then,
using that approximation, the PDF of SIR is estimated and replaced in Eq. (2.8) to

estimate the system rate.

In order to characterize the CDF of SIR, we begin with the definition of the SIR.
There are Kgs pairs of transmitter-receivers in the network. And, with no loss in
generality, the first pair can be taken as the intended pair for which the receiver’s

SIR is written as:

SIR = (PGIr) __Un (2.10)

sEs(PGIr) 2 (1)

where, P, is the power of each transmitter and G reflects the effects of any constant
gain in all links such as the gains of BSs” and UEs’ antennas’ that are assumed to
be omnidirectional. Also, r| is the distance between the intended BS (BS;) and the
the corresponding UE (UE,) and r; (2 < i < Kps) is distance from the i" BS to UE;.
A free space path loss model is considered in all interfering paths as well as the
desired link with path loss exponent of « [41]. It should be mentioned that this

model is consistent with the distance-dependent path loss model in 3GPP (e.g.
[6]).

The interfering power at the receiver, /, is defined as follows:

Kps
1= (1/r) (2.11)

i=2
In [39] and [40], it has been suggested that using the law of large numbers, I can
be replaced by (Kgs — 1)E(1/r*) where E{.} stands for the expected value. However,
instead of replacing / by its mean, here the probability distribution of I is approxi-

mated to obtain more accurate analytical results. Monte Carlo simulation for most
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common values of « (i.e. 2 < @ < 4 [41]), shows that the variance of [ is too large.

Therefore, we use logarithm and consider powers and SIR in dB scale. We define
145 as follows:

G 1

I = 10 log,, (1) = 10 log,,, [Z; E] (2.12)

In the Monte Carlo simulation it is observed that I35 tends to follow some sort

of extreme value distribution. In fact, since r; varies in a wide range from e to R

(e << R), in the above equation the smallest r; or in other words, the nearest inter-

ferer has the dominant effect. This motivates us to approximate the summation by

this dominant part. It should be noted that the larger the value of « is, the more

accurate this approximate is. Later, by comparing the analytic results with the

simulation, it will be seen that this approximation is accurate enough to estimate

the capacity. Consequently, we approximate I4p as follows:

Igg ~ 10 loglo( max (l)) =10 log,, (( min (r,-))_ ) (2.13)

i (1<i<Kgs) r;’ i (1<i<Kgs)

Hence, the CDF of I3z can be estimated as:

F]dB(X) =Prob. {I4z < x}

~P {101 i i <
rob { 0 log,, ((i(zrsr}é%gs) (r)) ) x}

=Prob. {r; 2 10" % Vi,2 <i < Kps|

Kgs

-[]0- £ 0 )

(2.14)

In Eq. (2.14), F,,(.) is the CDF of the distance between each BS; (Vi # 1) and UE;.
In general, F,,(.) depends on the network scenario. When the network radius, R, is
large, UE, can be considered as the center of the network [38]. With this assump-

tion, interfering BSs are uniformly distributed around UE; and their distances to
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it, vary from a minimum value, ¢, to a maximum value, R, where € is the minimum
distance between a BS to any UE in the network. In such a case, the distance from

the i (2 < i < Kgg) BS to UE;, r;, has the following distribution function:

0, ifr<e
F, (r) =Prob.{r; < r} = %, ife<r<R (2.15)
1, ifr>R

Combining Egs. (2.14) and (2.15), F,,, is estimated as follows:

R*-10" %

(Kps—1)
W) , —10 log,, R < x < -10 log, € (2.16)
—€

F[dB (x) = (
Afterwards, the SIR is considered in dB scale and its CDF is characterized.
According to Eq. (2.10), S IR4p is obtained as:
SIRdB = —10a loglo(rl) - IdB (217)
Therefore, the CDF of S IRy is defined as:

F,(y) = Prob.{S IRgs < 7} = Prob. {r1 > 107 od} (2.18)

Hence:

Fy(y) :f Prob. {rl > 10" %}ﬁdB(x)dx

= [ (1= (107 5)) s

where, F,(.) is defined in Eq. (2.3) and f;,,(.) is the PDF of 143 which is by definition,

(2.19)

the derivative of the CDF in Eq. (2.16). By replacing corresponding functions and

maintaining boundaries in F,(.) and f;,,(.), the CDF of S /Rgp is obtained as:
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0, if y < 10a'log,(5)

if 10a log; (g) <y<0

Fy(y) = (2.20)

——— [Hm) - H(¢p)] - 10 <y < 10alog, (%)

D2 — ¢
-1
~— [Gm - G (&p)]
1, if y > 10alog; (%)

where p and m are defined as:

p déf 10%

m < min {Rz, D? p}

And functions H(.) and G(.) are defined as:

e 2_ ) KBs—D
H(x) def (R?-x)

G( ) def _ (Kps—1) (X_Rz)KBS RZ(X—RZ)(KBS_I)
Yo (SZ_RZ)(KBSA) Kas Kps—1

Equation (2.20) for F,(y) is a closed form that can be used to approximate the

PDF of SINR as follows:

dF
Jsing; (v) = f,(y) = dy;)/); Yj (2.21)
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The result of Eq. (2.21) can be replaced in Egs. (2.8) and (2.9), to calculate the

average system rate of the network.

2.4 Numerical results

In this section the system rate of a non-coordinated random network of SC-BSs
is examined versus the network size. At first it is assumed that the locations of
SC-BSs is random. The density of BSs is assumed to be 1/A, where A is the area
of a hexagonal small cell as shown in Fig. 2.2(a). This assumption keeps the av-
erage number of BSs in the random network equal to the number of BSs in a lat-
tice network with hexagonal small cells as demonstrated in Fig. 2.2. To keep the
consistency with 3GPP specifications, the path loss exponent, a is set to 3.67 (see
Table 3.1 or [6]). Also, it is assumed that each SC-BS and UE are equipped with

two antennas for transmission and reception, respectively: My = Mg = 2.
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(©)

Figure 2.2: (a) Hexagonal small cell, (b) a lattice network with hexagonal
small cells, (c) a random network with the same netwrok ra-
dius, R, and the same density of SC-BSs.
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Figure 2.3: System rate of a non-coordinated random network versus nor-
malized network radius, R/d.

The system rate of the network is shown in Fig. 2.3 for a uniform user distri-
bution. In this figure, a gap between analytical approximation and the simulation
result is observed. In the analytical approximation, among all interfering signals,
only the strongest one that is coming from the nearest transmitter is taken into
account and all other interferences and noise are neglected. The larger is the net-
work, the more interfering transmitters exist and therefore the less accurate is the
approximation. However, the approximation can always be used to obtain an up-

per bound on the system rate.

Figure 2.3 shows that the system rate increases quadratically with the network

radius. On the other hands, since the distribution of BSs is uniform, the number
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of BSs increases quadratically with the network radius, and therefore, the system

rate increases linearly with the number of BSs.

In Fig. 2.3 the result is plotted versus the network radius. In fact, the capacity
can be studied in different aspects. For example, an interesting study is to examine
the per BS capacity. However, the objective of this chapter is to provide a basis for
comparison for more developed cellular network architectures in the subsequent
chapters. These architectures aim to provide an efficient scheme for nonuniform
user distributions with some congestion areas. For nonuniform user distributions
instead of the capacity in each small cell or per BS capacity, the sum rate or system
rate will be studied as the performance metric. Thus the same metric has been

considered in this chapter.

2.5 Conclusion

In this chapter the capacity of a random non-coordinated network was modeled
and analyzed. An analytical upper bound was provided for the system rate and
the system rate versus network size was examined in a uniform user distribu-
tion environment. In such a network, the main factor that restricts the capacity is
interference. Use of the sectoral/ directional antennas in SC-BSs can reduce the
interference and increase the system rate. Besides, by implementing cooperation
among SC-BSs the interference can be further eliminated. The numerical results
of this chapter can be used to examine the gain of these two mechanisms. Both

mechanisms are described and modeled in the next chapter.
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CHAPTER 3
CAPACITY IN A COOPERATIVE CELLULAR NETWORK

3.1 Introduction

As in the previous chapter, this chapter focuses on a HetNet cellular network in
which there are several SC-BSs within a macro cell area. However in this chapter
two mechanisms for interference reduction/elimination are added to the network.
These mechanisms are the use of sectoral antennas and BSs’ coordination. Sectoral
antennas at SC-BSs directs a larger portion of the power towards the intended UE
while reduces the interference in other directions. On the other hand, with SC-
BSs” coordination a cluster of SC-BSs performs joint transmission (JT) CoMP to

fully eliminate the interference.

In this chapter these mechanisms are described and modeled in detail and then
the performance gain is examined for different user distribution scenarios. As ex-
pected, the interference reduction/elimination improves the performance of the
network. However, for a nonuniform user distribution in which there are some
congestion areas in the network surrounded by sparse areas, the gain is marginal.
In other words, the aforementioned interference reduction/elimination mecha-

nisms are still insufficient to utilize network resources to the utmost extent.

This chapter starts with the description of the system model. Then the system
rate is evaluated and compared to the previous chapter the non-coordinated ran-
dom network of the previous chapter. In the end, the merits and shortcomings of

the considered interference reduction/elimination are discussed.
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3.2 System model

This chapter deals with SC-BSs within a macro cell area that are equipped with
directional antennas. Also, all the SC-BSs are connected to a C-RAN and can par-
ticipate in a cooperative JT cluster. Hereafter, in this chapter the term “BS” refers

to the SC-BS.

In this section, first the model for the downlink communication in a coopera-
tive cluster is presented in a distinct subsection. It is assumed that a cooperative
cluster performs block diagonalization (BD) to fully eliminate interference within
a cluster. Then in another, a 3-dimensional model for a sectoral/directional an-

tenna is described. This model is similar to the model accepted in 3GPP [6].

3.2.1 Downlink communication model

Here a cluster is a set of Kgg base stations (j = 1, ..., Kgs) that perform joint trans-
mission (JT) CoMP to a set of Kyg (Kug < Kps) user equipments (i = 1,..., Kyg).
Also, each base station (BS) uses Mt antennas for transmission and each user is

equipped with Mg antennas for reception (Mg < Mr).

It is assumed that the channel from each base station (BS) in the cluster to each
user equipment (UE) is known in a baseband central processing unit that processes
and distributes the data to be transmitted on the set of antennas of all BSs of the

cluster. This communication is modeled as follows:
y = HQTs + njy¢ + 1 3.1)

In the above equation:
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T . .
e s=[s",...,Sk, ] € CMRKUE g the aggregated transmit streams to Kyg users;

oy = [y}, ...,yKUET]Te CMrKue ig the aggregated receive signal vector of Kyg

users,

e He CMrKuexMiKes jg the aggregated channel matrix between cooperative BSs

and CoMP users:
T
H=[H], - H_| (3.2)
where H; = [H;;, -+ , Hig,,] € CM~*M1&ss jg the channel from all cluster BSs to

the i™ user which is composed of H;; € CM*¥1 the channel from the MBS to
the i user. Rayleigh flat fading is considered in the channel.
e Q=[Q,Qy, -, Q] is a block diagonalization (BD) precoding matrix, with:

Mt K, M1Kgs—Mg(Kyg—1
Q,‘EC TKBsX[M1Kps—MRr(Kug )],

= def

such that: H = HQ = diag [ﬁ1, . ,ﬁKUE]/

where: H; € CMrxIMrKss=Mr(Kue=DI g the effective channel matrix for user i;

o T:[TT, S ,T}UE]T = VP, is the aggregated precoding matrix of SVD-MIMO,
where V = [VIT, e ,V%UE]T € CKuelMrRes=Mr(Kue-DIxMrKue jg the aggregated right
singular matrix (V; is the right singular matrix of H;) and the diagonal matrix

P, € R MrKuexMrKue jg 3 power allocation matrix for each stream;

® Nis = [Ny ", -+, ¢ ]7€ CYREVE denotes the aggregated interference from
non-cooperating BSs and BSs of other clusters. Alson = [n,",--- ,ng 1" €

CMrKee jg the noise vector, where E{n,n'} = 01,4, and o is the noise power.

The instantaneous spectral efficiency of the i user is then given by:

R; = xlog, {det (IMR + ﬁ,ff?ﬁf‘x
(3.3)
[0' ZIMR +E {nintf,inintf,iH}]_l)}

where y is the bandwidth efficiency coefficient.
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3.2.2 Antenna gain and path loss model

The channel from the ;™ BS to the i user, H;;, can be decomposed into two terms:

ijr
Hij = Vﬂ-ijI ij (34:)
F; € CM®Mr models the i.i.d. Rayleigh flat fading with unit power. And, r;; is the

average path power gain between the j™ BS and the i user. We consider antenna

gain as well as path loss to model 7;; as follows:

G (¢;.0;. ¥(BS)), ¥(UE)))
T =
" L(Iv(BS) - Y(UE))

(3.5)

Y() = [Y<(), ¥y(), ¥,(.)] denotes the 3-dimensional location vector of BSs and UEs.
Thus, [[¥(BS,) — W(UE,)|| is in fact the distance between the transmitter and the re-
ceiver and L(||¥(BS;) — ¥(UE,)|) is the distance-dependent path loss from the ;™
BS to the i user. Also, G(¢;,6;, ¥(BS;), ¥(UE))) is the antenna gain of the j BS to-
wards the i user. Furthermore, ¢; (—7r <¢; < 71) and 6, (0 <6< g) are the horizon-
tal direction and the vertical tilt of the BS’s antenna respectively as demonstrated

in Figs. 3.1(a) and (b).

A 3-dimensional (3D) model is considered for the antenna gain [20]. This
model also conforms to 3GPP specifications for BS antennas [21]. In this model, we
are dealing with one main lobe whose directions in horizontal and vertical plane
are characterized by the angles ¢; and 6, respectively. Outside the main lobe, a
constant gain is assumed; but, for users locating in the main lobe, the antenna
gain in horizontal plane (Gy,) and vertical plane (G,) should be calculated. To ob-
tain G, and Gy, the relative angles of the user and the antenna main lobe must be

calculated.
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Figure 3.1: Demonstration of (a) horizontal and (b) vertical beam patterns
and corresponding angles.

In the horizontal plane, the relative angle between BS; and UE,; is obtained as:

A¢;; = atan2 (lﬁy(UEi) = ¢y(BS)), Y (UE,;) — lﬁx(BSj)) - (3.6)

where, ¢, is the horizontal direction of the main lobe of BS;. Also atan2(y, x) is the

arctangent function with two input arguments which returns the result in (-, x]:
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atan(y, x), ifx>0

atan(y,x)+n, ifx<0,y>0
atan(y,x) —n, ifx<0,y<0
atan2(y, x) &«

/2 ifx=0,y>0

—r/2 ifx=0,y<0

undefined, ifx=0,y=0
Then the antenna horizontal gain is:

) [ Ag;; 2
Gu(Ag;j)[dB] = —min|c (—) ,Ap (3.7)

3dB
where, ¢34 is the 3dB beam-width of the main lobe in horizontal plane and ¢
and A, determine the gains in the main lobe and side lobe in horizontal plane

respectively.

Similarly, in the vertical plane, the relative angle between BS; and UE; is ob-

tained as follows:

wz(BSJ) - wZ(UEl) "y
AD !

AG;; = atan( (3.8)

ij
where 6; is the vertical direction of the main lobe of BS; and AD;; is the relative

distance between BS; and UE; in the horizontal plane:

2 2
AD;; = \J((BS)) = un(UE)) + (1 (BS)) -, (UE))
Then the antenna vertical gain is:

. ( AG;\
G,(A6;)[dB] = —min | ¢ (—) LA, (3.9)

0348
where, 6355 is the 3dB beam-width of the main lobe in vertical plane. Also A,

determines the antenna power gain in the side lobe in the vertical plane.
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Now the overall antenna gain, which appears in Eq. (3.5), can be calculated in

dB units by combining Eq. (3.7) and Eq. (3.9):

G (¢.6,. ¥(BS)), ¥(UE)))

[dB] -
G, (gBi) — Min (— (Gh(A¢ij)[dB] + Gv(Agij)[dB]) ,Ah) (3.10)

where a constant G, is also added as the normalization factor so that the average
gain of the antenna becomes 1/4x to guarantee unit transmission power. Also, Aj,

is the same as in Eq. (3.7).

To conclude this section, Egs. (3.4) and (3.5) relate the user rate in Eq. (3.3) to

the BS’s antenna parameters as well as location.

3.3 Numerical results

A lattice network of BSs is considered as shown in Fig. 3.2 where there is a BS
in each hexagonal small cell. The network radius varies from d to 4d, where d
is the inter-site distance. The case of non-coordinated random network with the
same density of BSs is considered as the basis for the comparison. In this case
neither sectoral antenna, nor BS cooperation is available. This case has already

been analyzed in chapter 2.

For all numerical evaluations, the parameters are selected similar to the 3GPP
specifications for small cells. The only exception is that in in 3GPP an omnidirec-
tional antenna is considered for SC-BSs. This omnidirectional model, is replaced
by the sectorized antenna model of macro BSs [21]. All parameters are listed in

Table 3.1.
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Figure 3.2: The scenario of a regular lattice network, with network radius
R and inter-site distance od d.

The effect of CoMP is also evaluated in the section. The CoMP communica-
tion model has been characterized in subsection 3.2.1. In the case of coordinated
network, it is assumed that full cooperation is available. In other words, all BSs
join a cooperative cluster and jointly transmit to several UEs. As Fig. 3.2 shows,
the number of BSs in the network is a function of the network radius. Also, the
number of UEs for the multiuser communication in a CoMP cluster is selected to

be equal to the number of BSs in the cluster.

Two different cases for UE distributions are examined. In one case UEs are dis-
tributed uniformly in the network area. On the other hand, in the second case an

example of a nonuniform user distribution is considered. In this case, it is assumed
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that all UEs are located in a limited congestion area which is called a hotspot and
there is no UE in the rest of the network area. This latter scenario provides a foun-
dation to study the effectiveness of a network architecture in adapting to the user
distribution. In this scenario, a large portion of the network is empty of users,
and the resources of the BSs within those areas are wasted unless a mechanism is

added to direct idle resources to the congestion area.

3.3.1 Uniform user distribution

It is assumed that UEs are randomly located in the network area with uniform
distribution. The the improvements due to sectoral antenna and BS coordination
are shown in Fig. 3.3. The case of Non-coordinated network with omnidirectional

transmissions is the case that was studied in chapter 2 and evaluated in Fig. 2.3.

As expected, the use of sectoral/ directional antennas improves the system
rate. In Fig. 3.3 it is observed that performance gain of sectoral/ directional an-
tennas is not constant. In fact by the increase of the network radius the gain of
sectoral/ directional antennas slightly increases. This can be explained by the fact
that when the network size increases, more BSs are transmitting in the network
area and the interference becomes more severe. Thus, in this circumstance the use

of an interference reduction method is more beneficial.

As expected, addition of full cooperation among all BSs further improves the
system rate. The number of UEs that are picked for multiuser transmission is equal
to the number of BSs in the cooperative cluster. For every multiuser joint trans-
mission, one UE is selected randomly in each small hexagonal cell. Therefore, the

user scheduling and the number of UEs is exactly the same as the non-coordinated
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Table 3.1: Parameters for numerical evaluations

Inter-site distance (d) 100 m
Number of Transmit antennas 2
Number of Receive antennas 2
Antenna height 5m
Normalization factor
of the antenna gain (G,) 14 dBi

Antenna horizontal pattern, Gy,

- =00 )
— min (C ( $3dB ) ’Ah)
¢, is the horizontal beam

direction of a BS;

c=12,

A =25dB,

$3ap = 70°

— min (c (Z:j: )2 , AV)

0, = 15°
Antenna vertical pattern, G, c=12,

A, =20dB,

Oza = 10°

Distance-dependent path loss, L

140.7 + 36.7log,(distance[km])

Transmit power

30 dBm

Noise power

—100 dBm
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Figure 3.3: Effect of sectoral antennas and full BS cooperation on the sys-
tem rate in a network with uniform user distribution.

cases. Full cooperation eliminates the remaining interference and increases the

system rate.

3.3.2 Hotspot

Here a hotspot means a small limited area with a high density of UEs. As an exam-
ple for the numerical evaluation, a hotspot is considered in the central hexagonal
small cell. It is assumed that all users are located in the area of one small cell in
the center of the network. The system rate versus network radius is shown in
Fig. 3.4. In both non-coordinated and full cooperation cases random scheduling

is applied and the users are randomly selected. However, in the case of full co-
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Figure 3.4: System rate for the hotspot scenario in non-coordinated and
full cooperation cases.

operation the number of UEs that are selected for the multiuser communication is
equal to the number of cooperating BSs in the cluster. On the other hand, in the
non-coordinated case each BS selects one UE randomly from the UEs in its range.
However, most of the BSs do not have any UEs in their range and cannot con-
tribute to the communications. In both cases, all BSs use sectoral antennas. Except
for the user distribution, all other parameters are the same as previous subsection.
Also, the scale of Fig. 3.4 is selected similar to Fig. 3.3 to facilitate the comparison

of the performance of the system for different user distributions.

When the radius of the network is increased, more BSs will be available in

the network. However, in the non-coordinated case, BSs that are not located near
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the hotspot do not communicate to the UEs. On the other hand, by means of
full cooperation, non-local BSs can contribute to the system rate by adding to the
multiplexing gain. By addition of each BS to the cooperative cluster, the number of
UEs for multiuser communication is incremented by 1. Nonetheless, the received
power from far BSs is very low due to distance-dependent path loss. It is observed
that using far BSs in the cooperative cluster can have a destructive effect on the
system rate. In other words, full cooperation does not use idle network resources

in the congestion areas efficiently.

3.4 Conclusion

In this chapter the system models of BS cooperation and sectoral/ directional an-
tennas were described. These systems are used for interference reduction/ elimi-
nation. The performance gain due to these mechanisms were studied in two dif-
ferent network scenario. In the case of uniform user distribution a steady improve-
ment was observed. However, in the case of a hotspot, the performance is limited.
It is observed that these mechanisms do not efficiently adapt to nonuniform user
distributions. To solve this problem, in the next chapter a more advanced scheme
is developed that implements cell structuring and cooperation concurrently to dy-

namically transfer network resources to hotspot areas.
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CHAPTER 4
DYNAMIC CELL STRUCTURING AND LARGE-SCALE COOPERATION

4.1 Introduction

In this chapter a nonuniform user distribution with congestion areas is considered
and the architecture of the HetNet cellular network is developed in way that it
can adapt to the user distribution. In practical networks, the users” distribution
in the network area fluctuates during a day. For example residential areas and
business areas may have different user distributions during different periods of
time. To be more explicit, in some time periods the business area may be crowded,
while the traffic demand is very low in the residential area. This observation is
the motivation behind the study and design of a flexible cellular network that is
capable of dynamically transferring idle network resources from sparse areas to

the crowded areas that are called hotspot zones.

When the coverages of BSs/ SC-BSs are static and fixed some network re-
sources remain unused in sparse areas while the hotspot zones require more re-
sources. In the previous chapter, full cooperation among BSs was studied. Full
cooperation improves the performance by eliminating the interference, however
it cannot transfer and reuse the resources of a far away BS/ SC-BS in the hotspot

zone.

The objective of this chapter is to introduce a flexible scheme that is able to
dynamically direct idle network resources to the hotspots. In this chapter dynamic
cell structuring is performed concurrent to the full cooperation. Here the term
“cell structuring” refers to the dynamically change the coverage of SC-BSs. It is

assumed that in the HetNet all SC-BSs are connected to the C-RAN and can adjust
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their antenna beam directions and perform joint transmission CoMP in a cluster.
In the rest of this chapter, the general term of “BS” refers to a SC-BSs within a

macro cell area that is connected to the C-RAN.

In brief, large optimal cooperative clusters are formed around hotspots. A clus-
ter is a group of SC-BSs that cooperatively perform joint transmission (JT) to sev-
eral UEs. The set of SC-BSs for each cluster and the antennas’ beam angles of each
SC-BS are optimized so that the system rate of the network is maximized. Thus
at first, the system rate is analyzed and a mathematical framework for calculation
of the system rate in a cooperative cluster is developed. Then, the optimization
problem for cluster formation is defined and solved, and in the end the trend of
performance variation versus cluster size is studied and its limitations are deter-
mined. Numerical results using 3GPP specifications show that this scheme attains
several times higher capacity compared to both non-coordinated transmission and

full cooperation without dynamic coverage control.

4.2 System rate analysis

In practical cellular networks, the user distribution is not uniform and congeries of
users appear in some areas that are called hotspots. In this thesis large clusters are
proposed to utilize resources in the hotspots more efficiently as demonstrated in
Fig. 4.1. In this chapter, maximizing the system rate will be used as the optimiza-
tion objective for cell structuring and cluster formation. System rate is defined as
the average sum rate of all users in the network. Monte Carlo simulation can be
implemented to obtain this performance metric through various snapshots of the

network. However, in order to use this metric as an optimization objective, it is of
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A Hotspot, "
A Kue users /

Total KgsMt BS antennas

Figure 4.1: A large cluster to serve users in a hotspot zone.

great importance to develop an analytical framework to estimate it without Monte

Carlo iterations.

The goal of this section is to calculate the system rate of a cooperative cluster
communicating to users in a small dense zone. A cluster is a set of Kgs base sta-
tions that perform joint transmission (JT) CoMP to a set of Kyg UEs. The channel
from each BS to each UE is assumed to be known at a baseband central processing
unit which processes and distributes the transmission data over the set of anten-
nas of all BSs of the cluster. Therefore, the whole cluster can be modeled as a
broadcast channel that consists of a single aggregated BS with KgsMr distributed

antennas to Kyg user equipments (Fig. 4.2).
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Figure 4.2: Modeling a cooperative cluster as a distributed MIMO which
consists of a single aggregated BS with KgsMr distributed an-
tennas to Kyg user equipments.

First of all, the received signal of the i" user is expressed as follows:
yi = FILZQX + My, + 1, (4.1)

where, x = Ts € CMrKss—Mr(Kue-D) g the coded vector that is transmitted over all
BSs’ antennas, y; € CM® is the received signal and nyy¢,; and n; € CMr are the cor-

responding interference and additive noise of the i user, respectively. Also, P is
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calculated by the sum of powers from Kgs BSs as:

P =E{Qxx"Q/"},

Ko (4.2)
P=t(P)= ) P,

j=1

where P; is the transmit power from j™ BS. The block diagonalization matrix, Q;,

is considered to be normalized to maintain the transmit power limit.

In Eq. (4.1), the MIMO channel matrix from all BSs” antennas to user i, is consid-
ered as H, = F,II,2 € CMrxMiKss: wwhere, F, € CMRxMrKss models the i.i.d. Rayleigh flat
fading with unit power; and II; € RM&es*M1&ss jg the diagonal matrix of path power

gains from all BSs” antennas towards user i which are obtained from Eq. (3.5).
Hi = dlag (7T,'1 sttt ’ﬂiKBS) ® IMT (43)

Since all users of a cluster are assumed to be located in a small area, I; is assumed
to be almost the same for all users: II; = I, (1 < i < Kyg). For the elements related
to the BSs that are very close to the hotspot area, this assumption may be inac-
curate. However, it leads to a mathematically tractable framework; and later, our
numerical evaluations show that the analytical result matches to the simulation

results and can safely be used to predict the trend.

Furthermore, according to Eq. (3.1), the block diagonalization precoding ma-

trix Q; is selected such that:
T
|HT. .= HE L HE | Qi=0 (4.4)
Equation (4.4) can be rewritten as follows:
T 1
|Fl. . Fl KL, | T2Qi=0 (4.5)
This modeling enables us to decompose the precoding matrix Q; into two terms:

Q; =DU; (4.6)
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where D; € CMiKssxMiKss jg a diagonal matrix to cancel II'? term and U; €
CMrKesxIMrKss-Mr(Kue=D] g g unitary matrix that nullifies the interference of other

users’ signals:

i

_ ( M1 Kps )%H‘;
tr (IT-1) (4.7)

T
T T T T
|Fl. . Fl ) Fo ) Fr | Ui=0
It should be noted that the normalization coefficient in D; is calculated so that the
BD matrix, Q;, does not affect the total transmit power. Therefore, the communi-

cation model of Eq. (4.1) can be considered as follows:

Y:

_ ( M1 Kgs

1
2
- (H‘l)) FUX + M, + 1y (4.8)

In our scenario there is a large cluster in which a large number of BSs cooper-
atively communicate to users in a small dense area. Thus, user selection diversity
is not effective, and users are considered to be selected randomly. Such a block
diagonalization (BD) multi-user CoMP transmission can be converted into equiv-
alent parallel single-user CoMP transmission model [5], [22]. To be more explicit,
with random user scheduling in a cluster, the block diagonalization matrix corre-
sponding to user i (1 < i < Kyg), U;, will be an orthonormal matrix independent of
the own channel coefficients, F; [5]. This feature makes the effective channel ma-
trix, H; = F,U; € CMRXMrKes—Mr(Kus=D] 3 random matrix with the following average

correlation matrix, \X;:
1 —_
Y, = —E(H'H,}
My
1 H pH
= VRE {Uz Fi F,’Ui} (49)

= Xty k- My (Kyp-1)-

The instantaneous matrix, ITI?ITI,' is a Wishart matrix with eigenvalues 4; (I =

1,2,..., Mg) where the probability density function (PDF) of 4,’s is characterized
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by the eigenvalues of the transmit correlation matrix, Y; [23], [24] as explained in
Appendix A. Especially, note that this PDF is a function of the dimensions of H;

and therefore is affected by Mz, Mt, Kyg and Kgs.

Eventually, the MIMO transmission for user i can be converted into My equiv-

alent parallel streams each with SINR of y; (1 <[ < Mg):
Yi = A1y, (4.10)

where ¥, is the average received SINR of the i" user in the cluster which can be

assumed to be the same for all users within a hotspot (y; =y, 1 <i < Kyg):

_ ( M1 Kgs ) P/Kug

= arn (4.11)

ol ol
It should be mentioned that in Eq. (4.11), the interference is treated as noise. To
be more explicit, there are a large number of interfering signals from BSs out of
the cluster and the overall interference matrix (ni, in Eq. (3.1)) becomes a random

matrix with i.i.d elements. The term E {nintf’,-nimf,,-H} in Eq. (3.3) can be replaced by

aisz Jduy, Where O'isz ; is the total interfering power that user i receives. It can be

assumed that o ; = o}, for all users in the same hotspot:
Tt = Z Py, (4.12)
VBS¢h

where, P, is the transmit power of a BS; that is not a member of the cooperative

cluster h. Also, my is the path power gain from that BS to the hotspot 4.

Finally, the average sum rate of the cluster is calculated as follows:

Kug MR

R =yE {Z Z log, (1 + %’k)}

i=1 k=1
Jensen Kue Mr

< x> log, (1 +Elyal) (4.13)
i=1 k=1

My
= xKue ) log, (1 +7 E{4,})
k=1
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where, Jensen’s inequality [25] is applied to obtain an upper bound for the aver-
age sum rate. Also, ¥ is substituted from Eq. (4.11). Furthermore, as explained
in Appendix 1, E{4;} is obtained according to the PDF of a Wishart matrix with
the average correlation matrix of Y; that has been derived in Eq. (4.9). Note that
in Eq. (4.13), Kue not only appears as a coefficient, but also affects E{4;} through

affecting the dimensions of Y.

4.3 Clustering mechanism for large scale CoMP

Applying the analytic tool of section 4.2, in this section we propose a novel cell
structuring and BS clustering method in order to utilize network resources more
efficiently. When there are some dense hotspot zones in the network area, this
method can multiply the capacity compared to conventional schemes. This gain
in capacity comes from transferring idle resources of sparse areas to the crowded

areas.

The idea is to focus on each hotspot zone and form a cluster around that zone.
We add BSs to the cluster tier by tier. A tier is a virtual ring around the zone of
interest which consists of BSs that potentially produce almost equal power in the
hotspot. It should be emphasized that here a tier is a geometrical parameter and
does not contain any hierarchical interpretation. An example of a cluster with five
tiers is shown in Fig. 4.3. This figure represents a single hotspot zone at the center
and a cluster around it. In this scenario, all users are located in one central cell
and the rest of the network area is empty of users. With no loss of generality, in
the first tier at the center of the cluster, three sectors are coordinated as intra-site

CoMP to maintain consistency with current 3GPP specifications. Note that the
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conventional 3GPP system is equivalent to a 1-tier cluster. In general, every BS
that joins a cluster can increase the sum rate for the corresponding hotspot, but on
the other hand, produces interference in other hotspots. The general problem can

be formulated as follows.

Before going to the details about clustering, we have to extend several nota-
tions to be able to describe multiple hotspots or clusters at the same time. The
matrix I" is defined as the path power gain matrix between the BSs of cluster /

and the UEs in hotspot h:

" = diag (ﬂjlzfz ] )®IMT (4.14)

Kis
The number of hotspots or equivalently the number of clusters in the network is
denoted by H. The transmit power matrix and the total power of the i cluster
(1 < h < H) are denoted by P" and P", respectively. Also the power of the j BS in
cluster & is denoted by Pﬁ%. The objective function to be maximized is the average
system rate of the whole network. The parameters to be optimized are the indices
Jj of the BSs of each cluster # and the horizontal direction (¢;) and vertical tilt (6;)

angles of the antenna (sector) of each BS;.

The cluster for a hotspot is initiated as a 1-tier cluster consisting of the BSs
within the hotspot area. Afterwards, the following optimization problem should
be solved to add the k™ tier (k > 2) to each cluster. Note that in general, the index
of the tier, k, can be different for different hotspots.

—

[(@@xﬁe@a ({j }Z)Vh, Vk] -

H . (4.15)
arg max max R
@50\ 6= 1<Klp<Kh

Here, { j}Z is a set of indices of candidate BSs of k™ tier in cluster 4 and {/]\}Z denotes
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the set of indices of optimal BSs to be added to the cluster :
> | = s (4.16)
k

Also, R' is the average sum rate in hotspot h. An upper bound on R' has been
provided in Eq. (4.13). The horizontal direction (¢,) and vertical tilt (6;) angles of
the antenna of each BS; change the power-gain matrix in Eq. (4.14) whose elements
are obtained through Eq. (3.5). Therefore, they affect the system rate by changing
SINR, 7.

In Eq. (4.15), R can be substituted with either Monte Carlo simulation or the
analytical estimation. Our numerical evaluation shows that both result in the same
optimal clusters. Using the upper bound of Eq. (4.13) instead of Monte Carlo esti-
mation reduces the computational cost significantly. However, still the optimiza-
tion problem of Eq. (4.15) is a complicated problem that contains several optimiza-
tion parameters. This problem can be decomposed into simpler problems based
on the characteristics of the network. In fact, different network parameters vary
in different time scales. The propagation channel changes quickly and therefore
the block diagonalization (BD) weights (Q in Eq. (3.1)) are to be updated every
few milliseconds. In contrast, a cluster is formed in a totally slower time scale.
Hence, cluster formation is accomplished based on averaging over short term pa-
rameters including BD weights and user scheduling. Furthermore, antenna beam
angles are long term parameters that are optimized very slowly to follow the slow

changes and shifts of hotspots during a day.

The rest of this section deals with the problem of forming the optimal clusters.
In brief, at the first stage all available BSs are treated as candidates for the clusters
and the optimum beam angles for each candidate are specified. Then, the optimal

clusters are formed around the hotspots. The mathematical details are described in
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subsections 4.3.1 and 4.3.2 and in the end the clustering algorithm is summarized

in Table 4.1.

4.3.1 Optimization of antenna beam angles

In usual networks the locations of hotspots do not change rapidly. Besides, the
purpose of controlling antennas” beam directions is to adapt the coverage of BSs
to the hotspots” locations. Therefore, the optimization of the beam angles can be
accomplished independently in a different time scale. Antennas’ beam angles af-
fect the system rate or capacity by changing the received powers in the hotspots.
All BSs of the k' tier around the h™ hotspot are considered as candidate BSs for
the i cluster. However, since K} is not determined yet, for each cluster a single
user in the center of the hotspot is considered: K{;; = 1, Yh. For any candidate base
station (e.g. BS;), the optimum angles (¢,,6;) are determined from the following

equation:
(¢6;) = arg max (I'¢,.6)) (4.17)

I'i(¢;,0;) can be defined as any function whose maximization is equivalent to max-

imizing the system rate.

H
(aj, /) = arg max (Z I_Qh)

h=1

<arg max Z}log2 1 +7 (¢,,9 ))]

¢;.0; 1
(4.18)

H
h=
H
=arg max 1_[ 1+)/ (¢J,9) ]

9561 h=1

H
—h
~ ’9
~arg r(gax 1:[ Y (9] )]
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where, 7’ is the average received SINR for users in cluster i, and according to
Eq. (4.11) itis related to (¢;, 8;) through the matrix IT"". In this equation, Jensen’s in-
equality has been applied for simplification. Also, for simpler notation, the equa-
tions are written for the case of Mt = Mg = 1. However, extension to the general

case is straightforward.

Assume that the j BS is a candidate for cluster 4 (1 < & < H) and its transmit
power is P%. Therefore, the 7™ BS is contributing to the received signal for users
in hotspot 4. On the other hand, it is producing interference for the users in all
other hotspots. Then the objective function of Eq. (4.18) is calculated by replacing

" from Eq. (4.11) as follows:

H
n7h(¢j, 0)) =
h=1
P+ % Pi » pi (4.19)
() e (i) (%) !
x| |

02 + Yy, PR 02 + Sy tr (IVFPT) + Phi? 4 3, Pl

h+#h
Equation (4.19) can be decomposed as:

H
[ [7'@00 =8 I0;.0) (4.20)

h=1

where g is a coefficient that contains all factors that are independent of BS;, and

I'(¢;,0)) is the maximization objective function as follows:

Fnum,j((ﬁj’ 9])

I'(¢:,0) = 421
1950; Lgenj(9;, 0)) (421)
where the numerator and denominator are defined as:
Plt T, P!
rnum,j(¢j9 0]) = [ o _i ’ -]
(”j ) + Dizj (”i )
(4.22)

H
Fgen,j(0;,0)) = 1_[ [02 + Z tr (H’_“EP}’ Phnhh Z Pf.’n'f’;’]

h#h h#h,h i#]
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Equations (4.17) and (4.21) associate the optimum beam direction of any candi-
date BS, e.g. BS;, to all clusters and the signal power and interferences that each of
them produces. Hereafter, in our numerical evaluations we replace the maximiza-
tion metric I',(¢;, 6;) with a suboptimal metric, I';(#;, §;), that can be calculated for
each BS independently. Such a metric is obtained by neglecting the effect of all
BSs other than the candidate BS. In the numerator of I'j(¢;, 6;) the only factor that
is a function of the optimization parameters, (¢, 6,), is ( ”h) . Therefore at the first

step, the maximization problem is approximated as:

Phglh
o R} _ P 4.23
arg rglax ( (@) J)) arg n}af (T den,j(#), 0; )] ( )

In the above equation (7 ( ) has been replaced with Ph hh . Since P; is independent
of (¢;,0,), this replacement does not change the result, but it assigns the physical

meaning of the received signal power to the optimization objective.

Similarly in I'gen (¢}, 6;), only 7r " is dependent on (¢;,6;). Therefore, the maxi-

mization problem is further approximated as:
n'h ph

arg rq{lax (F (¢;,0; )) ~ arg nzaji (m] (4.24)

In this maximization metric the numerator is the signal power that is received

from BS; in the corresponding hotspot, and the denominator is the total inter-

ference that this BS produces in all other hotspots. Using these approximations,

every BS; can calculate and tune its beam angle independently. Finally, we define

the metric I",(¢;,6,) as follows:

Ti(o; e))‘*efL (4.25)
P TP,

And the suboptimal beam directions are obtained as:
(@:0;) = arg max (T(¢,,6))) (4.26)
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Table 4.1: Summary of the clustering algorithm

1. Initialization:
1.1. Initialize clusters as 1-tier clusters;

VYh initialize Kgs accordingly.

2. Addition of tier k > 1 to the cluster i (VYh):
2.1. Obtain (¢,,6)), Vj € {j}# according to Eq. (4.26);
2.2. Sort candidate BSs, {,}}, according to fj(aj,@) of Eq. (4.25);
2.3. Consider all the sorted BSs one by one:
2.3.1. Calculate the metric of Eq. (4.28) with and without the
candidate BS.
2.3.2. If the metric is higher when the candidate BS is included:
add the candidate BS to the cluster;
update the cluster size:K};; = Kf'. + 1
2.4. If in step 2.3, no BS of tier k is added to the cluster,
stop adding more tiers to this cluster;

otherwise increase k by 1 for this cluster, and repeat step 2.

By considering I'j(¢;,0,) as the optimization metric, all BSs are able to adjust
their beam angles simultaneously and independently. Although Eq. (4.25) is a
suboptimal metric, the numerical evaluations in the next section demonstrate the
remarkable performance gain due to such an optimization mechanism. It is inter-
esting to note that the metric I';(¢;, §;) is also similar to the signal-to-leakage-noise

ratio (SLNR) that is used as the figure of merit in [26] for precoding purposes.
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4.3.2 Optimal BS selection for the clusters

Once the optimal beam direction of each BS is determined, the optimal BSs should
be picked from tier k (k > 2) so that the system rate of the whole network is maxi-

mized. Therefore, Eq. (4.15) is modified as follows:

H
— —h
({ ]}Z) = arg max max R (4.27)
Vh, Yk i 1<K <Kl .
h=1 | (6,.6) ¥

where R is obtained in Eq. (4.13). The system rate is the summation of R"s of all
hotspots with the previously calculated beam angles. Therefore, the optimization

metric is calculated as follows:

H
—h
max R =
1<K" <K .
h=1 "—TUETTES [ (8,0, ¥j

H Mg
Z ( max K{}E Z log, (1 + ?”(%,@)E{/lz})

h o xh
=1 \IsSKyp<Kgg =1

(4.28)

where B' has been replaced by the upper bound approximation that is obtained

by applying Jensen’s inequality in Eq. (4.13).

For each cluster £, { j}Z (the candidate BSs in tier k) are sorted according to their
I'i(¢,,6,) of Eq. (4.25). In other words, the BSs that are capable of producing higher
power to interference ratio with adjusting their beam direction, are given priority
to join the corresponding cluster. Then the candidate BSs are considered one by
one, and the optimization metric of Eq. (4.28) is calculated with and without each
candidate BS. A candidate BS is added to the corresponding cluster only when

its addition increases the system rate. It should be noted that K}, is affected by

SI
{/]\}Z as stated in Eq. (4.16). Also for the calculation of the metric, the sum rate of
each cluster, R VA, is calculated for all possible values of K. (1 < K < K}.) and

among the calculated sum rates the maximum is selected. The overall clustering

algorithm is summarized in Table 4.1.
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4.4 Numerical results and discussion

A practical cellular network scenario consists of a hotspot in a limited area with
sparse users in all other areas of the network. In such a case, a possible solution
is to serve the sparse users by the macro BS (or a few resource blocks of some of
the SC-BSs). Then, large optimal clusters of small cells are formed around hotspot
zones to direct the resources of SC-BSs towards the hotspots. The details of the
exact performance of this scenario is not discussed here. Instead, scenarios with

isolated hotspot zones surrounded by vacant areas are examined in this section.

We start with a special scenario in which all users are gathered in one cell area
to demonstrate the performance of the proposed scheme of section 4.3. In the
conventional system, BSs” vertical tilt angles are fixed and equal to 15°, and BSs
communicate only to their local users. In fact, when all users are aggregated in a
single hotspot cell, the conventional system only exploits the three BSs of the first
tier of Fig. 4.3. Obviously, such a system wastes idle resources of vacant areas.
Unlike the conventional scheme, the proposed clustering includes several tiers in
a cooperative cluster and transfers their resources to the user congestion area by

means of beam direction control.

For all numerical evaluations, the parameters are selected similar to 3GPP spec-
ifications for pico cells except that the omnidirectional antennas are replaced by

sectorized antennas of macro BSs [21]. These parameters are listed in Table 4.2.

In all cases random user scheduling is assumed. Particularly, for a coopera-
tive cluster around a hotspot, Kug users are selected randomly for the multiuser
communication. Except in subsection 4.4.5, in all other evaluations, Ky is set to

its maximum value: Kyg = Kps. In general Kyg may vary between 1 and Kgs. In
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Table 4.2: Parameters for numerical evaluations

Inter-site distance (d) 100 m
Number of Transmit antennas 2
Number of Receive antennas 2
Antenna height 5m
Normalization factor
of the antenna gain (G,) 14 dBi

Antenna horizontal pattern, Gy,

- =00 )
—min (C ( $3dB ) ’Ah)
¢, is the horizontal beam

direction of a BS;

c=12,
Ay =25 dB,
¢z = 70°

Antenna vertical pattern, G,

. 06, \
e (547" 4]
6, is the vertical beam

tilt angle of a BS;
(6, = 15° in 3GPP)

c=12,
A, =20dB,
Oza = 10°

Distance-dependent path loss, L

140.7 + 36.7log,(distance[km])

Shadowing standard deviation

Inter-site correlation

8dB
0.5

Transmit power

Two cases: 24 and 30 dBm

Noise power

—100 dBm
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Figure 4.3: A cluster of 5 tiers around the dense area of the central cell.

subsection 4.4.5 is considered as an optimization parameter and for each case the
number UEs for multiuser communication is selected in a way that the system rate

is maximized.

4.4.1 Capacity trend versus cluster size

The scenario and the proposed cluster is shown in Fig. 4.3. In this scenario, there
is no UE outside the cluster. Therefore, cluster BSs are allowed to tune their sector

beam direction and tilt angle toward the hotspot with no restriction.

The system rate versus the number of tiers in the cluster is shown in Fig. 4.4.
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Figure 4.4: System rate vs. number of tiers in the clusters for single hotspot
case as shown in Fig. 4.3.

In this figures, the analytical upper bound that is obtained from Eq. (4.13) is also
shown. Calculation of this upper bound does not need any Monte Carlo iteration
and therefore, for any cluster size it immediately reaches to an estimate. Quite
the contrary, Monte Carlo simulation is a time consuming process and becomes
slower as it analyzes larger clusters. It can be seen that the analytical upper bound

reliably follows the trend of the system rate.

Figure 4.4 shows that the proposed scheme attains several times higher system
rate than the conventional scheme. For the single hotspot scenario, the conven-
tional scheme is equivalent to a 1-tier cluster in which only a few local BSs cooper-

atively perform intra-site CoMP. It is observed that even involving only two tiers
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in the cooperative cluster can achieve more than four times higher system rate in
our scenario. Besides, Fig. 4.4 shows the impact of antenna vertical tilt angle on
the system rate. In fact, controlling BSs” antenna direction is the key factor that
transfers network resources to the intended zone. Without such a dynamic cover-
age control, the gain in capacity would be very limited and vanish quickly when

adding farther tiers to the cluster.

In Fig. 4.4, it is observed that with adding each tier to the cluster, at first the
system rate increases linearly. However, the linear growth saturates at some tier.
Especially for the lower transmit power of 24dBm, this saturation happens earlier.
Naturally, the more is the distance between a BS and the hotspot zone, the less
power is received from that BS in the hotspot. Therefore, it is expected that the

system rate improvement eventually saturates at some tier.

4.4.2 Effect of shadowing

In all cases in Fig. 4.4 a log-normal shadowing is considered in the channel model.
The log-normal shadowing parameters are selected according to 3GPP models as
listed in Table 4.2. In this subsection, the effect of this shadowing on the system
rate is studied. In Fig. 4.5, the system rate with and without shadowing are shown
in the same graph. It is observed that although shadowing degrades the system
performance, it does not change the system rate trend. This means that when a
suitable model for shadowing and its parameters are not available, the case of no-
shadowing can be examined as an upper bound which can show the trend of the

performance.
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Figure 4.5: Shadowing degrades the system rate.

4.4.3 Effect of hotspot size

Our proposed clustering is designed based on the requirements of a limited
hotspot zone. In order to examine the performance of this method in other cases,
a certain large cluster is assumed and meanwhile the hotspot zone is expanded
from a single point to the area which includes five tiers of small cells (Fig. 4.6). It
can be seen that the cluster radius of kd is equivalent to (k+ 1)-tier cluster. Also, the
hotspot radius of 0.5d means that the hotspot area is limited to a single cell which
is equivalent to the scenario that is assumed for Figs. 4.4 and 4.5. In the extreme
case, the hotspot area covers the whole area and the scenario becomes uniform
user distribution case. In particular, when the radius of the hotspot approaches

the radius of the large scale cluster, the scenario becomes equivalent to a network
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Hotspot Cluster

Figure 4.6: A certain cluster is considered and the radius of the hotspot is
considered to vary from zero to 4d.

with uniform user distribution and full cooperation among all BSs within the user
distribution area. The system rate for three different clusters is shown in Fig. 4.7.
For comparison, the system rate of a single-cell (SC) transmission is also shown. In
the SC transmission there is no coordination among BSs and each BS serves local
UEs in its communication range. This is equivalent to the non-coordinated case

with sectoral antennas that was studied in chapter 3 and Fig. 3.3.

In Fig. 4.7 in all cases the log-normal shadowing is not considered in the chan-
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Figure 4.7: Effect of the hotspot radius on the system rate

nel modeling. The reason is that changing the size of the user distribution area
alters the spatial correlation of the shadowing for different users. In the most ex-
treme case, the hotspot radius is zero which means that all users are located in
the same point and experience the same shadowing factor. The opposite extreme
is the case of uniform user distribution in the the whole network area. In such
a case, the shadowing factors for different users can be uncorrelated. Since the
purpose is to study the effect of the hotspot expansion, in Fig. 4.7 the effect of

shadowing is omitted.

In the SC transmission, when the radius of the hotspot is less than 0.5d, only
the BS in the central cell is transmitting and thus, no interference occurs. In this sit-

uation, the smaller is the hotspot, the higher is the received power and the system
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rate. As the hotspot radius becomes larger than 0.5d some users are assigned to the
BSs in the second tier. When these BSs start to transmit, the interference appears
and degrades the whole system rate. In the SC transmission curve in Fig. 4.7 the
point corresponding to the hotspot radius of 0.5d is the same as the conventional

system case shown in Figs. 4.4 and 4.5.

It is expected that the large scale cooperation outperforms SC. However, if the
large scale cooperative cluster is smaller than the area of user distribution, there
exist BSs within the area that are not used in the cluster. In such a case, the SC
scheme that uses all of the BSs, can utilize network resources more efficiently. In
other words, the proposed large clusters do not utilize network resources effi-
ciently unless the cluster is larger than the hotspot area. For example, in Fig. 4.7 at
hotspot radius of 3d, the system rate for the cluster radius of 2d drops below the

system rate of SC.

Finally, it should be mentioned that when the cluster radius is larger than the
hotspot radius, the optimal beam direction of the BSs follow almost the same trend
as Fig. 4.3. On the other hand, when the hotspot radius exceeds the cluster radius,
some disarray appears and some of the beam directions do not point to the center

of the hotspot.

4.4.4 Two-hotspot scenario

In the scenario of single hotspot, only one cluster is formed in the network and
since there is no active BS other than the cluster BSs, no interference exists. There-
fore, such a scenario provides the upper bound of the performance of our pro-

posed scheme. In this subsection, the proposed clustering method is applied to
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Figure 4.8: Two dense areas in the network and the proposed clusters with
optimal beam directions around them; vertical tilt angles in de-
grees are also written beside corresponding BSs.

another scenario in which there are two similar hotspots in the distance of D from
each other. This scenario provides a preliminary study of the effect of interference
in practical networks. Apparently, the strength of the interference depends on D

as well as the cluster size.

Figure 4.8 depicts the resultant cluster with optimized beam directions. It can
be seen that the optimal clusters do not necessarily contain all BSs of a tier. In fact,
BSs that produce high interference and reduce the overall system rate, may not
join the clusters. Furthermore, this figure shows that in the presence of interfer-
ence, the main lobe of the BS antenna does not necessarily point to the center of the

hotspot zone. In this figure only the horizontal direction of the antennas’ beams
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can be seen graphically, yet the optimal vertical tilt angles are also written beside
corresponding BSs. It can be seen that an unevenness happens in vertical tilt an-
gles as well. Such inclinations in some of beam directions reduce the interference

for the other hotspot.

In Fig. 4.9, the average system rate is examined versus the number of tiers in
the cluster. For comparison, the average system rate in the single hotspot scenario
is also shown. Since there is no interference in the scenario with only one hotspot,
adding more tiers to the cluster increases the capacity dramatically. On the other
hand for the scenario with two hotspots, increasing the tiers of the clusters im-
proves the performance at first, but this will make neighboring clusters closer and
at some point, the interference from neighboring clusters starts to degrade the per-
formance. Therefore, although Fig. 4.9 confirms the significant superiority of the
proposed clustering over the conventional system, the performance improvement
saturates at some cluster-size. Also, as expected, the more is the distance between
the hotspots, (D), the more capacity is obtained, which is because of less inter-
fering power that reaches the users. Figure 4.9 shows that the proposed system
attains three times higher system rate in the case of D = 5d. Furthermore, when

D = 10d, almost six times higher capacity is obtained with 4-tier clusters.
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4.4.5 Rank adaptation

So far, in all evaluations the number of UEs that are communicated simultaneously
by the BSs in the cluster is set to the number of BSs: Kyg = Kgs. However, Kyg can
vary between 1 and Kgs in general. Therefore, so far we have used the maximum
possible Kyg. We call this case the full rank case because in this case the multiuser
aggregated channel matrix in the cluster (H in Eq. (3.1)) is a square matrix and

maximum possible parallel transmissions are utilized.

In this subsection we examine the effect of Kyg in the scenario of the single
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Figure 4.10: System rate vs. Kyg for a 3-tier cluster in the single hotspot
scenario (Kps = 21).

hotspot case in one small cell, i.e. Fig. 4.3. As an example, consider the case of the
3-tier cluster where Kgs = 21. The system rate versus Ky is shown in Fig. 4.10. It is
observed that picking the maximum Kyg does not necessarily produces maximum

system rate.

The same study with different clusters show the same trend as Fig. 4.10. In
fact, in each case an optimal Kyg that results in the maximum system rate can be
obtained. In Fig. 4.11 the optimal Ky is studied as a function of the cluster size.
In this figure, Kyg is shown versus number of BSs in the cluster. This figure shows
that Kyg changes almost linearly with Kgs. It also shows that in all cases Kyg < Kgs

except for the 1-tier cluster in which Kyg = Kps = 3.
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Figure 4.11: Optimal Kyg vs. number of BSs in the cluster, K, in the single
hotspot scenario.

Large scale clusters can use the optimal Kyg to get higher capacity than the
full rank case. The selection of optimal Ky is called rank adaptation here. In
Fig. 4.12, the result of rank adaptation is compared to the full rank case. Rank
adaptation results in a remarkable gain and prevents the performance saturation.
Nonetheless, when the received power from a tier drops below the noise level it is
still expected that the saturation happens eventually. However, prior to that tier,
by selecting fewer UEs for multiuser transmission in the cluster each UE receives
enough power and therefore the system rate continues to grow with the cluster

size.

Also, Fig. 4.12 shows that the system rate is growing quadratically with the
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Figure 4.12: Effect of the rank adaptation for the single hotspot case.

number of tiers in the cluster. This means that the system rate is growing linearly

with Kps which is very favorable.

For the case when there are more than one hotspot in the network area, rank
adaptation becomes even more important. In such a case, in the cluster formation
phase, selecting optimal number of UEs may affect the decision of whether to add
a BS to the cluster or not. To be more specific, addition of a BS to the cluster may
increase the system rate with optimal rank, while with full rank the system rate
is decreasing. Therefore, when a BS is examined to be added to the cluster, the
system rate should be calculated for all possible values of Kyg (1 < Kug < Kzs),
and the maximum rate should be considered as the system rate or the decision

criterion. Figure 4.13 shows the optimal clusters for the case of two hotspots when
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the rank optimization is considered in the cluster formation phase. The scenario

is the same as the scenario of Fig. 4.8. Comparison of these two figures shows the

difference of the optimal clusters with and without rank adaptation.

Figure 4.14 shows the optimal Kyg. This figure is obtained during cluster for-
mation. At the time of examining each BS, the sum rate of the cluster is calculated
to see if the addition of that BS increases the system rate or not. In this step, the

optimal Kyg that maximizes the sum rate of the cluster is also obtained.

In Fig. 4.15, the system rate of optimal clusters with rank adaptation is shown

for the two-hotspot scenario. Here, the distance between the hotspots is five times

of the inter-site distance (D = 5d). In Fig. 4.15, the case of full rank is shown for
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comparison. Case of full rank has been analyzed in Fig. 4.9. Similar to the single
hotspot scenario, rank adaptation provides a considerable gain and prevents the

performance saturation.

4.5 Conclusion

This chapter introduced a scheme to dynamically direct idle network resources to
the hotspot zones. For this purpose, a flexible clustering scheme along with dy-
namic cell structuring was used to form large clusters around user concentration

zones. In order to utilize the network resources effectively, an optimization prob-
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lem was defined and solved to obtain optimal clusters. The BSs for each cluster
and the antennas’ beam angles of each BS were optimized subject to maximizing

the average system rate of the network.

By means of large scale cooperation in each cluster, the system rate is multi-
plied several times mainly through multiplexing gain. In this chapter, the trend of
capacity variations with cluster growth was studied and it was shown that even
including a few tiers of BSs in the cluster, e.g. two or three tiers, combined with
the optimized BS beam tilt angles, can result in an extraordinary gain in the sys-
tem rate. Moreover, it was shown that including rank adaptation in the optimized

clusters, increases the system rate even more.
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This huge performance gain, suggests that it is worth further study, specially
about the practical implementation aspects. Dynamic cell structuring and forma-
tion of optimal clusters require several measurement from the network. For in-
stance, the received power from each SC-BS in the hotspot must be known. In
the subsequent chapter the issue of signaling and collecting the required measure-

ments is discussed in more details.
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CHAPTER 5
PROTOCOL FOR DYNAMIC CLUSTER FORMATION

5.1 Introduction

The previous chapter, introduced an algorithm for cell structuring and formation
of optimal large scale clusters around hotspot zones. Also the theoretical aspects of
this algorithm was discussed and the boundaries of its performance was studied
in different cases and versus different parameters. This chapter aims to complete
that algorithm by providing a protocol for practical implementation. In order to
implement the algorithm, a mechanism to collect the required measurements is
necessary. Also, it is important to follow the measurement and feedback schemes
that are accepted by the standardization bodies, especially 3GPP, as much as pos-
sible. In particular the C/U splitting concept affects the way that the required
measurements can be collected. Therefore, here the concept of C/U splitting is
described first. Also, since the proposed algorithm focuses on user-dense areas,
a prior knowledge of UEs’ positions can accelerate the cluster formation process.
Based on the network conditions, e.g. outdoor or indoor environment, different
positioning mechanisms of LTE and 3GPP can be employed. These mechanisms
and their corresponding accuracies are also described before proceeding to discuss

the protocol for the dynamic cluster formation.

The macro BS and SC-BSs play distinct roles in signaling and measurements.

Therefore, in this chapter the type of a BS is explicitly mentioned.
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Figure 5.1: The concept of C/U splitting

5.1.1 The concept of C/U splitting

In LTE, the control plane (C-plane) is the protocol in radio resource control (RRC)
layer that manages UE status and mobility. In this architecture, the control/ user-
plane splitting (C/U splitting) means that only Master eNB (MeNB) has the RRC
entity, and the RRC messages (such as RRC connection establishment and han-
dover) can be transmitted only by the MeNB. On the other hand, the control sig-
naling including positioning reference signal (PRS) and cell-specific reference sig-
nal (CRS) in MAC layer can be transmitted by both master and slave eNBs, MeNB

and SeNB, independently.

In a HetNet consisting of a macro BS and several SC-BSs within the macro
cell, the macro BS is qualified candidate of the MeNB to handles the C-plane. In
this case thecontrol plane (C-plane) and user plane (U-plane) are splitted and only
macro BS handle the control plane as demonstrated in Fig. 5.1 [27]. The advantage
of this architecture is that the C-plane is maintained by the continuous and reliable

coverage of the macro BS, while at the same time in the U-plane the UE can get
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Table 5.1: Positioning methods in LTE and their accuracies

Method 3GPP Rel. Category Accuracy
UE-assisted,
A-GNSS Rel. 9 5-20 m (Outdoor)
UE or LS-based
UE or eNB-assisted,
E-CID Rel. 9 cell size
LS-based
UE-assisted,
OTDOA (DL) Rel. 9 50-300 m
LS-based
eNB-assisted,
UTDOA (UL) Rel. 11 50-300 m
LS-based
RF pattern
Rel. 11
matching

Table 5.1 lists the different positioning methods of LTE [28]-[30]. A-GNSS

5.1.2 Positioning in LTE

higher data rates by connecting to a local SC-BS.

example location server (LS)-based or UE-based.
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Several positioning methods are defined by 3GPP for LTE. These methods can be
categorized based on two criteria: between BS and the UE, which one is the mea-
surement entity, and secondly who is the position estimation entity. According to
the measurement entity the method is either eNB-assisted or UE-assisted. On the

other hand, according to the position estimation entity the method is called for




stands for autonomous and assisted global navigation satellite systems. In A-
GNSS method the network provides some assisting information such as reference
time and visible satellites list to the GPS-enabled UEs to improve their positioning
performance. This method provides the highest accuracy among LTE positioning
methods in outdoor environment, however, it is not useful in indoors or the area
that the satellite signals may not reach due to tall buildings or other obstacles.
In such environments, the use of other methods such as Enhanced Cell ID (E-
CID), Observed Time Difference Of Arrival (OTDOA) or Uplink Time Difference-
of-Arrival (UTDOA) is inevitable. Among these methods, E-CID is the easiest one.
In E-CID the UE is localized to its serving BS and therefore the accuracy of the po-
sitioning is in the order of the cell size. In OTDOA the UE should detect position
reference signals (PRS) of at least three BSs and according to the measured time
differences in downlink the location of the UE is estimated. UTDOA is a newer
technique that is introduced in Release 11 and measures the time differences in the
uplink. The detail of the positioning methods is out of the scope of this research.
In the analysis of in this chapter, selection of any method and its corresponding

accuracy can be assumed.

5.2 Scenario and objectives

The ultimate goal of this chapter is to introduce a seamless clustering algorithm
that dynamically adapts to the users distribution. A scenario with a macro cell
with several SC-BSs is considered. It is assumed that the SC-BSs are randomly or
arbitrarily placed in the macro cell area as shown in Fig. 5.2. A grid of uniform
small hexagons is considered in the whole macro cell area. In general, some of

the small hexagonal areas do not contain any SC-BS. The optimal clusters has to
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Figure 5.2: Scenario: There is a macro cell and several SC-BSs within the
macro cell. The macro cell area is tiled by hexagonal small ar-
eas.

be formed around user-dense areas or the hotspots. Therefore, in the first step the

objective is to detect any user-dense area within the macro cell.

The general overview of the protocol to detect the hotspots is shown in Fig. 5.3.
This protocol benefits from positioning scheme as well as C/U splitting. First the
macro BS obtains erroneous locations of all UEs in the macro cell area. On the
other hands, the information of the exact locations of the SC-BSs is already avail-
able in the macro BS. Based on this information and the erroneous estimate of the

positions of the UEs, the macro BS selects and commands some SC-BSs to trans-
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Figure 5.3: The protocol to detect the hotspot zones and its position with
regard to the dynamic coverage control phase and cluster for-
mation.

mit reference signals (RS). C/U splitting architecture is assumed and therefore the
UEs send the feedback directly to the macro BS. Macro BS can detect the hotspot

zones based on this feedback. Here some functions of the C-RAN are assumed in

the macro BS implicitly.

As an example, assume that all users are concentrated in one small hexagonal

area as shown in Fig. 5.4-(a). The UEs are connected to the macro BS, and therefore,
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Figure 5.4: (a) A scenario with a single hotspot zone; (b) the macro BS rec-
ognizes tentative hotspot zones based on the estimated loca-
tions of UEs.
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the macro BS has an approximate measurement of the locations of UEs:

. (UE) = ¢, (UE) + &,
(5.1)

¥, (UE) =, (UE) +¢,
where ¥,(.) and y,(.) are the 2-dimensional Cartesian coordinates of a point.

The accuracy of the estimation depends on the environment and the estimation
method as listed in Table 5.1. In this chapter in the numerical evaluations, it is
assumed that the error terms, ¢,, and ¢,, follow a zero-mean Normal distribution

with the standard deviation of 100 meters:

£y, ~ N(0,100); Vi (5.2)

Based on these erroneous estimates, the macro BS recognizes several tentative
hotspot zones as shown in Fig. 5.4-(b). This will accomplish the first step of the
hotspot protocol detection shown in Fig. 5.3. The next steps aim to detect the exact
location of hotspots. The macro BS has to select some SC-BSs to transmit reference
signals (RS). However, there are several issues that must be addressed to complete
this protocol. Macro BS has to select the SC-BSs to transmit RS efficiently. Also, the
type of the RS that is transmitted by the SC-BS should be specified. Furthermore, a
suitable metric should be selected as the feedback of the UE to the macro BS. This
metric must be a measurements that guides the macro BS to the correct detection

of the hotspot zones.

The antenna pattern of the SC-BSs for control signal transmissions affects the
structure of the protocol. If SC-BSs use directional antenna to transmit reference
signals (RS), position of a UE related to a SC-BS can be determined upon receiving
an RS that was transmitted by the SC-BS in a specific direction. Also, the optimal

direction of the SC-BS for the data transmission may be determined concurrent
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Figure 5.5: A SC-BS may use different antenna tilt angles to transmit con-
trol signals in order to target different tiers around it.

to hotspot detection step. However, a SC-BS might be required to transmit the
RS several times to cover different directions in order to collect the feedback of
probable nearby UEs. On the other hand, if RSs are transmitted through an omni-
directional antennas, a UE should receive RSs from more than one SC-BS to obtain
sufficient measurements that specify its location. Therefore, according to the an-
tenna pattern of the SC-BSs for control signal transmissions, different strategies

are followed to select and command some SC-BSs to transmit RSs.

Here omnidirectional transmission is assumed in horizontal plane. However,in

the vertical plane the SC-BSs may need to transmit control signal with different tilt
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angles to target different tiers around them (e.g. Fig. 5.5). The antenna specifica-
tions are picked from 3GPP specifications of a low power BS [31]. In this speci-
tications, the horizontal pattern is omnidirectional and the vertical pattern, G, is

considered as follows:

6-6,\
G, = —min (c ( ) ,Av), (5.3)
3dB
where:
c=12,
A, = 20dB.

Also, 6, is the vertical beam tilt angle of the antenna and 655 = 40° is the 3dB

beamwidth. The normalization factor of the antenna gain, G,, is 5 dBi.

In the subsequent section, the scenario and assumptions that are defined here
are considered and a mechanism is introduced to efficiently select several SC-BSs

for RS transmissions.

5.3 Selection of SC-BSs for control signal transmissions

Based on the erroneous information of UEs’ locations, several tentative hotspot
zones are recognized by the macro BS. A tentative hotspot zone is a hexagonal
small cell area that may contain a high density of users (Fig. 5.4). In the next step
the exact locations of hotspots must be detected in order to direct network re-
sources towards them. The macro BS is aware of the location of SC-BSs. It can use
these knowledge beside the tentative information of hotspot areas to select and
command several SC-BSs to transmit control signals so that each tentative hotspot

area receives control signals of at least three SC-BSs. This will assure that the lo-
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Figure 5.6: For a tentative hotspot, a list of SC-BSs in tiers around it are
considered. Signal transmissions from these SC-BSs can cover
some areas in the tentative hotspot control.

cations of probable UEs in each tentative hotspot area are estimated with higher
accuracy and more accurate boundaries of hotspot zones is detected. The mech-
anism that is introduced in this section completes the hotspot detection protocol

(Fig. 5.3).

A grid of uniform small hexagons tiles the whole macro cell area. The macro
BS starts by listing all hexagonal areas that are recognized as tentative hotspot
zones. Then for each of these tentative hotspots, the macro BS considers SC-BSs in

tiers 1, 2, 3, etc. around that tentative hotspot as illustrated in Fig. 5.6. Afterwards,
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the macro BS runs an algorithm to pick SC-BSs to transmit control signals in tiers

around them.

The algorithm is described in Table 5.2. It starts by initializing the number of
RSs that are going to cover any tentative hotspot area, Nrs,, where k is the counter
of tentative hotspots. In the beginning this number is zero for all areas. As the al-
gorithm proceeds, when a SC-BS is selected to transmit RS to a tier around it, Ngs,
is incremented by one for the tentative hotspots that are covered by this transmis-
sion. The algorithm stops when Ngs, > 3, Vk. At first the SC-BSs that have got any
tentative hotspot in their first tier are considered and one by one are added to the
set of control signal transmitting SC-BSs. This set is called “Selected SC-BSs” set.
After the addition of each SC-BS to the “Selected SC-BSs” set, the stop criterion is
checked. If there are still tentative hotspots that cannot receive at least three RSs

(i.e. Ngs, < 3, Jk) the selection of SC-BSs must continue.

When this algorithm is applied to the scenario shown in Fig. 5.4, the result is
as shown in Fig. 5.7. Figure 5.7 shows the SC-BSs that are selected to transmit
RSs towards different tiers around them. If the density of the SC-BSs in the area
of interest is high, they will not be required to cover their farther tiers for control
signal transmissions. Oppositely, if the density of SC-BSs is low, more SC-BSs may

be commanded to cover farther tiers around them.

Once the set of SC-BSs is selected, they can start to transmit control signal to
their required tiers. A SC-BS may need to tune the antenna tilt angle several times
and repeat the transmission. Such a process will add to the cluster setup delay.
Upon control signal transmission, each UE that receives the signal, reports the
Reference Signal Received Power (RSRP) to the macro BS. The macro BS can use

these data to estimate the locations of UEs and hotspots. One method which is
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Table 5.2: The algorithm of SC-BS selection for control signal transmission

1. Initialization:
1.1. For each tentative hotspot area initialize the counter of
the control signals to 0: Ngs, = 0 (Vk);

1.2. Set the tier counter to 1: r = 1.

2. Run the followings until Ngs, > 3 (Vk):
2.1. Consider the set of SC-BSs that are in tier ¢ of any tentative hotspot:
U = {SC-BS i | SC-BS; € tier t around k™ tentative hotspot zone, Elk}
2.2. Sort the SC-BSs in set U according to the number of tentative hotspots that
each SC-BS sees in its tier 7. (A SC-BS that has more tentative hotspot zones
in its tier ¢ is given higher priority to join final “Selected SC-BSs” set, S.)
2.3. Until 3k Nggs, < 3, repeat this step for each SC-BS; € U:
2.3.1. Add SC-BS; to the “Selected SC-BSs” set, S,
2.3.2. Ngs, < Ngs, + 1,
Yk that SC-BS; € tier ¢+ around k™ tentative hotspot zone,
2.3.3. Stop and exit the algorithm if Ngs, > 3 (Vk)

2.4. Sett « t + 1, and return to step 2.

also used in this chapter is that the macro BS estimates the distance of the UE to at
least three SC-BSs. This enables the macro BS to locate the UE with high accuracy.
Our simulation shows that in the example shown in Fig. 5.4 at the end of this

procedure the macro BS finds the exact location of the hotspot.
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Figure 5.7: Several SC-BSs are selected to transmit reference signal (RS) to
different tiers around them.

5.4 Optimal cluster formation

Now that the location of the hotspot zones has been pinpointed, the clustering al-
gorithm of chapter 4 can be applied to direct idle network resources to hotspot ar-
eas. As described in section 4.3, formation of the optimal clusters has two phases.
In the first phase, the antenna beam direction of each SC-BS is optimized and in

the second phase, it is decided whether to add each SC-BS to the cluster or not.

Each SC-BS obtains its optimal antenna beam angles by maximizing the ratio of

the signal power to the total interfering power that it produces (Eq. (4.26)). There-
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Figure 5.8: The protocol to obtain optimal antenna direction for a SC-BS.

fore, this phase requires the information of the powers that the UEs receive from
each SC-BS when it is transmitting with different antenna beam directions. The
simplest way is that the SC-BS sweeps all its possible transmission directions and
the received powers by all the UEs are collected. These measurements can be used
to estimate optimal antenna direction of that SC-BS. This protocol is summarized

in Fig. 5.8.
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This process slows down the initiation of the cluster. Each SC-BS needs to ad-
justits antenna to its all possible directions and transmit its RS several times. How-
ever, it is assumed that the hotspot locations and users’” density does not change
rapidly. In fact, the density of users may change a few times during a day. Thus,
once the antenna directions are optimized the optimal clusters can be formed and

the network can operate normally until the user distribution changes dramatically.

However, the antenna direction optimization can be accelerated if some prior
information are available. For instance, if for every SC-BS the prior knowledge
of the RF pattern in the whole area is available, the optimal antenna directions
can be calculated without further measurements. In other words, for every SC-BS
the calibrated power that is received from that SC-BS in all locations are collected
in advance. Then at the time of clustering, these prior information are combined
with the effect of the antenna pattern to estimate the signal to interference metric
as defined in Eq. (4.25). Each SC-BS obtains the antenna beam direction that max-
imizes this metric. This will simplify the antenna direction optimization protocol

as shown in Fig. 5.9.

As another alternative, the antenna directions may be adjusted according to an
estimate of the received powers instead of measurements. If a channel model for
the network area is available, it can be used to estimate the received powers based
on the knowledge of the locations of BSs and UEs and the antenna patterns. Then
the estimated powers are used to estimate the best antenna direction for each BS.
Still, it might be necessary to fine tune the antenna beam direction by transmitting
reference signals and measuring the received powers. In this case, a SC-BS tries
beam angles around the estimated best angle value and transmits control signal.
The feedbacks from UEs are then collected and the optimal beam direction in the

tested range is found. In the next section the channel model and parameters of

89



Macro BS
UE SC-BS & C-RAN

e The locations of UEs and
hotspots are known.

e The antenna pattern of the
SC-BS is known.

e Calculate the beam angle

% optimization metric for all
-% § possible range of directions.
332 o Determine the beam direction
N 2 that maximizes the metric.
il
S5 = .

o Optimal

>

/]antenna direction

N

<

laisnjo
Buiwio4

<

Figure 5.9: The protocol to obtain optimal antenna direction for a SC-BS in
case when the prior knowledge of the calibrated RF pattern of
the SC-BS in the whole area is available.

Table 4.2 are used to model the network and form optimal clusters.

After accomplishing the antenna direction optimization, the optimal clusters
can be formed according to the algorithm of Table 4.1. This phase does not require
additional measurements. In order to decide whether to add a SC-BS to the cluster
or not the system rate with and without that SC-BS should be considered. Again
in the estimation of the system rate, the information of the received powers from

different BSs in hotspot areas are necessary. However, the same information that
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were used to estimate the optimal antenna directions can be used again to estimate
the system rate. In the end, it should be emphasized again that it is very beneficial
to consider a mechanism to collect the calibrated received power measurements.
Such a mechanism saves time and signaling requirements at the time of dynamic

cell structuring and cluster formation.
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5.5 Numerical results

In this section the clustering mechanism is evaluated for the network scenario
shown in Fig. 5.4. As a result of the algorithm that was described in section 5.3
and Table 5.2, a few SC-BSs are selected to transmit reference signals as shown in
Fig. 5.7. After collecting the feedback from UEs, the location of the hotspot area
is detected. Assuming that the knowledge of the received powers from each BS is
available through measurement, the optimal antenna beam direction is obtained
as shown in Fig. 5.10. The beam angles in Fig. 5.10 has been obtained using the al-
gorithm of Table 4.1. Here, no limitation on the possible beam angles is considered

and it is assumed that the BSs can freely tune their antenna to any tilt angle.

According to the algorithm, the BSs need to be sorted and added one by one
to the cluster. In Fig. 5.11 the order that the BSs are going to be considered for
the cluster is shown. The BSs are added to the cluster one by one and the system
rate at each stage is calculated. The trend of the system rate with cluster growth
is shown in Fig. 5.12. Here, the rank adaptation is applied and for each case the
optimal number of UEs is selected for multiuser communication as discussed in

subsection 4.4.5.

5.6 Conclusion

In this chapter, the practical aspects of a heterogeneous cellular network with
macro and small cells was considered and procedures required to implement the
proposed cell structuring and large scale CoMP was discussed. Before formation

of optimal clusters, several measurements and information of the location of the
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Figure 5.11: The order at which the BSs are going to be considered for the
cluster.

hotspots as well as the received power from each BS is required. It is assumed
that C/U splitting is implemented and the macro BS has got some erroneous pre-
liminary estimation of the locations of UEs and hotspots via one of the available
positioning schemes. Based on these information, the macro BS selects and com-
mand some SC-BSs to transmit control signals. The macro BS collects the feedback
of the UEs and pinpoints the locations of UEs and hotspots with high accuracy. Af-
terwards, the clusters are formed around the hotspot zones to direct idle network

resources to those area.
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In this chapter, the overview of a protocol for implementation of dynamic
cell structuring and lare-scale CoMP was presented to show the feasibility of this
scheme. However, more studies are required to obtain an efficient protocol. For
instance, RS transmission with directional antenna should be examined and suit-
able algorithm for SC-BS selection in that case must be designed. The performance
of such a scheme should be compared to the performance of the basic scheme that
was provided in this chapter. In order to compare different protocols criteria of
the efficiency of the protocols should be defined. One of these criteria could be
the exact timing analysis of the protocols to determine the required time for whole

the process of hotspot detection and cluster formation with some specified accu-
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racy. The signaling load should also be considered. The exact signaling and the
type of the RS, e.g. CRS, are still to be determined. The performance of the pro-
tocol should be examined in more realistic cases, such as the case of more than
one hotspot and the case of a hotspot surrounded by sparse user areas. Finally,
it should be mentioned that the mechanism that was introduced here for hotspot
detection relies on detecting the high-population areas. A necessary extension to
this scheme is to introduce a mechanism to include the traffic load of UEs instead

of their population.
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CHAPTER 6
CONCLUSION

6.1 Achievements of the thesis at a glance

In this thesis the capacity of wireless cellular networks was analyzed in different
scenarios. Here a cellular network consists of a macro cell and several small cell
base stations. For all cases a mathematical framework was developed to estimate

the capacity without Monte Carlo iterations.

First the case of a random non-coordinated network was considered and ana-
lyzed. The network was modeled and the capacity was defined and formulated.
Then, the statistics of the received signal to interference power ratio (SIR) was
extracted and the cumulative distribution function (CDF) of SIR was analytically

derived; and finally, the capacity was approximated.

Next, BS cooperation was added to the network. In general, BS cooperation
can eliminate interference and improve the performance. However, this scheme is
not sufficient for non-uniform user distributions in which congestion areas appear

in the network.

The ultimate goal is to introduce a practical dynamic architecture/ scheme to
utilize the network resources to the utmost extent and is capable of adapting to the
data traffic requirements. The focus is especially on the cases of nonuniform user
distributions where some limited congestion areas or hotspots exist. In this thesis,
a HetNet scheme is developed step by step to direct the idle network resources
of sparse areas towards hotspots. The final scheme relies on large CoMP clusters

around hotspots along with dynamic cell structuring.
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First of all, a mathematical framework was developed to analyze the system
rate of a cooperative cluster around the hotspot. In brief, a cluster was modeled as
a massive distributed MIMO system. Also, the spatial distribution of the antennas
and different distances between antennas and the target user equipment (UE) were

modeled.

Afterwards, the scheme for cell structuring and formation of optimal coopera-
tive clusters was described. In this scheme, the coverage of BSs are transferred to
hotspots by dynamically changing the antennas” beam angles, and then optimal
large cooperative clusters are formed around hotspots. The mathematical frame-
work to calculate the average system rate enables us to optimize and form clusters
with no need to simulation iterations. An optimization problem is introduced and

solved to form optimal clusters of SC-BSs within the whole macro cell area.

The effects of various parameters in different scenarios were also studied. Be-
cause of the huge multiplexing gain, the proposed scheme can achieve several
times higher system rate. This scheme is especially beneficial in scenarios that
contain distinct small congestion areas. When the hotspot area broadens the clus-
ter should grow accordingly to keep the performance gain. Shadowing degrades
the performance to some extent, but it does not affect the general trend of the ca-
pacity gain with cluster size. Also interference may limit the performance. Distinct
clusters are formed around distinct hotspot zones. Beside the interference issue,
distinct clusters limit each other’s growth. The exact behavior and performance

bounds of this scenario are still to be determined.

Among the studied parameters, rank adaptation greatly impacts the system
rate. Here, rank adaptation means selection of optimal number of UEs to be com-

municated by a cooperative cluster simultaneously. The larger is the cluster, the
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more impactive is the rank adaptation. Generally the number of UEs for a mul-
tiuser communication is limited by the number of BSs in the cluster. However,
the study on the rank adaptation shows that picking maximum possible number
of UEs does not necessarily lead to the maximum system rate. In the numerical
results it was observed that the optimal number of UEs doubles the system rate

compared to the full rank communication.

Finally, the last part of the thesis described the signaling method and protocols
that facilitate the practical implementation of the cell structuring and clustering
scheme. The objective of this part is to show a way to realize the huge gain of
this scheme in cellular networks. Therefore, it is important to stick to the current
standardization’s framework as much as possible. The concept of C/U splitting,
positioning methods and signaling were assumed the same as defined in 3GPP
technical reports. Using these framework, the method to collect the required mea-

surements to implement the proposed clustering scheme was discussed.

6.2 Open issues and future study

In this research a novel scheme was introduced to utilize network resources to the
utmost extent. The huge theoretical gain was proved by various numerical anal-
yses. The protocol for practical implementation of this scheme is yet to be com-
pleted. Here it was described that how the signaling and measurements should
be used to implement the proposed scheme. However, the exact details of imple-
mentation steps are subjects of the more research. The time scale of the automatic
organization of the network and dynamic cluster formation should be determined

precisely. A mechanism to recognize the hotspot zones based on the traffic load
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rather than the population of UEs should be developed. This might require some

amendments to the current standardization protocols.

In this study, the focus was on the total sum rate or the system rate as the per-
formance criterion. However, when the focus is on the system rate without con-
sidering fairness, some of the users may not receive sufficient quality of service.
Therefore, fairness is another important metric that should be studied precisely in

order to provide a reliable practical scheme.

Finally, it should be mentioned that in the capacity analysis perfect channel
state information (CSI) was assumed. The method to obtain or estimate CSI is
out of the scope of this study. However, for the practical implementation, it is
important to analyze CSI feedback method and the effects of its limited accuracy

on the system performance.
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APPENDIX A
PDF OF THE EIGENVALUES OF A WISHART MATRIX

Consider a complex Gaussian matrix H € C?*, with ¢ < p. Let h; denote the
™ column of H. If h; and h; are independent (i # j) and £ = E{h jh;‘} Vj, the
matrix HH" is a Wishart matrix. Furthermore, when Efh;;} = 0 Vi, j and X = I, the
matrix HH" becomes an uncorrelated central Wishart matrix. In this case the joint
probability density function (PDF) of ordered eigen-values of HH", 4, > 2, > -+ >

44, 1s obtained as follows [24]:
) q
A =KV | e (A1)
I=1
T
where A = [/11,/12, e ,/lq] . Also:
e K is the normalization factor:
q : q 17!
K==L - DY

e V(1) denotes a Vandermonde matrix whose (i, ) element is (1 DI

e And finally: &(x) = xP~9e™*.

In the case considered in chapters 4 and 5, p = M1Kgs — Mg (Kyg — 1) and g =

Mg.
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APPENDIX B
PUBLICATIONS

B.1 Publications related to this thesis

B.1.1 Journal papers

e R. Rezagah, G. Khanh Tran, K. Sakaguchi, K. Araki, S. Konishi, “Large Scale
Cooperation in Cellular Networks with Non-uniform User Distribution,” ac-

cepted in IEICE transactions on Communications.

e R E.Rezagah, A. Mohammadi, “Analyzing the Capacity of Wireless Ad Hoc
Networks,” Springer Telecommunication Systems Journal, vol. 55, Issue 1,

pp. 159-167, Jan. 2014.

e R. E. Rezagah, A. Mohammadi, “Optimum Outage Threshold for Maximis-
ing the Capacity of Wireless Ad Hoc Networks,” IET Communications, vol.
5, issue 6, pp. 811-818, April 2011.

B.1.2 Book chapter

e R. E. Rezagah, A. Mohammadi, “Chapter 05 - Capacity of Wireless Ad Hoc
Networks” in the editorial book entitled “Dynamic Ad-Hoc Networks,” pub-

lished by IET Books in 2013.
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B.1.3 Conference paper

e R. Rezagah, D. Matsuo, G. Khanh Tran, K. Sakaguchi, K. Araki, S. Kon-

ishi, “Large Scale Cooperation in Cellular Networks with Non-uniform User
Distribution,” IEEE Global Communications Conference 2013 Workshop -

Emerging Technologies for LTE-Advanced and Beyond-4G, Globecom 2013.

B.1.4 Technical report

e R. Rezagah, D. Matsuo, G. Khanh Tran, K. Sakaguchi, K. Araki, S. Konishi,

B.2

N. Miyazaki , “Large Scale Cooperation in Cellular Networks with Non-
uniform User Distribution,” IEICE Technical Report, Feb 27, 2013.

Others

R. E. Rezagah, A. Mohammadi, “The Capacity Estimation of Wireless Ad
Hoc Networks in Fading Channels,” IET Communications journal, vol. 3,

issue 2, pp. 293-302, 2009.

R. E. Rezagah, A. Mohammadi, “Analyzing the Capacity of Wireless Ad Hoc
Networks,” in Proc. of 17th International Conference on Software Telecom-

munications and Computer Networks, SoftCom 2009.

R. E. Rezagah, A. Mohammadi, “Analyzing the Capacity of Wireless Ad Hoc
Networks with Rate Adaptation Capability,” Accepted in International Con-

ference on Ultra Modern Communications, ICUMT 2009.

R. E. Rezagah, A. Mohammadi , “Characterization of the Scalability of Wire-

less Ad Hoc Networks under Channel Constraints,” in Proc. of Innovations
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in Information Technology, IIT 2006.

e R. EbrahimRezagah, A. Mohammadi, “The Capacity of Wireless Ad Hoc
Networks Using Statistical Techniques,” in Proc. of IEEE International Con-

ference on Communications, ICC 2006.
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